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Foreword

Over the past decade, the prognosis for patients with many life threatening infections 
has improved dramatically. For patients with HIV infection, systemic fungal diseases, 
parasitic diseases, and highly resistant bacteria, we have new drugs and new strate-
gies for eradicating infections even in our patients with the most devastating under-
lying morbidities. Thus, for patients who are receiving immunosuppressive therapy 
to combat cancer or transplant rejection or autoimmune disease, and for patients 
with multisystem injury due to trauma or cardiovascular disease or other processes, 
we can succeed in preventing or treating infections that most often had fatal conse-
quences a decade ago.

Health care providers are well aware that drugs are only effective and safe if 
administered with tactical and strategic planning. The right dose, given at the right 
time, to the right patient is a foundation for safe, error free care. However, determin-
ing the right dose and the right time is not easy in complex patients who have fluc-
tuating renal and hepatic function, rapidly changing volumes of distribution, and 
who are receiving multiple drugs. Safe and effective management of pharmaco-
therapy is also difficult because drugs may change from day to day, week to week, 
or month to month, depending on how stable the patient is and how successful the 
patient’s regimen is in terms of efficacy and safety.

One of the promises of electronic ordering systems in hospitals and physician 
offices is that drug interactions, so complicated to understand and remember, will be 
managed by the computer. While computers are able to identify drug interactions 
that are programmed into their memory, health care providers who are not pharma-
cology experts are often baffled about how to respond to the warnings. Since these 
pharmacokinetic interactions clearly influence patient outcome in terms of efficacy 
and safety, providers must understand the bases of interactions. They must also have 
a reference source for looking up interactions so that they can understand how to 
manage these complex processes.

This 3rd edition of Drug Interaction in Infectious Diseases provides health care 
providers with a unique resource for both understanding basic principles, and for 
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finding important information. Section 1 on General Concepts, and Section 2 on 
Drug Classes are well organized for providers to quickly find practical information.

This book belongs on the shelf of infectious disease practitioners, pharmacists, 
and other health care providers who prescribe and manage infections in complex 
patients. The authors of this book are the best minds in their field. This book enables 
providers to understand how best to maximize safety and efficacy in terms of man-
aging drug interactions successfully. Drs. Piscitelli, Rodvold, and Pai deserve enor-
mous credit for expanding this valuable resource, now in its 3rd edition.

Bethesda, MD Henry Masur, MD
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Preface

Drug-drug interactions are an under recognized source of medical errors that have 
major health related costs and consequences. Overriding drug interactions as ‘incon-
sequential’ is likely contributing to a silent epidemic. The association of sudden 
deaths as a consequence of antimicrobial drug-drug interactions speaks to this 
epidemic. The ever increasing foray of therapeutic agents will continue to reduce 
our ability as clinicians to predict the risk and implications of drug-drug interac-
tions. Identification of new mechanistic pathways of drug interaction coupled with 
pharmacogenomic variation has also added new complexities to our design of pre-
dictive tools. We now recognize that acute infection and inflammation can also alter 
drug disposition, which can lead to direct and indirect effects on drug-drug interac-
tions. To date, a comprehensive computer model that can integrate the effects of all 
known covariates of drug-drug interaction has not been developed. Hence, clinical 
intuition and vigilance remain key defenses against untoward drug-drug interac-
tions. As the editors of the third edition of Drug Interactions in Infectious Diseases 
we are delighted to deliver a text that will enhance your clinical knowledge of the 
complex mechanisms, risks, and consequences of drug interactions associated with 
antimicrobials, infection, and inflammation.

One of the key strengths of this comprehensive textbook is the inclusion of 
unique chapters on issues that are difficult to find in the medical literature. Chapters 
on drug-cytokine interactions, food effects, and study design/data analysis remain 
noteworthy examples. The third edition includes several improvements and changes. 
The introductory chapter has been modified to encompass the regulatory guidance 
on the evaluation of drug-drug interactions in order to provide a broad but practical 
perspective on this topic. The book has been divided into three sections to provide a 
better organization and structure. Four new chapters have been added to describe 
interactions with a number of drug classes, which include, non-HIV antiviral agents, 
antimalarial, antiparasitic, and macrolides, azalides and ketolides. The antiparasitic 
and antimalarial chapters address key drug-drug interactions faced primarily by 
patients in underdeveloped countries, which was not addressed in previous editions 
of this book. There is also a novel chapter on probe cocktail studies, which serve as 
important research tools in drug development. We are confident that the information 
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provided in the detailed tables and text will provide new insights to the practicing 
clinician, the academic instructor and the infectious disease researcher.

As always the quantity and quality of the information provided would not be 
possible without the contributions of an excellent number of authors. We are 
indebted to our authors for their time and diligence to ensure that this textbook 
remains a premier reference for those engaged in the field of Infectious Diseases. 
Finally, we thank our families for their continued support and encouragement 
throughout this important and meticulous undertaking.

Stephen C. Piscitelli
Keith A. Rodvold
Manjunath P. Pai
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Abstract Innovations in drug development have led to the introduction of many 
chemical entities in clinical practice over the past 60 years. This innovation coupled 
with the increasing use of polypharmacy has raised the potential for pharmacoki-
netic and pharmacodynamic drug interactions. The current chapter provides a basic 
overview of the mechanisms and preclinical prediction of drug interactions. The 
interpretation of the results of clinical drug studies and the necessity for continued 
review of primary literature on this topic are discussed.

1.1  Introduction

Drug-drug interactions (DDIs) have emerged as a topic of increasing importance for 
basic and clinical pharmacology, the drug development process, regulatory science, 
and clinical therapeutics. In the decades since World War II, innovations in drug 
development have led to the introduction of many new chemical entities into clini-
cal practice [1]. Many infectious, cardiovascular, metabolic, immunologic, and 
 neoplastic diseases that were essentially untreatable in the 1940s and 1950s now can 
be successfully managed or even cured. As a result, numerous patients with serious 
diseases have not only extended survival expectations, but survival with good 
 quality of life.

A consequence of this striking success of pharmaceutical innovation and devel-
opment is an increasing prevalence of polypharmacy—patients taking multiple 
drugs. Whenever two drugs are taken together, there is the theoretical possibility of 
a DDI. The more drugs coadministered, the greater the number of potential pairwise 

D.J. Greenblatt (*)
Program in Pharmacology and Experimental Therapeutics, Tufts University  
School of Medicine, 136 Harrison Avenue, Boston, MA 02111, USA
e-mail: dj.greenblatt@tufts.edu

Chapter 1
Introduction to Drug-Drug Interactions

David J. Greenblatt
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interactions [2]. In a patient taking 10 drugs concurrently, there are 45 possible 
pairwise DDIs (Fig. 1.1). Given the extent of polypharmacy in contemporary clini-
cal practice and the numerous potential DDIs, it is remarkable that so few clinically 
important DDIs actually occur [3–5].

The possible outcomes of drug coadministration, in decreasing order of proba-
bility, are:

 1. No DDI of any kind.
 2. A statistically significant DDI can be detected, but the interaction is of no clinical 

importance—either the magnitude of the interaction is small, or the therapeutic 
index of the substrate drug is large.

 3. A clinically important DDI occurs, but it can be managed by monitoring the 
concentrations (or effects) of the substrate drug and making dose adjustments if 
necessary.

 4. A clinically important DDI occurs, and is best managed by changing to an alter-
native substrate drug (also termed the “victim”—the drug being interacted with), 
or an alternative to the drug causing the interaction (also termed the “perpetra-
tor”) such that therapeutic objectives are maintained, but the DDI hazard is 
reduced or eliminated. As an example, a patient with a fungal infection (receiv-
ing ketoconazole) and a sleep disorder (receiving triazolam) could receive zolpi-
dem instead of triazolam.

 5. The DDI is hazardous, with the potential for causing serious or life-threatening 
adverse reactions.
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Serious adverse events due to DDIs, though very rare, are extensively publicized 
when they occur, and inevitably are followed by finger-pointing and blame. 
Pharmaceutical manufacturers are blamed for marketing and promoting drugs with 
serious hazards; regulatory agencies are blamed for failing to protect the public 
against dangerous drugs; and practicing physicians are blamed for their non-under-
standing of the hazards of co-prescribing medications. The occurrence of serious or 
fatal cardiac arrhythmias attributable to terfenadine when co-prescribed with 
CYP3A inhibitors (such as ketoconazole or erythromycin) exemplifies this scenario 
of events, ultimately leading to the withdrawal of terfenadine from marketing in the 
United States [6–12].

1.2  Mechanisms of Drug Interactions

Pharmacodynamic DDIs involve the additive or opposing effects of two drugs on 
the same clinical endpoint [2, 13–16]. Many pharmacodynamic interactions are 
intuitively evident. For example, benzodiazepine agonists and ethanol, when admin-
istered separately, each produce clinical sedation. When co-administered, they pro-
duce additive sedation [17]. Conversely, caffeine—which produces alertness when 
administered by itself—can partly prevent or reverse sedation due to a benzodiaz-
epine agonist [18, 19]. A variant type of pharmacodynamic DDI can involve the 
target receptor mediating pharmacodynamic action. Flumazenil, a high-affinity 
neutral ligand for the gamma-aminobutyric acid benzodiazepine receptor complex, 
can act as a functional benzodiazepine antagonist through competitive displacement 
of typical full-agonist ligands [20].

Pharmacokinetic DDIs are “indirect,” in that the perpetrator either inhibits or 
induces the metabolic clearance of the substrate victim drug [2, 13–16]. As a result, 
the clinical effect of the victim is augmented or reduced due to a change in its sys-
temic plasma concentrations. When the substrate victim’s clearance is inhibited by 
the perpetrator, plasma levels of the substrate are increased, with excessive clinical 
effects or toxicity being the principal concern. When the substrate’s clearance is 
induced, plasma levels fall and the principal clinical concern is loss of efficacy.

Inhibition and induction of metabolism reflect different biological mechanisms. 
Inhibition involves a direct effect of a perpetrator drug upon a metabolic enzyme. The 
onset of the inhibitory effect is rapid, as the inhibitor comes in contact with the 
enzyme; the offset of inhibitory action is also rapid when the inhibitor is discontinued, 
but the effect offset will be modified depending on the clearance of the inhibitor itself 
[21]. When inhibition is mechanism-based (or irreversible)—as opposed to revers-
ible—it might be anticipated that the inhibitory effect would be sustained following 
discontinuation of the perpetrator [22–25]. However, recovery even from mechanism-
based inhibition is relatively rapid following inhibitor removal, largely because of the 
continuous intrinsic regeneration and turnover of metabolic enzymes [26].

In contrast to metabolic inhibition, induction involves a signal to a nuclear 
 receptor from an exogenous chemical, instructing the cellular protein-synthetic 
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mechanism to produce greater amounts of metabolic protein [27–29]. As an 
 example, the metabolic inducer rifampin acts to increase expression of hepatic and 
enteric CYP3A enzyme (as well as a number of other metabolic enzymes and trans-
port proteins) via the nuclear receptor termed the Pregnane-X Receptor (PXR) 
[30–33]. Unlike metabolic inhibition, the onset and offset of induced clearance of a 
victim substrate will be relatively slow following exposure to and discontinuation of 
the inducer [34–37].

1.3  Prediction of Drug Interactions

Controlled clinical DDI studies provide definitive information on whether a candi-
date perpetrator will alter the clearance of a candidate victim drug. However, the 
need for DDI information—either in the process of drug development, or to support 
rational therapeutic decisions—far exceeds the realistic capacity of the industrial 
and academic research community to provide such data. Clinical DDI studies are 
expensive, time-consuming, and involve low but non-zero risk to volunteer partici-
pants. It is simply not possible to execute a clinical DDI study to evaluate all DDIs 
that need evaluation. Consequently in vitro models are used to identify those drug 
combinations that should receive priority for clinical studies, such that resources 
available for in vivo studies can be allocated more wisely. The models can also 
identify drug pairs which are unlikely to interact, thereby excluding the need for an 
in vivo study.

Human liver microsomal preparations are most commonly used for in vitro stud-
ies of DDIs due to metabolic inhibition [38–40]. For any given substrate-inhibitor 
combination, an in vitro inhibition constant (K

i
) can be generated relatively quickly 

and at low cost. What is more difficult is the interpretation of the K
i
 value in terms 

of prediction of a DDI during actual drug coadministration in humans. In a clinical 
pharmacokinetic DDI study, AUC

0
 is the total area under the plasma concentration 

curve for the substrate victim drug in the control condition (without coadministra-
tion of the inhibitor) [2]. AUC

I
 is the corresponding area value when the substrate is 

given with the inhibitor. The ratio of the area values (R
AUC

 = AUC
I
/AUC

0
) is the 

quantitative magnitude of the DDI. It can be shown that the outcome of the clinical 
DDI study is theoretically related to the in vitro DDI results as follows:

 [ ]AUC iR 1 I / K= +  

where [I] is the in vivo concentration of the inhibitor to which the metabolic enzyme 
is exposed.

The validity of this in vitro-in vivo scaling relationship has been tested in 
 numerous studies and data compilations over the last two decades [38–59]. It can be 
reasonably concluded that the overall predictive validity is weak. This can be attrib-
uted to many sources of variance and bias that cannot be fully accounted for. 
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Probably the most important of these limitations is the inability to determine [I], the 
enzyme-available inhibitor concentration. In any case, the current regulatory guide-
lines mandate that [I] is most straightforwardly estimated as the maximum total 
plasma inhibitor concentration produced by the maximum approved therapeutic 
dosage. From this, a value of [I]/K

i
 less than 0.1 indicates that a clinical DDI is 

unlikely, whereas a value greater than 10.0 indicates a probable clinical DDI. For all 
values in between, a clinical DDI is “possible,” and a clinical DDI study is needed. 
These regulatory boundaries are very conservative, and their application has com-
pelled many DDI studies.

In vitro studies of induction are another matter altogether. While inhibition can 
be quantitated in vitro using inexpensive and readily available cell homogenates 
(liver microsomal preparations), the study of induction require live cells—namely, 
human hepatocytes in culture. There is no straightforward metric (analogous to an 
inhibition constant) established for quantitation of induction potency. Current guide-
lines mandate the conduct of a clinical DDI study if the in vitro data—based on 
cultured human hepatocytes—indicate that the candidate inducer has a potency 
exceeding 30% of that produced by the “index” inducer. In the case of inducers act-
ing via the nuclear PXR receptor, the index inducer is rifampin.

1.4  Interpreting Clinical Drug Interaction Studies

A typical DDI study will yield an R
AUC

 value (AUC
I
/AUC

0
) for each subject that 

participates in the study. According to current regulatory guidelines, the R
AUC

 values 
are aggregated by calculation of the geometric mean value, and the 90% confidence 
interval about the geometric mean. We have contended that this approach yields a 
biased value, and that the arithmetic mean ratio provides the most appropriate met-
ric for the magnitude of the DDI [2, 60]. In any case, the investigator is left to inter-
pret the aggregate R

AUC
 value, however it is calculated.

Is the DDI—whether or not it is statistically significant—of clinical importance? 
That is—what is the boundary at which a value of R

AUC
 greater than 1.0 assumes 

clinical significance (for example, a modification in dosage of the substrate victim 
is needed)? Unless the pharmacokinetic DDI study includes well-defined pharma-
codynamic endpoints, this question can only be answered with supplemental 
research information on the concentration-response relationship for the substrate 
drug [2, 60, 61]. Suppose a DDI study yields an aggregate R

AUC
 value of 1.5, which 

is significantly different from 1.0. This indicates, on average, that clearance of the 
substrate victim is reduced by 33% due to coadministration of the inhibitor, causing 
an average increase of 50% in steady-state levels of the substrate at any given dosing 
rate. This change might be of clinical importance if the substrate drug is warfarin or 
phenytoin, but is unlikely to be clinically important if the substrate is sertraline or 
omeprazole.

If concentration-response information on the substrate drug is not available, the 
FDA invokes “default” guidelines for interpretation, illustrated in the classification 
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of DDIs involving “sensitive” CYP3A substrates. If the upper boundary of the 90% 
confidence interval around the geometric mean R

AUC
 is below 1.25, a “no effect” 

conclusion is justified. If the upper boundary exceeds 1.25, the DDI is of potential 
clinical importance. The inhibitor is then classified as follows: “weak” if R

AUC
 is 

between 1.25 and 2.0; “moderate” if R
AUC

 is between 2.0 and 5.0; and “strong” if 
R

AUC
 exceeds 5.0 (Fig. 1.2). It is consistent with common sense that quantitatively 

large DDIs (very high values of R
AUC

 from inhibition, or very small values of R
AUC

 
due to induction) are most likely to be clinically important. In the context of CYP3A 
substrate drugs as victims of DDIs, the most potent perpetrators of inhibition and 
induction are drugs used to treat infectious disease: ketoconazole and ritonavir as 
inhibitors [62–65], and rifampin as inducer.

1.5  Sources of Information on Drug-Drug Interactions

The vast literature database on DDIs has encouraged the development of many 
 secondary and tertiary sources: books, review articles, pharmacy compendia, prod-
uct labels, and websites. Many of these sources are comprehensive and useful, but 
the intrinsic limitations of secondary and tertiary sources should be recognized—
they necessarily represent the author’s filtration and interpretation of the original 

P
LA

S
M

A
 C

O
N

C
E

N
T

R
A

T
IO

N

HOURS AFTER DOSE

0
1

2

4

7

10

20

2 4

CONTROL

1.25x

2.0x

5.0x

6 8 10 12

Fig. 1.2 Plasma concentrations of a hypothetical drug after oral dosage in the control condition 
without inhibitor (solid line), and with coadministration of inhibitors having different potencies, 
producing R

AUC
 values of 1.25, 2.0, and 5.0



71 Introduction to Drug-Drug Interactions

data, and may or may not be updated with the most current original research. 
Of  particular concern are product labels, which tend to be “etched in stone” until 
modification is initiated by the sponsor, or by the regulatory agency based on safety 
concerns. We recommend that secondary and tertiary sources be used as “gateway” 
documents, through which scientists and clinicians access primary research docu-
ments for definitive information on DDIs.
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Abstract Understanding the basic mechanisms of drug interactions allows 
 researchers and clinicians to best interpret and apply drug interaction data, and 
make predictions about patient-specific interactions. Drug interactions can occur at 
the site of action (pharmacodynamic interactions), and during the absorption, 
 distribution, metabolism and excretion phases of drug distribution (pharmacoki-
netic interactions). The consequences of unintended interactions can be extremely 
harmful and potentially fatal, such as those leading to cardiac conduction abnor-
malities. Knowledge of the mechanisms of drug interactions has also identified 
 useful interactions with therapeutic benefits, such as in the development of feasible 
dosing regimens for protease inhibitors in the treatment of HIV infection. This 
chapter describes the mechanisms of drug interactions for each of the aforemen-
tioned pharmacokinetic processes. The cytochrome P450 family of enzymes, the 
P-glycoprotein drug transporter, and their mechanisms for inhibition, induction, and 
suppression are reviewed. Preclinical methods used to study cytochrome P450 are 
discussed. The chemical and physiologic changes that affect absorption and elimi-
nation, and how they are influenced by drugs, are explained.

2.1  Introduction

It is difficult to assess the overall clinical importance of many drug interactions. 
Often, drug interaction reports are based on anecdotal or case reports, and their 
mechanisms are not clearly defined. In addition, determining clinical significance 
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requires an assessment of the severity of potential harm. This makes an unequivocal 
determination of “clinically significant” difficult.

Drug interactions can be pharmacokinetic or pharmacodynamic in nature. 
Pharmacokinetic interactions result from alterations in a drug’s absorption, distribu-
tion, metabolism, and/or excretion characteristics. Pharmacodynamic interactions 
are a result of the influence of combined treatment at a site of biological activity, and 
yield altered pharmacologic actions at standard plasma concentrations. Although 
drug interactions occur through a variety of mechanisms, the effects are the same: 
the potentiation or antagonism of the effects of drugs.

The mechanisms by which changes in absorption, distribution, and excretion 
occur have been understood for decades. However, only recently has technology 
allowed for a more thorough understanding of drug-metabolizing isoforms and 
influences thereon. Much information has been published regarding drug interac-
tions involving the cytochrome P450 enzyme system [1–5]. This will be an impor-
tant focus of this chapter, since the majority of currently available anti-infectives are 
metabolized by, or influence the activity of, the cytochrome P450 enzyme system. 
This chapter provides a detailed review of the mechanisms by which clinically sig-
nificant pharmacokinetic drug interactions occur.

2.2  Drug Interactions Affecting Absorption

Mechanisms of absorption include passive diffusion, convective transport, active 
transport, facilitated transport, ion-pair transport, and endocytosis [6]. Certain drug 
combinations can affect the rate or extent of absorption of anti-infectives by inter-
fering with one or more of these mechanisms [7]. Generally, a change in the extent 
of a medication’s absorption of greater than 20% may be considered clinically sig-
nificant [8]. The most common mechanisms of drug interactions affecting absorp-
tion are discussed in (Table 2.1).

Table 2.1 Potential mechanisms of drug interactions 
involving absorption and distribution

Absorption
Altered gastric pH
Chelation of compounds
Adsorption of compounds
Altered gastric emptying
Altered intestinal motility
Altered intestinal blood flow
Altered active and passive intestinal transport
Altered intestinal cytochrome P450 isozyme activity
Altered intestinal P-glycoprotein activity
Distribution
Altered protein binding
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2.2.1  Changes in pH

The rate of drug absorption by passive diffusion is limited by the solubility, or 
 dissolution, of a compound in gastric fluid. Basic drugs are more soluble in acidic 
fluids and acidic drugs are more soluble in basic fluids. Therefore, compounds that 
create an environment with a specific pH may decrease the solubility of compounds 
needing an opposing pH for absorption. However, drug solubility does not com-
pletely ensure absorption, since only un-ionized molecules are absorbed. Although 
acidic drugs are soluble in basic fluids, basic environments can also decrease the 
proportion of solubilized acidic molecules that are in an un-ionized state. Therefore, 
weak acids (pK

a
 = 3–8) may have limited absorption in an alkaline environment and 

weak bases (pK
a
 = 5–11) have limited absorption in an acidic environment.

These interactions can be clinically significant. For example, since the nucleoside 
analog didanosine (ddI) is acid-labile and requires a neutral to basic pH to be absorbed, 
all ddI formulations are buffered. However, medications known to require an acidic 
environment for dissolution, such as ketoconazole, itraconazole, and  dapsone, have 
demonstrated significantly decreased absorption when given  concomitantly [9–12].

Antacids, histamine receptor antagonists, and proton pump inhibitors all raise gastric 
pH to varying degrees. Antacids transiently (0.5–2 h) raise gastric pH by 1–2 units [13], 
H

2
-antagonists dose-dependently maintain gastric pH > 5 for many hours, and proton 

pump inhibitors dose-dependently raise gastric pH > 5 for up to 19 h [14]. The concomi-
tant administration of these compounds leads to significant alterations in the extent of 
absorption of basic compounds such as certain azole antifungals and b-lactam anti-
biotics [8, 15–20]. However, because of large interindividual variability in the extent of 
altered gastric pH, significant interactions may not occur in all patients.

2.2.2  Chelation and Adsorption

Drugs may form insoluble complexes by chelation in the gastrointestinal tract. 
Chelation involves the formation of a ring structure between a metal ion (e.g., alu-
minum, magnesium, iron, and to a lesser degree calcium) and an organic molecule 
(e.g., anti-infective medication), which results in an insoluble compound that is 
unable to permeate the intestinal mucosa due to the lack of drug dissolution.

A number of examples of the influence on anti-infective exposure by this 
 mechanism exist in the literature, involving primarily the quinolone antibiotics in 
combination with magnesium and aluminum-containing antacids, sucralfate, ferrous 
sulfate, or certain buffers. These di- and trivalent cations complex with the 4-oxo and 
3-carboxyl groups of the quinolones, resulting in clinically significant decreases in 
the quinolone area under the concentration–time curve (AUC) by 30–50% [21–24]. 
Cations present in enteral feeding formulations do not appear to interfere signifi-
cantly with the absorption of these compounds [25, 26]. A second well-documented, 
clinically significant example of this type of interaction involves the complexation of 
tetracycline and iron. By this mechanism, tetracycline antibiotic AUCs are decreased 
by up to 80% [27–29].
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Adsorption is the process of ion-binding or hydrogen-binding, and may occur 
between anti-infectives such as penicillin G, cephalexin, sulphamethoxazole, or 
 tetracycline, and adsorbents such as cholestyramine. Since this process can signifi-
cantly decrease antibiotic exposure [30, 31], the concomitant administration of 
adsorbents and antibiotics should be avoided.

2.2.3  Changes in Gastric Emptying and Intestinal Motility

The presence or absence of food can affect the absorption of anti-infectives by a 
variety of mechanisms [32]. High-fat meals can significantly increase the extent of 
absorption of fat soluble compounds such as griseofulvin, cefpodoxime, and cefu-
roxime axetil. Prolonged stomach retention can cause excessive degradation of 
acid-labile compounds such as penicillin and erythromycin [7].

Since the primary location of drug absorption is the small intestine, changes in 
gastric emptying and gastrointestinal motility may have significant effects on drug 
exposure. Rapid gastrointestinal transit effected by prokinetic agents such as cisap-
ride, metoclopramide, and domperidone may decrease the extent of absorption of 
poorly soluble drugs or drugs that are absorbed in a limited area of the intestine [33]. 
However, clinically significant effects on anti-infectives have not been documented.

2.2.4  Effects of Intestinal Blood Flow

Intestinal blood flow can be modulated by vasoactive agents and theoretically can 
affect the absorption of lipophilic compounds. However, there is no evidence to date 
that this results in clinically significant drug interactions [34].

2.2.5  Changes in Active and Passive Transport

A rapidly expanding field of research is that of intestinal transcellular transport. 
Recently, multiple intestinal transporters located on the brush-border and basolat-
eral membrane of the enterocyte have been identified [35–37]. The potential for 
competitive inhibition of these transporters with quinolone antibiotics has recently 
been documented [38]. This contributes an additional mechanism by which anti-
infective drug interactions may occur.

The Caco-2 cell model is a human colonic cell line sharing similarities with 
enterocytes and is used as a model for oral absorption [39]. Investigations using this 
cell line have demonstrated that certain compounds can modulate the tight junctions 
of the intestinal epithelia and alter paracellular drug absorption [40, 41]. There is still 
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incomplete understanding of the structure and function of tight junctions, which has 
limited the development of modulating compounds to enhance paracellular absorp-
tion [42]. However, this mechanism for pharmacokinetic enhancement will have 
implications for drug interactions. Research that focuses on understanding the func-
tional characteristics of enterocyte transporters and tight-junction modulators will 
provide information as to which compounds may participate in these interactions and 
to what extent.

2.2.6  Changes in Presystemic Clearance

The drug-metabolizing cytochromes P450 (CYP) 3A4 and 5 are expressed at high 
concentrations in the intestine and contribute to drug inactivation. P-glycoprotein is 
expressed at the lumenal surface of the intestinal epithelium and serves to extrude 
unchanged drug from the enterocyte into the lumen. Both CYP3A4/5 and 
P-glycoprotein share a significant overlap in substrate specificity [43–45], although 
there is no correlation between affinities [46]. Determining the relative contribu-
tions of intestinal P-glycoprotein and CYP3A4/5 activity to drug bioavailability and 
interactions is an active area of investigation. Potential drug interactions involving 
these mechanisms are discussed in detail below.

2.2.7  Cytochrome P450 Isozymes

Gastrointestinal cytochrome P450 isozymes, responsible for Phase I oxidative metab-
olism (for a more detailed discussion of CYP isoforms, see Sect. 2.3.1 Phase I Drug 
Metabolism), are most highly concentrated in the proximal two-thirds of the small 
intestine [47]. Two intestinal CYP isoforms, CYP3A4 and CYP3A5 (CYP3A4/5), 
account for approximately 70% of total intestinal P450 protein and are a major deter-
minant of the systemic bioavailability of orally administered drugs [48–51].

For example, the benzodiazepine midazolam is a specific CYP3A4/5 substrate 
with no affinity for P-glycoprotein. An investigation of oral and intravenous mida-
zolam plasma clearance in 20 healthy young volunteers [52] revealed an incomplete 
correlation between the two measures (r = 0.70). The large variability in midazolam 
oral clearance not accounted for by hepatic metabolism most likely represents the 
contribution of intestinal CYP3A4/5. Therefore, it appears that at least 30–40% of 
the clearance of many CYP3A compounds may be significantly influenced by 
CYP3A4/5 located in enterocytes. Since the activity of intestinal CYP3A4/5 can 
also be influenced by a variety of environmental factors [51, 53, 54], the potential 
for drug interactions to occur during drug absorption is great.

Some of the most significant effects of drug interactions occurring at the intesti-
nal isozyme level involve the potential suicide inhibition of CYP3A4/5 with grape-
fruit juice [55, 56]. Generally, this interaction results in a minimum threefold 
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increase in the extent of absorption and toxicity of the concomitantly administered 
agent [57], but can also result in decreased efficacy of prodrugs needing CYP3A for 
conversion to active moieties. The concern of this interaction is strictly limited to 
orally administered agents, since the active components of grapefruit juice are either 
inactivated in the gut or are present in such minute quantities in the portal circula-
tion that no effect on hepatic metabolism occurs [58–60].

Clinical data available for anti-infective–grapefruit juice interactions include the 
protease inhibitor saquinavir [61], the antifungal agent itraconazole [62], and the 
macrolide clarithromycin [63]. Whereas saquinavir AUC increases twofold with a 
single 400-mL dose of commercially available grapefruit juice, itraconazole and 
clarithromycin AUCs do not change significantly. The absence of an effect of grape-
fruit juice on the oral clearance of these latter two compounds suggests that their 
first-pass metabolism does not rely significantly on intestinal CYP3A4/5 [43].

Anti-infectives can also inhibit intestinal CYP isozyme activity [53, 54, 64]. For 
example, the protease inhibitor ritonavir is a potent inhibitor of CYP3A4 activity. 
This characteristic can be clinically useful, as demonstrated by the increased bio-
availability of the protease inhibitors saquinavir [65] and lopinavir [66] when given 
in combination with ritonavir.

Other CYP isozymes present in enterocytes may also influence drug absorption. 
Environmental factors may influence their activity as well, and drug–environment 
interactions may result in significantly altered absorption [67]. However, further 
research is needed to better characterize these influences before specific interactions 
can be predicted.

2.2.8  Effects of P-Glycoprotein

P-glycoprotein is a multidrug-resistance gene product found in a variety of human 
tissues including the gastrointestinal epithelium [68]. This efflux pump is expressed 
at the lumenal surface of the intestinal epithelium and opposes the absorption of 
unchanged drug by transporting lipophilic compounds out of enterocytes back into 
the gastrointestinal lumen. P-glycoprotein has demonstrated up to tenfold variabil-
ity in activity between subjects [69], and has a significant role in oral drug absorp-
tion. Decreased bioavailability occurs because intact drug molecules are pumped 
back into the gastrointestinal tract lumen and exposed multiple times to enterocyte 
metabolism.

P-glycoprotein has broad substrate specificity, and inhibiting or inducing the 
activity of this protein can lead to significant alterations in drug exposure [70]. 
P-glycoprotein genotype has also been associated with basal expression and induc-
tion of CYP3A4 [71]. However, because many drugs have affinities for both 
P-glycoprotein and CYP3A4/5 [43, 44], it is difficult to determine by what specific 
mechanism drug interactions occur. For some compounds, inhibition of both 
P-glycoprotein function and CYP3A4/5 activity may be required to produce clini-
cally significant interactions.
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Many antiinfectives have binding affinity for P-glycoprotein. These include 
 erythromycin, clarithromycin [72], ketoconazole, sparfloxacin [73], the nucleoside 
analog adefovir [74], and the HIV-1 protease inhibitors [75–77]. Since drugs that 
have affinity for P-glycoprotein are not necessarily removed from the enterocyte by 
this efflux pump [78], anti-infectives may participate in, but are not necessarily influ-
enced by, drug interactions involving P-glycoprotein. This concept is illustrated by 
an in vitro investigation of ketoconazole and erythromycin [79]. Both drugs demon-
strate significant affinity for P-glycoprotein. However, in combination with verapamil 
(a classic P-glycoprotein inhibitor), significantly decreased P-glycoprotein-mediated 
efflux occurred only with erythromycin. Therefore, although ketoconazole exhibits 
binding affinity for P-glycoprotein, it can be concluded that P-glycoprotein does not 
contribute significantly to the process of first-pass metabolism of ketoconazole.

Recent in vitro data reveal that grapefruit juice, in addition to inactivating entero-
cyte CYP3A isozymes, may also increase P-glycoprotein activity [80]. The clinical 
implications of this have yet to be determined.

2.3  Drug Interactions Affecting Distribution

2.3.1  Protein Binding and Displacement

Drug interactions affecting distribution are those that alter protein binding. Generally, 
the importance of drug displacement interactions has been overestimated, with the 
extrapolation of data from in vitro investigations without consideration for subse-
quent physiologic phenomena. The lack of well-designed studies has prevented pre-
cise quantification of the influence of protein binding on anti-infective therapeutic 
efficacy in vivo. However, redistribution and excretion of drugs generally occurs 
quickly after displacement, and the effects of any transient rise in unbound concen-
tration of the object drug are rarely clinically important [81].

Albumin constitutes the main protein fraction (~5%) in blood plasma. As albu-
min contains both basic and acidic groups, it can bind basic and acidic drugs. Acidic 
drugs (i.e., penicillins, sulfonamides, doxycycline, and clindamycin [82]) are 
strongly bound to albumin at a small number of binding sites, and basic drugs (i.e., 
erythromycin) are weakly bound to albumin at a larger number of sites. Basic drugs 
may also preferentially bind to a-1-acid glycoprotein [83].

Depending on relative plasma concentrations and protein-binding affinities, one 
drug may displace another with clinically significant results. This interaction is 
much more likely to occur with drugs that are at least 80–90% bound to plasma 
proteins, with small changes in protein binding leading to large relative changes in 
free drug concentration. Drugs that are poorly bound to plasma proteins may also be 
displaced, but the relative increase in free drug concentration is generally of less 
consequence. When a protein displacement interaction occurs, the increased free 
drug in plasma quickly distributes throughout the body and will localize in tissues 
if the volume of distribution is large. An increase in unbound drug concentrations at 
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metabolism and elimination sites will also lead to increased rates of elimination. 
Therefore, many clinically significant drug interactions that have been attributed to 
protein binding have often involved a second, unrecognized mechanism of interac-
tion [84].

Generally, interactions between basic drugs and albumin are not clinically signifi-
cant. In subjects with normal concentrations of albumin and antiinfective concentra-
tions of less than 100 mg/mL, the degree of protein binding will be relatively constant. 
At higher anti-infective concentrations, available binding sites may theoretically 
become saturated, and the extent of binding subsequently decreased [82]. Clinically 
significant displacement interactions for a-1-acid glycoprotein have not been described. 
This is most likely due to the large volume of distribution of these drugs, with plasma 
containing a very small proportion of the total amount of drug in the body.

In summary, drug interactions involving albumin binding displacement may 
potentially be clinically significant if the compound is greater than 80% protein 
bound, has a high hepatic extraction ratio, a narrow therapeutic index, and a small 
volume of distribution. Although temporary increase in drug concentrations may be 
clinically significant with such drugs as warfarin and phenytoin, mean steady-state 
free drug concentrations will remain unaltered [85].

2.4  Drug Interactions Affecting Drug Metabolism

The principal site of drug metabolism is the liver. Metabolism generally converts 
lipophilic compounds into ionized metabolites for renal elimination. Drug metaboliz-
ing activity can be classified according to nonsynthetic (Phase I) and synthetic (Phase 
II) reactions. Phase I reactions include oxidation, reduction, and hydrolysis and occur 
in the membrane of hepatocyte endoplasmic reticula. Phase II reactions result in con-
jugation (i.e., glucuronidation, sulfation) and occur in the cytosol of the hepatocyte.

2.4.1  Phase I Drug Metabolism

The majority of oxidative reactions are catalyzed by a superfamily of mixed-function 
mono-oxygenases called the cytochrome P450 enzyme system. Although cytochrome 
P450 (CYP) isozymes are located in numerous tissues throughout the body, the liver 
is the largest source of CYP protein [48]. Many significant pharmacokinetic drug 
interactions involve the hepatic CYP isozymes [86–90] (Table 2.2).

Nomenclature for this superfamily is based on amino acid sequence homology 
and groups enzymes and genes into families and subfamilies [91]. To designate the 
cytochrome P450 enzymes, the “CYP” prefix is used. All isozymes having at least 
40% amino acid sequence homology are members of an enzyme family, as  designated 
by an Arabic number (e.g., CYP3). All isozymes have at least 55% amino acid 
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sequence homology are members of an enzyme subfamily, as designated by a capital  
letter (e.g., CYP3A). An Arabic number is used to represent an individual enzyme 
(e.g., CYP3A4). Italicized nomenclature represents the gene coding for a specific 
enzyme (e.g., CYP3A4).

To date, at least 14 human families, 22 human subfamilies, and 36 human CYP 
enzymes have been identified [92]. However, the CYP1, 2, and 3 families account 
for 70% of the total hepatic P450 content [93, 94]. Approximately 95% of all thera-
peutic drug oxidation can be accounted for by the activities of CYP1A2, CYP2C8/9, 
CYP2C19, CYP2D6, CYP2E1, and CYP3A4/5. Drug interactions involving these 
isozymes result from enzyme inhibition or induction, although genetic polymor-
phism can attenuate these interactions [95].

2.4.1.1  Genetic Polymorphisms

Polymorphisms are generated by nonrandom genetic mutations that occur in at least 
1% of a population and give rise to distinct subgroups within that population that 
differ in their ability to metabolize xenobiotics. Clinically significant polymor-
phisms have been documented for CYP2D6, CYP2C9, and CYP2C19 [96]. 
Extensive or rapid metabolizers (generally the largest proportion of a population) 
have heterozygous or homozygous dominant alleles, poor metabolizers possess 
variant homozygous autosomal recessive alleles, and ultraextensive metabolizers 
exhibit gene amplification of autosomal dominant alleles.

Poor-metabolizer phenotypes can be at high risk for toxicity from drugs that 
require CYP inactivation, and at high risk for therapeutic inefficacy from prodrugs 
that need CYP activation [97]. However, they are at low risk for drug interactions 
that involve enzyme inhibition or induction, since their activity is preemptively 
compromised and cannot be induced.

In addition, due to the large variability (e.g., 40-fold or greater) in enzyme 
activity  documented in extensive metabolizers [98], drug interactions may not man-
ifest in all subjects with this phenotype. Inhibition of drug-metabolizing enzymes 
may result in more significant effects in those with high initial enzyme activity, and 
induction of drug-metabolizing enzymes may result in more significant effects in 
those individuals with low initial enzyme activity.

Table 2.2 Potential 
mechanisms of drug 
interactions involving 
metabolism

Phase I (nonsynthetic)
Genetic polymorphisms
Inhibition of activity
Suppression of activity
Induction of activity
Phase II (synthetic)
Genetic polymorphisms
Inhibition of activity
Induction of activity
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2.4.1.2  Mechanisms of Inhibition

Enzyme inhibition can result in sudden catastrophic drug interactions. Several 
mechanisms of inhibition exist, and many drugs can interact by multiple mecha-
nisms [99, 100]. Reversible inhibition is most common. Reversible inhibition occurs 
when compounds quickly form weak bonds with CYP isozymes without perma-
nently disabling them. This can occur both competitively (competition for the same 
binding site between inhibitor and substrate) and noncompetitively (inhibitor binds 
at a site on the enzyme distinct from the substrate).

The magnitude of this type of inhibition depends both on the affinity of substrate 
and inhibitor for the enzyme, and on the concentration of the inhibitor at the enzyme 
site [46]. Affinity is represented by an inhibitor constant (K

i
), which is the concen-

tration of inhibitor required to decrease the maximal rate of the reaction to half of 
the uninhibited value. For example, potent reversible CYP3A inhibitors generally 
have K

i
 values below 1 mM (e.g., ketoconazole, itraconazole, ritonavir, and indina-

vir), although drugs with K
i
 values in the low micromolar range can also demon-

strate competitive inhibition (e.g., erythromycin and nelfinavir). Compounds with 
K

i
’s greater than 100 mM for the CYP3A subfamily tend not to produce clinically 

significant inhibition [50].
CYP inhibition can also occur as a result of a slowly reversible reaction. When 

an inhibitor binds to a CYP isozyme and undergoes oxidation to a nitrosoalkane 
species, it can form a slowly reversible complex with the reduced heme in the CYP 
isozyme [50]. This interaction has been documented between the macrolide antibi-
otics and CYP3A [101] and explains why clinically significant interactions (i.e., 
erythromycin and terfenadine) can occur with compounds that have modest K

i
 val-

ues [87, 102].
It is postulated that irreversible, mechanism-based inhibition (or suicide inhibi-

tion) occurs with the CYP-mediated formation of a reactive metabolite. This metab-
olite can covalently and irreversibly bind to the catalytic site residue and permanently 
inactivate the enzyme for subsequent reactions. The extent of the clinical impor-
tance of this reaction depends on the total amount of CYP isozyme present, the total 
amount of inhibitor to which the isozyme is exposed, and the rate of new isozyme 
synthesis [103].

2.4.1.3  Mechanisms of Suppression

As early as the 1960s, inflammation and infection were demonstrated to decrease Phase 
I metabolism of drugs and toxins in animals, thereby modulating pharmacologic and 
toxicologic effects [104, 105]. One of the earliest reports of infection altering human 
drug-metabolizing enzyme activity occurred a decade later, with quinidine concentra-
tions consistently elevated in subjects experimentally infected with Plasmodium falci-
parum malaria [106]. Since that time, numerous reports have described alterations in 
drug metabolism with viral and bacterial infections [107–113], in addition to complex 
events such as surgery and bone marrow transplantation [114, 115].
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The effects of inflammation and infection on CYP activity are ascribed to 
 stimulation of the cellular immune response [116]. Although many different media-
tors may be involved, there has been particular focus on the major proinflammatory 
cytokines interleukin (IL)-1, IL-6, and tumor necrosis factor (TNF)-a. Generally, 
IL-1, IL-6, and TNFa demonstrate a suppressive effect on CYP isozymes by 
decreasing mRNA up to 80%. However correlations between mRNA, enzyme pro-
tein content, and enzyme activity are incomplete both within and between investiga-
tions [117–124]. To date, the majority of investigations examining cytokine-induced 
effects on drug-metabolizing isozyme activities have been performed in the rodent 
model. Very few of these investigations have been repeated in human hepatocytes. 
Although rodents are an inexpensive and readily available model, qualitative and 
quantitative interspecies differences in regulation and activity of drug-metabolizing 
enzymes [125–127] as well as response to cytokines do not allow the effects of 
inflammation on isozyme activities, or the underlying mechanisms, to be easily 
extrapolated to humans [128–131].

A small number of clinical investigations has documented decreased drug metab-
olizing enzyme activity during the administration of therapeutic interferons and 
interleukins. These studies demonstrate variable and conflicting results with respect 
to the magnitude of drug–cytokine interactions [113, 132–138]. With the increasing 
use of cytokines as therapeutic agents for a variety of disease states, further investi-
gation is required to elucidate the mechanisms of drug–cytokine interactions in 
order to optimize anti-infective therapeutic regimens.

2.4.1.4  Mechanisms of Induction

An increase in cytochrome P450 activity through induction is less of an immediate 
concern than inhibition, since induction occurs gradually rather than rapidly, and 
generally leads to compromised therapeutic goals rather than profound toxicity. 
Since the time-course of enzyme induction is determined by the half-life of the 
substrate as well as the rate of isozyme turnover, it is often difficult to predict this 
time-course specifically. Clinically significant induction results from a >50-fold 
increase in the number of enzyme molecules. This generally occurs through an 
increase in P450 synthesis by either receptor-mediated transcriptional activation or 
mRNA stabilization. However, protein stabilization leading to decreased rates of 
P450 degradation has also been noted.

Induction of the CYP1 family by cigarette smoke, charcoal-broiled foods, indoles 
(found in broccoli, cauliflower, cabbage, brussels sprouts, kale, watercress), and 
omeprazole occurs primarily by substrate binding to the Aryl hydrocarbon receptor 
(AhR/dioxin receptor). This complex subsequently binds with a receptor nuclear 
translocator, enters the hepatocyte nucleus, and binds with regulatory DNA 
sequences to enhance gene transcription and stabilize mRNA [139, 140].

The CYP2 and CYP3 families are induced by a variety of structurally diverse com-
pounds. Activation of CYP2C genes is regulated by constitutive androstane receptor 
(CAR) and pregnane X receptor (PXR) in addition to multiple co-activators [141]. 
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Both PXR and CAR can regulate CYP2B6 and CYP3A expression, however,  induction 
by efavirenz and nevirapine of these enzymes is mediated by specifically activating 
CAR [142]. PXR is activated by a range of drugs known to induce CYP3A4/5 
 expression (i.e., rifampicin, clotrimazole, etc.) [143]. PXR is expressed most abun-
dantly in the liver, but is also present in the small intestine and colon. Transcriptional 
factors not directly activated by xenobiotics have also been shown to be critical for 
enzyme induction.

CYP3A can also be induced by posttranscriptional message stabilization and 
protein stabilization with the following anti-infectives: macrolides, imidazole 
 antifungal agents, and rifampin. A proposed mechanism for posttranscriptional 
 protein stabilization is proteosome inhibition by NF kappaB activation [144], and 
message stabilization may involve a similar phosphorylation process.

2.4.2  Phase II Drug Metabolism

The term “Phase II” metabolism was developed originally to represent synthetic 
reactions occurring after “Phase I” processes. It is now known that many xenobiot-
ics do not require Phase I metabolism before undergoing conjugation reactions. The 
group of Phase II isozymes consists of UDP-glucuronosyltransferases, sulfotrans-
ferases, acetyltransferases, glutathione S-transferase, and methyltransferases. Many 
of these families of enzymes are still growing in complexity, and drug interactions 
involving these isozymes are under investigation.

2.4.2.1  Genetic Polymorphism

Many of the Phase II enzymes exhibit polymorphism [145–148]. Although these 
polymorphisms have been implicated in selected anti-infective-associated adverse 
drug reactions (e.g., dapsone, isoniazid, sulphonamides [148–150]), influences of 
these polymorphisms on anti-infective drug interactions have not been documented.

2.4.2.2  Inhibition

Phase II drug-metabolizing enzymes do not currently appear to play as prominent a 
role in clinical drug interactions with anti-infectives as the cytochrome P450 enzyme 
system. This may be due to the large capacity of the conjugation system, in which 
only profound disturbances result in clinically significant alterations in drug phar-
macokinetics [151].

UDP-glucuronosyltransferase represents the most common conjugation reaction 
in drug metabolism. Many drugs have been characterized as competitive inhibitors 
of UDP-glucuronosyltransferases [152], but the roles of these interactions in 
practical  drug metabolism issues are unexplored.
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2.4.2.3  Induction

Far less is known about the potential for induction of Phase II enzymes than the 
cytochrome P450 enzyme system. The UDP-glucuronosyltransferases can be 
induced, but the clinical significance of this is not fully understood [153]. However, 
the increased clearance of zidovudine that has been documented with the coadmin-
istration of rifampin, suggests that induction of these enzymes may be clinically 
significant [154]. Glutathione S-transferase is also known to be inducible, although 
these activities rarely exceed two to threefold times baseline, and are not involved 
in anti-infective metabolism [155].

2.5  Drug Interactions Affecting Excretion

Renal elimination of drugs involves glomerular filtration, tubular secretion, and 
tubular reabsorption. Five mechanisms of drug–drug interactions can occur at the 
site of renal elimination [156]. The most common mechanisms are discussed below 
(Table 2.3).

2.5.1  Glomerular Filtration

Rates of glomerular filtration can be affected by changes in renal blood flow, cardiac 
output, and extent of protein binding [157]. With highly protein bound drugs (e.g., 
>80%), a significant increase in the unbound fraction can lead to an increase in 
glomerular filtration, and subsequent increased drug elimination [158]. Conversely, 
with transporter saturation, and renal elimination at maximal, elimination rates may 
decrease significantly with increased free drug.

2.5.2  Tubular Secretion

The most common renal drug interactions occur at the transport site of tubular 
 secretion. Sharing the same proximal tubular active transport system, many organic 
anionic and cationic drugs and metabolites compete with each other for secretion. 

Table 2.3 Potential mechanisms of drug 
interactions involving excretion

Glomerular filtration
Tubular secretion
Tubular reabsorption
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A classic example of this interaction, used long ago intentionally for therapeutic 
 benefit, is the combination of probenecid and penicillin to increase antibiotic serum 
concentrations [159]. Examples of other anti-infectives that may exhibit interactions 
by this mechanism include the sulfonamides, penicillins, and zidovudine [160–162].

P-glycoprotein has been identified in the apical membrane of the proximal tubule 
and can transport a large variety of drugs into the lumen. A number of experimental 
drug interaction investigations have implicated the inhibition of renal p-glycoprotein 
to an increase in plasma drug concentrations. Quinolones [163], macrolides [72], 
and azole antifungals [164] demonstrate affinity for renal p-glycoprotein, and can 
potentially contribute to significant drug interactions. Although renal nucleoside 
transporters have been shown to mediate the secretion and reabsorption of purine 
and pyrimidine nucleoside analog drugs, their role in clinically significant drug 
interactions is unknown [165, 166].

2.5.3  Tubular Reabsorption

Reabsorption of drugs from the tubular lumen involves both passive diffusion and 
active transport processes. Only nonionized compounds are passively reabsorbed 
from the renal tubule, and thus manipulating urinary pH can alter the reabsorption of 
weak organic acids and bases. Renal clearance of weak organic bases (pK

a
 = 7–10) is 

increased with urine acidification (i.e., by salicylates and ascorbic acid) and decreased 
with urine alkalinization (i.e., by antacids, calcium carbonate, thiazide diuretics, and 
sodium bicarbonate). Likewise, renal elimination of weak organic acids (pK

a
 = 3–7; 

nitrofurantoin, sulfonamides, aminoglycosides, and vancomycin) is increased with 
urine alkalinization and decreased with urine acidification. Generally, these interac-
tions are not clinically significant, since few drugs can have altered urinary excretion 
to a large enough extent to affect plasma half-life. The role of active transport reab-
sorption in anti-infective drug interactions is currently unknown [167].

2.6  Pharmacodynamic Drug Interactions

Drug interactions are not limited to mechanisms of absorption, distribution, metab-
olism, and elimination, but can also result from pharmacodynamic interactions. 
Pharmacodynamic interactions may occur at the intended site of biological activity, 
which may result in synergism or antagonism of the therapeutic effect. This is also 
true for the mechanisms of adverse events. Examples of such interactions include 
the potential for seizures with quinolones when combined with NSAIDS or other 
medications that lower seizure thresholds [168], and the increased risk of serotonin 
syndrome with co-administration of linezolid with other medications with 
serotonergic  activity such as antidepressants and opioids [169]. Generally, the 
 likelihood of pharmacodynamic drug interactions is relatively low. Understanding 
drug mechanisms and side-effect profiles of the antimicrobial agent and concomi-
tant therapy can prevent these complications.
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2.7  Significance of Drug Interactions

Many drug interactions are primarily assessed in vitro (see Sect. 2.7 Preclinical 
Methods for Predicting Drug Interactions). However, absolute in vitro/in vivo correla-
tions are infrequent. Even with clinical trials, not all statistically significant drug inter-
actions are of clinical significance. In particular, drugs with wide therapeutic indices 
that demonstrate a less than 20% change in pharmacokinetic parameters when com-
bined with a second agent will most likely be of little, if any, clinical significance.

The greatest risk of documented clinically significant pharmacokinetic drug 
interactions involving anti-infective-induced altered protein binding, drug-metabolizing 
enzyme inhibition, and altered renal elimination is the combination of anti- infectives 
with anticoagulants, antidepressants, and cardiovascular agents [89]. The most clin-
ically significant anti-infective drug interactions involving enzyme induction are 
subtherapeutic concentrations resulting from the combination of rifampin with war-
farin [170], cyclosporine [171], and oral contraceptives [172, 173]. Conversely, the 
reduction of C

max
 and/or AUC of anti-infectives by other drugs or environmental 

influences can result in a much greater chance of failure of therapy and possibly an 
increase in the development of resistance.

Not all pharmacokinetic drug interactions involving anti-infectives are detrimen-
tal, however. Ketoconazole has been used for a number of years to inhibit the metab-
olism of oral cyclosporine by approximately 80%, thereby reducing the cost of 
therapy as well as the rates of rejection and infection [174, 175]. As mentioned previ-
ously, the administration of ritonavir to enhance the oral absorption of saquinavir is 
a well-known component of potent antiretroviral combination regimens [176].

Beneficial and detrimental pharmacodynamic antimicrobial drug interactions 
also exist. The use of lower concentrations of two synergistic antibacterials to reduce 
the toxicity of each while having the same pharmacologic effect has been advocated 
[177], although the clinical data supporting superior efficacy is weak. Synergistic 
combinations of antimicrobials may produce better results in the treatment of 
Pseudomonas aeruginosa and Enterococcus species [178, 179]. Clinical data are 
also lacking for detrimental effects of potentially antagonistic combinations of anti-
microbials (e.g., a bacteriostatic drug combined with a bactericidal agent) [180]. 
However, these combinations are best avoided unless clinically warranted for the 
treatment of multiple pathogens.

2.8  Preclinical Methods for Predicting Drug Interactions

Although understanding and anticipating pharmacokinetic drug interactions are 
important components of rational therapeutics, there is a limit to the number and 
scope of clinical studies that can reasonably be performed. The development of 
human in vitro models allows information to be obtained without the expense and 
potential risks involved in conducting human trials. However, scaling of in vitro 
data to the clinical situation is not always accurate, and the results of these methods 
may not be definitive. A primary focus of preclinical screening methods for  assessing 
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drug–drug interactions is the identification of isozymes responsible for the 
 metabolism of these compounds, and the relative contribution of an inhibited path-
way to a compound’s overall elimination.

Modern technology has allowed in vitro screening techniques to become widely 
available, and much of these data are currently included in package inserts. However, 
extrapolating in vitro results to an in vivo situation is often complicated. Preclinical 
screening of promising compounds frequently uses nonhuman mammalian species, 
although interspecies differences in expression and regulation of transporters and 
enzymes are well documented [181, 182]. Supratherapeutic, as opposed to clini-
cally relevant, concentrations of inhibitors and substrates may be utilized. In addi-
tion, experimental conditions such as enzyme protein concentration and buffers can 
critically affect specific results and confound in vitro/in vivo correlations [183]. To 
account for variability in individual enzyme expression, positive controls for inhibi-
tion and induction should always be used (e.g., troleandomycin or ketoconazole for 
CYP3A inhibition, quinidine for CYP2D6 inhibition, and rifampin for CYP3A 
induction).

The following briefly summarizes the strengths and weaknesses of currently 
available in vitro human methodologies for assessing cytochrome P450 drug inter-
actions, and predicting their clinical significance (Table 2.4).

2.8.1  Purified P450 Isozymes

In an attempt to identify specific isozymes responsible for the metabolism of com-
pounds, human cytochrome P450 enzymes have been isolated and purified from 
hepatic tissue (Table 2.5) [184]. However, only small amounts of protein can be iso-
lated at any one time, and specific isozymes from certain subfamilies often cannot be 
separated (i.e., CYP2C9 vs. CYP2C19 vs. CYP2C10). To ensure correct interpreta-
tion of the results obtained from this method, it is most critical to examine the 
isozyme purification methods and quality control procedures. This method has been 
primarily superceded by the use of recombinant human cytochrome P450 isozymes.

2.8.2  Recombinant Human P450 Isozymes

Complementary DNA (cDNA) expression has been used to produce recombinant 
human cytochrome P450 isozymes in yeast, insects, bacteria, and mammalian cells 
[185, 186]. An advantage of this system is the ability to identify specific isozymes 
of a subfamily that are responsible for the metabolism of a compound and to con-
firm suspected isozyme-selective inhibitors [187]. However, this remains an artifi-
cial system, and discrepancies can exist between results obtained by cDNA methods 
and other in vitro systems. Generally, data obtained from cDNA systems should be 
confirmed by at least one other in vitro system [188, 189].
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2.8.3  Microsomes

Microsomes isolated from human hepatocytes have become the “gold standard” of 
in vitro experimentation for drug interactions. Microsomes are isolated membranes 
of hepatocyte endoplasmic reticula and contain the cytochromes P450 in proportion 
to their in vivo representation. This is an important consideration, since most often 
multiple isozymes are responsible for drug metabolism. Given the large interindi-
vidual variability in CYP expression, using microsomes from a single individual 
may produce distorted results. To circumvent this, pooling microsomes from mul-
tiple sources in order to obtain an average representation of activity is advocated. 
Human microsomes are widely available at relatively low cost, but they can only be 
used to determine direct inhibition of metabolism. Investigations of drug–drug 
interactions involving induction or suppression of CYP isozymes require intact 
 cellular machinery.

Table 2.4 Preclinical methods for predicting drug interactions
Advantages Disadvantages

Purified P450 
isozymes

Isozyme substrate identification Limited protein yield
Isozyme inhibitor identification Certain subfamilies undifferentiated
Isozyme specificity Quality of purification affects result

Recombinant 
P450 
isozymes

Isozyme substrate identification Artificial system
Isozyme inhibitor identification Results require confirmation
Isozyme specificity

Human 
microsomes

Isozyme substrate identification Genetic/phenotypic variability
Isozyme inhibitor identification Lack cellular machinery for induction/

suppressionRelative isozyme metabolic 
contribution

Individual variability overcome  
by pooling

Relatively low cost
Immortalized 

cell lines
Ability to identify induction P450 activity loss
Method/system validation Important cellular processes may be 

lost
Liver slices Relatively simple preparation Short-lived system

Maintains hepatocyte ultrastructure Genetic/phenotypic variability
Ability to identify metabolites 

inhibitors
Tissue-media distribution equilibrium 

not always achieved
Hepatocyte 

cultures
Phase I and II activity Genetic/phenotypic variability
Physiologic processes maintained Requires fresh hepatic tissue
Better clinical extrapolation Culture methods can be complex
Ability to identify inhibition, 

induction and suppression
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2.8.4  Immortalized Cell Lines

An ideal in vitro model for studying drug–drug interactions involving induction, 
inhibition, and suppression would be a validated, immortalized, readily available 
cell line, the results from which could be extrapolated directly to the clinical envi-
ronment. However, no such model currently exists. All available immortalized 
human cell lines do not maintain a full complement of cytochrome P450 enzyme 
activities, nor do they maintain other potentially important physiologic processes. 
One commonly used immortalized cell line is derived from a human hepatoma 
(HepG2 cells). This model has been investigated for CYP1A1 induction, but does 
not significantly express other cytochrome P450s [190, 191].

2.8.5  Liver Slices

Human liver slices have been used with moderate success in determining the hepatic 
metabolism of certain compounds. Liver slices are relatively easy to prepare, and 
they maintain the hepatic ultrastructure. However, up to half of constitutive (base-
line) cytochrome P450 activity is lost within the first 24 h after isolation, and all 
constitutive cytochrome P450 activity is lost by 96 h [192]. This makes investiga-
tions of induction and suppression of drug-metabolizing enzyme activity difficult. 
In addition, a distribution equilibrium is not achieved between all hepatocytes within 
the slice and the incubation media, resulting in decreased rates of metabolism com-
pared to a hepatocyte monolayer culture system [193].

2.8.6  Human Hepatocyte Cultures

Human hepatocyte monolayer culture systems are ideal for studying drug interactions, 
as they maintain both Phase I and Phase II activity, and form and maintain physiologic 
processes such as biliary canaliculi and transporters [194]. Determining drug interac-
tions in this system often allows for the closest prediction of potential drug interactions 
[195]. Although this system does not mimic the pharmacokinetic alterations in drug 
concentrations seen clinically, it does allow quantitation of “best” and “worst” scenar-
ios that may be extrapolated to the clinical setting. Induction, suppression, and inhibi-
tion interactions can all be performed with this model [196, 197]. Although maintaining 
constitutive levels of cytochrome P450 activity has been challenging, currently avail-
able enriched media and improved culture conditions allow for maintenance of control 
activity for at least 72–96 h after isolation. Challenges encountered with this system are 
primarily in obtaining fresh hepatic tissue for digestion, and the specialized technique 
of perfusion for isolation of the hepatocytes. In addition, with the wide variability in 
enzyme activity seen clinically, investigations in a limited number of hepatocyte prepa-
rations will not be able to definitively reflect the occurrence of drug interactions in an 
entire population, but only suggest the potential for interactions to occur.
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2.9  Overview of Clinical Methods for Predicting  
Drug Interactions

The primary cause of clinically significant drug interactions is the involvement of 
drug-metabolizing enzymes. Because great variability exists in drug-metabolizing 
enzyme activity among subjects, and drug interactions may not achieve clinical 
significance in all patients, interactions may be better clinically predicted by the 
knowledge of individual patient isozyme activities. However, there is currently a 
need for the development of reliable, accurate, and noninvasive methods to monitor 
drug metabolizing enzyme expression in humans in order to guide drug dosage, 
reduce toxicity, and predict potential drug interactions.

Genotyping involves identification of mutant genes causing poor- or ultra- 
extensive metabolizer activity, or phenotype. Genotyping has been demonstrated to 
predict the clinical outcome of drug interactions involving both Phase I and Phase II 
metabolism [198, 199]. However, drug-metabolizing enzyme activity can be exqui-
sitely sensitive to environmental and physiologic influences. Therefore genotyping 
allows for the determination of an individual’s genetic predisposition to a specific 
enzyme activity, but may not reflect true phenotype at any one point in time.

An analytical technique that allows the characterization of specific in vivo drug-
metabolizing enzyme activity is the process of phenotyping: using the ratios of par-
ent drug and drug metabolites in blood or urine as a surrogate marker of isozyme 
activity. Specific methods have been developed to phenotype CYP1A2, CYP2C9, 
CYP2C19, CYP2D6, CYP2E1, CYP3A, glutathione S-transferase, glucuronyl-
transferase, and N-acetyltransferase activities [200]. Phenotyping offers the primary 
advantage of quantitating time-sensitive enzyme activity and accounts for combined 
genetic, environmental, and endogenous influences on drug metabolizing enzyme 
activity. However, a number of currently available phenotyping methods are invasive 
and impractical, and analytical methods are not readily available. With a simplifica-
tion of phenotyping methods, and an increase in the availability of analytical proce-
dures, it may be possible to use these methods to determine correlations between 
enzyme activity and the risk of significant drug interactions in individual patients.

2.10  In Vitro/In Vivo Scaling of Drug Interactions

The process of using in vitro models to predict in vivo drug interactions is still in its 
infancy, and extensive validation of this approach is needed. In vitro models predic-
tive of in vivo drug interactions will be essential for rapid, cost-effective screening of 
pharmaceutical compounds and are important for reducing risks to patient safety. 
Currently these models are constructed from a combination of laboratory and theoreti-
cal components. Ideally, in a valid model, the in vivo decrease in clearance caused by 
coadministration of an inhibitor would be specifically predicted by the decrease in 
reaction velocity (e.g., formation rate of a metabolite) for the same compound in vitro 
when the inhibitor is present in the same concentration. However, presently available 
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models contain a number of weaknesses and assumptions that make scaling of in vitro 
data to the clinical situation complicated and not always accurate. Poor predictions 
occur with compounds that have flow-dependent hepatic clearance, with mechanism-
based inhibition, and with compounds that concurrently induce and inhibit enzyme 
activity. In addition, inhibitor and substrate plasma concentrations are not always pro-
portional to the inhibitor and substrate concentrations to which the enzyme is exposed. 
In vitro and cell culture models demonstrate extensive partitioning of lipophilic com-
pounds into cells, with uptake not restricted by plasma protein binding. As an exam-
ple, the mean in vivo liver: plasma partition ratios for benzodiazepine derivatives 
range from 6.4 to 17.4, making predictions of these concentrations at the site of 
enzyme activity very difficult [201, 202]. Some examples of in vitro scaling with 
azole antifungal agents can be found in a commentary by von Moltke et al. [202].

In order to establish the feasibility of in vitro to in vivo scaling, most currently 
reported predictions of inhibitory drug interactions are retrospective. Presently 
available methods allow a general assessment of what may occur (i.e., an unlikely 
interaction versus a probable interaction [203, 204]). However, to be most useful, 
in vitro data should not only indicate the possibility of an interaction but also predict 
its magnitude and clinical importance. Until such a time, the clinical study remains 
the ultimate means by which a drug interaction and its importance can be assessed.

2.11  Conclusions and Future Directions

It is difficult to assess the true incidence and clinical significance of drug interac-
tions. Understanding the mechanisms underlying drug interactions is important for 
the prediction and avoidance of drug toxicity when initiating combination therapy. 
Although multiple in vitro methods are currently in use to assess drug interactions, 
not all have allowed the prediction of clinically significant events [205, 206]. As 
drug interactions most commonly result from influences on drug metabolizing 
enzymes, future research defining the origins of enzyme activity variability and 
characterizing individual patient activity will certainly improve our ability to pre-
dict these interactions and improve drug therapy.
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Abstract Most pharmacokinetic studies so far have focused on the role of drug 
metabolizing enzymes as the key determinants of drug disposition and their contri-
bution to drug-drug interactions. It has now become clear that transporters are 
responsible for both the uptake and efflux of drugs in various tissues. Their coordi-
nated expression and activities at the basolateral and apical side of transporting 
epithelia are critical in determining the extent and direction of drug movement in 
major organs for drug disposition such as the intestine, liver and kidney. Thus, drug 
transporters represent an important mechanism by which one drug may alter the 
pharmacokinetic and pharmacological effects (toxicity and efficacy) of another and 
lead to drug-drug interactions of clinical importance. This chapter focuses on the 
major drug transporters involved in the disposition of anti-infective agents with spe-
cial emphasis on their effect on drug disposition, their drug substrate specificities as 
well as their role in clinically relevant drug-drug interactions.

3.1  Introduction

The movement of drugs across biological membranes was once thought to proceed 
by simple diffusion depending on their lipophilic properties. However, due to sig-
nificant advances in molecular biology and biotechnology, a wide variety of drug 
uptake and efflux transporters have been identified and characterized over the last 
15 years. Major membrane transporters have been classified into the solute carrier 
(SLC) transporter family and the ATP-binding cassette (ABC) transporter family as 
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designated by the Human Genome Organization (HUGO) Gene Nomenclature 
Committee (http://www.genenames.org). With exception of the multidrug and toxin 
extrusion transporter (MATE), the SLC transporter family is mainly characterized 
by uptake transporters which transfer substrates, either by facilitated diffusion down 
the electrochemical gradient or by secondary active transport against a diffusion 
gradient coupled to the symport or antiport of inorganic or small organic ions to 
provide the driving force [1]. The SLC transporter family comprises various mem-
bers of the organic anion transporting polypeptide family (OATP), organic cation 
transporter (OCT), organic anion transporter (OAT), organic cation/carnitine trans-
porter (OCTN), peptide transporter (PEPT), concentrative nucleoside transporter 
(CNT), equilibrative nucleoside transporter (ENT), and (MATE) [2]. The ABC 
transporter family is primarily characterized by efflux transporters that function to 
export drugs out of a cell against a concentration gradient and are driven by the 
hydrolysis of adenosine triphosphate (ATP) as an energy source. Members of the 
ABC transporter family are the multidrug resistance protein (MDR), multidrug 
resistance-related protein (MRP) family, bile salt export pump (BSEP), and the 
breast cancer resistance protein (BCRP) [2]. SLC and ABC transporters are involved 
in the transport of a broad range of drugs in clinical use and share a wide distribu-
tion in the body, notably in key organs for drug disposition such as the intestine, 
liver and kidney. Tables 3.1 and 3.2 list uptake and efflux transporters considered to 
be relevant for the disposition of anti-infective agents, their tissue distribution as 
well as selected drug substrates [2, 3].

The role of uptake and efflux transporters in the drug disposition process, includ-
ing particular emphasis on their documented or potential role in clinically relevant 
drug-drug interactions involving anti-infective medications will be discussed in the 
following sections.

3.2  Transporter Effect on Drug Disposition

Most of the SLC and ABC transporters are found at either the apical or basolat-
eral membrane of transporting epithelia (Fig. 3.1). Depending on their function 
and localization, these transporters will facilitate the entry or the removal of a 
drug substrate into a given organ. The net pharmacokinetic effect of active trans-
port processes mostly results from the involvement of several transporters that 
may not always belong to the same family. For example, the transport pathway for 
the renal elimination of the nucleotide analogue tenofovir involves the uptake 
from the blood into the renal proximal tubular cells mediated by OAT1/3 and the 
efflux into urine by MRP4 [4]. Since the coordinated expression and function of 
transporters are critical in determining the extent and direction of drug move-
ment, modulation of their activity (i.e. inhibition or induction) will directly impact 
the absorption, distribution, metabolism, and excretion of a drug substrate as 
described below.
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3.2.1  Intestinal Absorption

The small intestine not only can limit the absorption of drugs through intestinal 
metabolism [5], but also through active drug transport back into the lumen by efflux 
transporters located at the apical brush border membrane of enterocytes such as MDR1 
(i.e. P-glycoprotein), MRP2 or BCRP [6]. Conversely, uptake transporters such as 
PEPT1 or OATP will facilitate the intestinal drug absorption across the brush border 
membrane [7, 8] (Fig. 3.1). Consequently, modification of the  expression or function 
of uptake or efflux transporters in the gastrointestinal tract will impact the bioavail-
ability of orally administered drug substrates. However, it should be noted that the 

blood

Intestine

bile

Kidney

Liver

drug
PEPT1 OATP2B1OATP1A2 P-gp MRP2 BCRP

MRP3 OCT1

P-gp

MATE1

MRP2

BCRP

MRP6MRP4MRP3

OCT1
OAT2

OATP2B1
OATP1B3

OATP1B1

OAT1

OAT2

OAT3

OCT2

OAT4

PEPT1

PEPT2

OATP1A2

MRP2

MRP4

P-gp

MATE1

MATE2-K

MRP1

Brain

blood

urine

P-gp BCRP MRP4 MRP5 OATP1A2 OATP2B1

OAT3

Fig. 3.1 Schematic diagram depicting uptake and efflux transporters relevant for anti-infective 
drug disposition and their localization in the human intestinal epithelia, hepatocyte, kidney proxi-
mal tubule and brain capillary endothelial cell. BCRP breast cancer resistance protein, MATE 
multidrug and toxin extrusion protein, P-gp P-glycoprotein, MRP multidrug resistance associated 
protein, OAT organic anion transporter, OATP organic anion transporting polypeptide, OCT organic 
cation transporter, PEPT peptide transport protein (From references [3, 59])
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transport capacity can be saturated by the high concentration of drugs present in the 
intestinal lumen. Thus, the relative contribution of intestinal P-glycoprotein to the 
overall drug absorption is unlikely to be quantitatively important because its transport 
activity is easily saturated for most drugs at clinically relevant doses [9]. Nevertheless, 
some drugs administered at high doses are still influenced by the effects of intestinal 
P-glycoprotein. Typically, such drugs are poorly water soluble, dissolve slowly, and 
are large in size (>800 Da), e.g. cyclosporine and saquinavir [9]. In general, transport-
er-mediated drug-drug interactions at the level of intestinal absorption are more likely 
to be clinically relevant for drugs with a narrow therapeutic index and characterized 
by an exclusive transporter-mediated disposition profile, e.g. digoxin [10].

3.2.2  Hepatobiliary Elimination

The hepatic elimination of drugs includes several steps: extraction of drugs from the 
portal blood into the hepatocytes which is often mediated by SLC transporters 
expressed on the sinusoidal (basolateral) membrane; hepatic metabolism mediated 
by phase I (cytochrome P450) and phase II (glucuronidation) enzymes; and either 
secretion of the drug back into the circulation for subsequent renal elimination medi-
ated by ABC transporters expressed on the sinusoidal membrane or secretion into the 
bile via the efflux transporters expressed on the canalicular (apical) membrane of the 
hepatocyte [11] (Fig. 3.1). The cooperation of sinusoidal uptake and canalicular 
efflux transporters allows the directional transport across the hepatocytes. Members 
of the SLC family are considered to be of particular importance for hepatic drug 
elimination and drug pharmacokinetics. Specifically, these transporters regulate the 
amount of drug available for metabolism by liver enzymes and the subsequent biliary 
excretion of drugs [12]. Inhibition of these hepatic uptake transporters will increase 
the systemic exposure of a drug substrate and potentially lead to side effects [13]. 
Clinically relevant drug-drug interactions resulting from the inhibition of OATP1B1/3 
have been reported for the statins [14]. For instance, the mean AUC of several statins, 
not significantly metabolized by drug metabolizing enzymes, increased four to ten-
fold (i.e. fluvastatin (fourfold), pitavastatin (fivefold), pravastatin (tenfold), rosuvas-
tatin (sevenfold)) in the presence of cyclosporine, an OATP1B1/3 inhibitor [14]. The 
inhibition of canalicular efflux transporters will impact the biliary clearance of a drug 
substrate whereas the contribution of sinusoidal efflux transporters to the overall 
hepatic clearance will depend on the kinetic properties of the drug. Their contribution 
is expected to be negligible if the uptake is the rate-limiting step in elimination [13].

3.2.3  Renal Excretion

Renal elimination involves both passive and active processes: glomerular filtration 
and transporter-mediated secretion and reabsorption of drugs. Renal transporters, 
located mainly in the proximal tubular cells, play a role in several steps: drug uptake 
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into the proximal tubular cell; drug efflux into the glomerular filtrate; reabsorption 
of the drug from the filtrate; and drug efflux back into the blood (Fig. 3.1). Overall, 
renal excretion results from a coordinated function of uptake and efflux transporters 
located at the basolateral and apical membranes of proximal tubular cells. Members 
of OAT and OCT families present at the basolateral membrane are characterized by 
a high clearance capacity and are considered as major renal transporters for the 
uptake of organic anions and cations, respectively. As a result, highly efficient uptake 
of certain drugs in the cell can result in accumulation which can cause nephrotoxic-
ity. For instance, preclinical experiments have shown that both cidofovir and adefo-
vir are taken up by OAT1, which contributes to increased cytotoxicity [15, 16]. The 
large number of efflux transporters expressed at the brush border membrane empha-
sizes the importance of rapid efflux of potentially toxic compounds into urine. The 
competitive inhibition of proximal tubular secretion is one of the most common type 
of drug-drug interaction at the renal level. A decrease in renal secretion can lead to 
an increase in systemic drug exposure. However, competitive inhibition of renal 
secretion will result in clinically relevant drug-drug interactions only if the affected 
drug is actively secreted in the kidney and if the transporter-mediated renal clear-
ance accounts for the majority of the total clearance of the affected drug. In addition, 
the concentration of the fraction unbound in plasma for the interacting drug must be 
high enough to produce a pronounced effect. The potential for a significant drug 
interaction is likely to be small if the concentration of the interacting agent is <Ki 
(i.e. Michaelis-Menten inhibitory constant), unless the drug has a narrow therapeutic 
window [17]. For example, interactions with fatal complications have been reported 
after concomitant administration of tenofovir with didanosine [18] and methotrexate 
with nonsteroidal anti-inflammatory drugs (NSAID) [19]. These interactions result 
from interactions on basolateral renal tubular uptake transporters (OAT1 and /or 
OAT3) as well as on the efflux transporters (MRP2 and/or MRP4) [4, 20].

3.2.4  Tissue Distribution

In organs such as the brain, transporter expression is critical for the brain homeo-
stasis by limiting the entry of potentially harmful endogenous and exogenous 
substances. The blood–brain barrier consists of endothelial cells connected by 
complex tight junctions that express various transport proteins [21]. The mecha-
nism of blood–brain barrier transport has been divided into three separate pro-
cesses: blood uptake of drugs and nutrients into the brain; efflux of compounds to 
prevent entry into the brain; and uptake of metabolites, neurotransmitters and neu-
rotoxins from the brain into the blood [22, 23]. Successful treatment of 
certain infections, such as AIDS dementia directly caused by HIV and other HIV 
related infections, as well as bacterial, fungal or viral meningitis require adequate 
brain penetration of anti-infective medications. Thus, drug  transporters may act as 
major barrier to current and effective drug treatment. For instance, the critical role 
of P-glycoprotein in restricting brain uptake of HIV protease inhibitors has been 
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 demonstrated in vivo. Mdr1a/b-knockout mice (i.e. mice missing P-glycoprotein) 
displayed enhanced brain accumulation of nelfinavir (40 fold), indinavir, saquina-
vir (eight to tenfold) [24] and abacavir (20 fold) [25]. Measurements of antiretrovi-
ral concentrations performed in the cerebrospinal fluid of HIV-infected patients 
indicate indeed that most drugs have very low brain penetration [26, 27].

Expression of several transporters detected in lymphocytes may also have an impact 
on HIV therapy [28, 29]. Specifically, drug transporters are believed to have a role in 
limiting drug uptake into lymphocytes. For instance, BCRP has been implicated 
in conferring cellular resistance to zidovudine and lamivudine by limiting their entry 
in lymphocytes [30]. Similarly, several studies have shown that P-glycoprotein, MRP, 
BCRP, OATP limit intracellular levels of various HIV protease inhibitors in lympho-
cytes. Therefore the effectiveness of antiretroviral therapy may be compromised since 
HIV virus replicates and is primarily contained within CD4+ cells [31–33].

3.2.5  Impact of Genetic Polymorphisms on Drug Disposition

As highlighted previously, alterations in uptake or efflux transporter function will 
directly impact the disposition of a drug substrate. Impaired transport function may 
result from genetic variations in the gene encoding the transporter protein. For exam-
ple, the variant SLCO1B1*5, which is characterized by a nucleotide change from T to 
C in position 521 (521 T > C) of the SLCO1B1 gene encoding human OATP1B1, is 
associated with a reduced in vitro transport activity [34]. The clinical importance of this 
polymorphism has been recently highlighted in antiretroviral therapy as HIV infected 
patients carrying this genetic variant have higher plasma concentrations of the protease 
inhibitor lopinavir when compared to non carriers [35, 36]. Conversely, patients 
homozygous for SLCO1B1*4 (463 C > A) have lower lopinavir plasma levels [36].

The drug disposition of tenofovir has also been shown to be influenced by genetic 
variants in MRP2 (−24 C > T) and MRP4 (3436A > G and 3463A > G) [37, 38]. 
Interestingly, the risk for tenofovir induced proximal tubulopathy has been associated 
with homozygosity for the C allele at position −24 in MRP2 [39]. However, the mecha-
nism by which MRP2 influences the risk of kidney tubular dysfunction is not well 
understood as in vitro studies have shown that tenofovir is not a substrate for human 
MRP2 [4, 40]. More detailed information regarding genetic variations in drug trans-
porters and their effect on the pharmacokinetic of drugs in clinical use can be found in 
the following references [41–45]. In addition to genetic variations, modulation of trans-
porter function may result from the inhibiting or inducing properties of a drug substrate, 
thereby influencing the transport kinetics of a simultaneously administered drug.

3.3  Transporter-Mediated Drug-Drug Interactions

Due to recent identification and characterization of individual transporters, drug-
drug interactions observed in the clinic can be linked with the specific transporter 
protein responsible for the interaction. Specifically, in vitro transporter-expressing 
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systems such as cDNA transfected cell lines or cRNA injected Xenopus oocytes are 
particularly useful in understanding and predicting transporter mediated drug-drug 
interactions. Table 3.3 compiles the substrate and inhibiting properties of selected 
anti-infective agents obtained in vitro for the major drug transporters with a docu-
mented role in drug disposition [4, 15, 25, 30, 31, 35, 40, 46–83]. In vitro approaches 
are now commonly used as a critical first step for the assessment of drug interaction 
potential and to support subsequent in vivo studies which help define the clinical 
relevance. A guidance document was recently released by the International 
Transporter Consortium about the conduct and decision making criteria of in vitro 
transporter assay. The main purpose of this guidance is to help determine whether 
an investigational drug is a substrate or inhibitor of a specific drug transporter and 
if an in vivo drug interaction study is needed [3].

This section will discuss the mechanisms of transporter-mediated interactions 
and describe examples of clinically relevant drug-drug interactions involving anti-
infective agents (Table 3.4) [84–106].

3.3.1  Mechanisms of Inhibition and Induction of Transporters

Transporter-mediated drug interactions in the clinic may be either inhibitory, induc-
tive or both, and may involve influx or efflux transporters. Transporters can be 
inhibited in a competitive or non-competitive manner in the same way as the drug-
metabolizing enzymes can be inhibited. Competitive inhibition occurs when two 
substrates compete at the same binding site of the transporter protein, where only 
one substrate can bind. For non-competitive inhibition, two substrates will simulta-
neously bind at two different sites on the same transporter protein, which might 
inhibit the subsequent translocation process. Induction of drug transporters and 
drug metabolizing enzymes occurs indirectly, i.e. through the interaction with 
nuclear receptors such as the pregnane X receptor (PXR) or constitutive androstane 
receptor (CAR) [2, 107]. These nuclear receptors share a common signalling path-
way, which involve ligand (e.g. rifampin) binding to the receptor, heterodimeriza-
tion with the 9-cis-retinoic acid receptor (RXR), binding of the heterodimer to 
response elements of target genes (i.e. drug transporters, drug metabolizing enzymes) 
and subsequent initiation of the gene transcription [108].

3.3.2  Interplay Between Drug Transporters  
and Drug Metabolizing Enzymes

Drug transporters and drug metabolizing enzymes often share overlapping tissue 
expression and substrate specificities. For instance, many P-glycoprotein substrates 
and inhibitors are also substrates and inhibitors of cytochrome P450 3A4 (CYP3A4) 
(i.e. erythromycin, itraconazole, HIV protease inhibitors) [109]. This overlap 
between P-glycoprotein (as well as other transporters) and CYP3A4 has been 
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hypothesized to result from the fact that drug metabolizing enzymes and drug 
transporters are regulated through similar mechanisms, which involve transcrip-
tional regulation by nuclear receptors. Drug interactions involving compounds that 
inhibit both drug metabolizing and transporter pathways may result in profound 
interactions. For instance, the anti-diabetic drug repaglinide is a substrate for 
CYP2C8, CYP3A4, and OATP1B1. Gemfibrozil and its metabolite are both inhibi-
tors of CYP2C8 and OATP1B1 [110]. Co-administration of gemfibrozil and repa-
glinide caused a profound increase in repaglinide area under the curve (AUC) 
(eightfold), whereas coadministration of repaglinide with itraconazole, a CYP3A4 
inhibitor, caused a modest change in repaglinide AUC (1.4 fold) [111]. Interestingly, 
the simultaneous administration of these three drugs led to a major increase in repa-
glinide AUC (19 fold). Thus, the interplay between drug metabolizing enzymes and 
transporter proteins must be considered when evaluating any drug-drug interaction 
potential.

Emerging evidence suggests that drug transporters such as OATP may indi-
rectly regulate the expression of drug disposition genes through modulation of the 
intracellular concentrations of PXR or CAR ligands [112]. This concept evolves 
from previous in vitro observations which suggest that OATP1B1 is a major 
 determinant of PXR activation via rifampin [65]. This interplay can result in 
 time-dependent drug-drug interactions. For instance, a single dose of rifampin 
 co-administered with atorvastatin resulted in a sevenfold increase in atorvastatin 
AUC [84], whereas the treatment with rifampin over 5 days decreased the AUC of 
atorvastatin by 80% [103] (Table 3.4). The increase in atorvastatin levels after a 
single dose of rifampin most likely resulted from the immediate OATP1B1/3 inhi-
bition by rifampin [83]. Conversely, the decrease in atorvastatin levels upon con-
tinued dosing reflected the time-dependent induction of drug metabolizing enzymes 
by rifampin. As illustrated by these examples, the interplay between drug trans-
porters and drug metabolizing enzymes presents an emerging challenge for drug 
interaction prediction [113].

3.3.3  Role of OATP in Drug-Drug Interactions

The organic anion transporting polypeptides (OATP) represent an important 
 family of uptake carriers mediating the transport of relatively large (molecular 
weight > 400 – 500 Da) and hydrophobic organic anions. Typical endogenous and 
exogenous substrates include bile salts, thyroid hormones as well as numerous 
drugs in clinical use such as statins, rifampin, and protease inhibitors [2, 14, 114] 
(Tables 3.1 and 3.3). The various OATP are expressed in several tissues including 
the intestine, liver, kidney, brain and placenta [8, 115–119] (Fig. 3.1). As major 
hepatic uptake transporters, OATP regulate the amount of anionic drugs available 
for phase I/II metabolism or biliary excretion. Several clinically relevant drug-
drug interactions involving OATP have been reported in the literature. A few 
examples are highlighted below (Table 3.4).
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Macrolides are well known to cause drug-drug interactions via the inhibition of 
drug metabolizing enzymes. For instance, clarithromycin was shown to increase the 
AUC of several concomitantly administered statins (i.e. simvastatin (tenfold), ator-
vastatin (fourfold) and pravastatin (twofold)) [89]. For simvastatin and atorvastatin, 
this increase can be explained by the inhibition of CYP3A4 as both drugs are sub-
strates of this enzyme. In contrast, pravastatin is mainly eliminated as unchanged 
drug and is not extensively metabolized by the cytochrome P450 enzymes. In vitro 
experiments revealed that not only clarithromycin, but also erythromycin and rox-
ithromycin inhibited OATP1B1 mediated pravastatin uptake whereas azithromycin 
had no inhibiting activity [52]. Thus, inhibition of OATP1B1 probably explains the 
observed clinical drug interaction. The co-administration of the HIV protease inhib-
itor lopinavir boosted with ritonavir (i.e. lopinavir/r) and rosuvastatin surprisingly 
led to increased plasma concentrations of the statin (i.e. AUC and C

max
 increased 

107% and 365%, respectively) [87]. Similarly, rosuvastatin is mainly excreted as 
unchanged drug and is not extensively metabolized by cytochrome P450 [120]. 
In vitro experiments showed that OATP1B1 contributes predominantly to the hepatic 
uptake of rosuvastatin [121]. Rosuvastatin is also a substrate of BCRP [122], which 
is an efflux transporter localized to the apical side of many tissues including the 
small intestine and the liver. In addition, in vitro data have indicated that lopinavir 
and ritonavir inhibit BCRP and OATP1B1 [51, 55, 66]. Thus, this interaction could 
possibly result from the inhibition by lopinavir and/or ritonavir of rosuvastatin 
uptake at either the level of absorption or biliary excretion by BCRP and/or at the 
level of uptake into the hepatocytes by OATP1B1 [87]. This interaction could pos-
sibly negatively impact the pharmacodynamic effect of the statin, by inhibiting its 
entry into the liver, which is the site of action and elimination. Consequently, the 
lipid lowering effect of the statin may be attenuated despite the increase in plasma 
concentration and potential associated risk of myotoxicity. A similar interaction 
was observed when combining atazanavir/r and rosuvastatin (i.e. AUC and C

max
 

increased 213% and 600%, respectively) [88]. Interestingly, the co-administration 
of fosamprenavir/r did not affect significantly rosuvastatin pharmacokinetics, which 
could possibly be explained since fosamprenavir is not an inhibitor of BCRP [123]. 
Bosentan is an endothelin receptor antagonist used for the treatment of pulmonary 
arterial hypertension. This drug is metabolized by CYP2C9 and CYP3A4 [124] and 
is a substrate of OATP1B1 and OATP1B3 [125]. The co-administration of bosentan 
and lopinavir/r, an inhibitor of CYP3A4 and OATP1B1/3 [66], resulted in a marked 
increase in bosentan exposure (AUC and C

max
 increased 422% and 377%, respec-

tively) as well as an increase in adverse events which were attributed to the high 
systemic exposure of bosentan [86]. Interestingly, the co-administration of bosentan 
and rifampin resulted in a time-dependent interaction with an initial fivefold increase 
in bosentan trough concentrations followed by a decrease in exposure at steady-
state. The inhibition of the OATP1B1/3 mediated transport of bosentan by rifampin 
[83] most likely explains the initial increase in exposure, whereas the CYP induc-
tive properties of rifampin resulted in the decrease in exposure of bosentan observed 
at steady-state [85].
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3.3.4  Role of OAT in Drug-Drug Interactions

The organic anion transporters (OAT) accept relatively small (molecular 
weight < 400–500 Da), hydrophilic organic anions. Their substrates include prod-
ucts of biotransformation as well as several drugs such as beta-lactams, nonsteroidal 
anti-inflammatory drugs (NSAID), and antiviral nucleoside analogues [2, 68, 126, 
127] (Tables 3.1 and 3.3). OAT1, OAT3 and OAT4 are mainly expressed in the kid-
ney whereas OAT2 is predominantly expressed in the liver [128–131] (Fig. 3.1). 
OAT are considered as major excretory systems for anionic compounds and have 
been involved in drug-drug interactions of clinical importance (Table 3.4).

Perhaps the most widely understood drug interaction, first noted six decades ago, 
is that of penicillin and probenecid, in which co-administration of probenecid 
resulted in elevated serum penicillin concentrations [132]. In vitro experiments have 
revealed that probenecid strongly inhibits human OAT1 and OAT3 [133]. Interactions 
between probenecid and beta-lactam antibiotics have been reported extensively 
[134, 135]. This beneficial interaction has been intentionally utilized to enhance the 
activity of antibiotics in treating infections. Probenecid has also been used deliber-
ately to alter the renal clearance of a concomitant drug to reduce its toxicity. For 
instance, cidofovir, a nucleoside analogue used in the treatment of cytomegalovirus 
retinitis in HIV patients, is predominantly excreted in the urine as unchanged drug 
[136]. The nephrotoxicity related to this compound is due to its high concentration 
in the kidney as a result of rapid drug uptake at the basolateral membrane of tubular 
cells and slower efflux into the urine via transporters of the brush-boarder mem-
brane [15, 16]. Co-administration of probenecid decreased cidofovir clearance 
which subsequently resulted in reduction of nephrotoxicity [93]. In vitro studies 
have shown that cidofovir is a substrate of OAT1 [16, 68]. Thus, inhibition of OAT1 
mediated uptake of cidofovir by probenecid can prevent its nephrotoxicity. Similar 
findings have been observed when NSAID are co-administered with adefovir, 
another nucleoside analogue [137]. Although the aforementioned examples have 
shown some beneficial effects, drug-drug interactions at the level of renal excretion 
may also have detrimental effects. For instance, the co-administration of methotrex-
ate and NSAID has been associated with severe toxicity of the cytotostatic agent 
[138] and resulted from competitive inhibition of OAT3 [139].

3.3.5  Role of OCT in Drug-Drug Interactions

The organic cation transporters (OCT) mediate the cellular uptake of small organic 
cations (molecular weight <400 Da). Typical substrates are endogenously synthe-
sized cationic substances and drugs such as metformin, cytostatic drugs or antiviral 
nucleoside analogues [2, 140, 141] (Tables 3.1 and 3.3). OCT1 is mostly expressed 
in the liver whereas OCT2 is most abundant in the kidney [142, 143] (Fig. 3.1). 
Because OCT1 is localized in the basolateral membrane of hepatocytes and 
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OCT2 in the basolateral membrane of proximal renal tubular cells, both uptake 
 transporters are important for the hepatic and renal elimination of drugs and have 
been implicated in drug-drug interactions (Table 3.4).

Trimethoprim is frequently administered in HIV patients with low CD4-cell 
count for primary and secondary prophylaxis against Pneumocystis jirovecii infec-
tion. Co-administration of trimethoprim and lamivudine resulted in a 35% reduction 
in lamivudine renal clearance [90]. In vitro experiments have shown that lamivudine 
is transported by OCT1/2 and that trimethoprim inhibits these same transporters 
[57]. Thus, the reduced renal elimination of lamivudine likely results from OCT2 
inhibition by trimethoprim [57]. The co-administration of trimethoprim with 
memantine, a drug prescribed for the treatment of Alzheimer’s disease and primar-
ily excreted unchanged in the kidney, led to the development of myoclonic activity 
and delirium [91]. Interestingly, these symptoms rapidly subsided after trimethop-
rim discontinuation. In vitro data have indicated that memantine is transported by 
OCT2 [144]. Thus, the observed adverse events are most likely attributed to the 
inhibition of memantine renal excretion by trimethoprim.

3.3.6  Role of PEPT in Drug-Drug Interactions

The peptide transporters (PEPT) are responsible for the cellular uptake of di- and 
tripeptides and several drugs such as angiotensin-converting enzyme inhibitors, 
beta-lactam antibiotics, and antiviral drugs [2, 145, 146] (Tables 3.1 and 3.3). 
Interestingly, PEPT1 has been targeted as a way to improve oral drug absorption. 
For instance, the bioavailability of acyclovir was considerably enhanced after oral 
administration of its valine ester (i.e. valacyclovir), which is a PEPT1 substrate 
[147]. PEPT1 is primarily located in the intestine and kidney whereas PEPT2 is 
mainly located in the kidney [81, 148] (Fig. 3.1). PEPT1 plays a major role in the 
intestinal absorption of beta-lactam antibiotics. In vitro data showed that the intesti-
nal transport of 23 beta-lactam antibiotics and the bioavailability in humans both 
correlated with their affinity for PEPT1 [46]. Because of their role in facilitating 
oral absorption and renal reabsorption of several drugs in clinical use, these trans-
porters may be subject to drug-drug interactions.

3.3.7  Role of P-gp in Drug-Drug Interactions

P-glycoprotein (P-gp), the encoded product of the human MDR1 gene, was first 
discovered for its role in mediating the multidrug resistance phenotype associated 
with certain cancers [149]. To date, P-gp is the most studied efflux transporter in 
terms of its clinical relevance for drug disposition and for drug interactions. P-gp 
has a large substrate specificity and can recognize hundreds of compounds ranging 
from small molecules of 350 Da up to polypeptides of 4,000 Da. Therapeutic 
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 compounds transported by P-gp include anticancer drugs, antihypertensive agents, 
antiarrhythmics, glucocorticoids, HIV protease inhibitors, antibiotics, antimycotics, 
immunosuppressive agents, antidepressants, neuroleptics, antiepileptics, antacids, 
opioids, and antiemetics [44] (Tables 3.2 and 3.3). As mentioned previously, many 
substrates of P-gp are also substrates of drug-metabolizing enzymes, which make it 
difficult to assess the extent of interactions associated with P-gp. P-gp is expressed 
in various tissues and serves as a permeation barrier in the gastrointestinal tract, 
brain, lymphocytes, placenta, testes and ovaries while contributing to the elimina-
tion of drugs in the liver and kidney [150–153] (Fig. 3.1). The anatomical localiza-
tion coupled with the broad variety of drug substrates contributes to the significant 
role of P-gp in drug disposition. The effect of P-gp on the pharmacokinetics of sub-
strate drugs has been demonstrated in several studies using mdr1a/1b knockout 
mice. Mice lacking mdr genes usually present increased drug absorption, increased 
distribution in the brain and decreased drug elimination compared with wild-type 
mice [24, 154–156]. Interestingly, animal studies revealed that P-gp inhibition had 
a much greater impact on the tissue distribution of drug substrates than on their 
systemic exposure. For instance, the co-administration of LY-335979 (a potent and 
specific P-gp inhibitor) caused a 37-fold increase in the brain concentration of nelfi-
navir, but only a two-fold increase in plasma concentrations in wild-type mdr1a 
mice [157]. Thus, the potential risk of P-gp mediated drug interactions might be 
underestimated if only plasma concentrations are monitored [158].

Several drug-drug interactions mediated by P-gp have been reported in the litera-
ture (Table 3.4). Digoxin, a widely prescribed agent for congestive heart failure, has 
a negligible metabolism and is primarily eliminated in the kidney through glomeru-
lar filtration and active secretion. In vitro and in vivo animal studies have clearly 
shown that digoxin is a high affinity substrate for P-gp [159, 160]. Concomitant 
administration of ritonavir, a potent inhibitor of P-gp [161], was shown to substan-
tially increase digoxin exposure and reduce its renal clearance (80% increase in 
AUC and 35% decrease in clearance) [96]. Decrease in digoxin renal clearance has 
also been reported with the concomitant use of clarithromycin, itraconazole and 
erythromycin [99, 101, 162]. All these drugs are potent inhibitors of P-gp mediated 
digoxin transport [99, 163, 164]. Another clinically relevant interaction with digoxin 
involves the co-administration of rifampin. The oral bioavailability of digoxin was 
decreased by 30% during rifampin therapy [102]. Duodenal biopsies obtained 
before and after the co-administration of rifampin showed a significant increase in 
the intestinal P-gp expression which correlated inversely with digoxin systemic 
exposure [102]. Similar interactions with rifampin have been reported for fexofena-
dine [165], talinolol [166], cyclosporine [167] and tacrolimus [168]. In general, 
P-gp inhibitors are less likely to affect the pharmacokinetics of a drug that has a 
high solubility, high permeability and/or is highly metabolized. Conversely, a com-
pound that has poor solubility, limited permeability, and is eliminated primarily as 
the parent compound, is more likely to demonstrate a pharmacokinetic change in 
the presence of an inhibitor [3]. Furthermore, P-gp mediated interactions are more 
likely to be significant for drugs with a narrow therapeutic index, such as digoxin 
where small changes in exposure can be clinically important. Finally, in barrier 
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 tissues such as tumors, lymphocytes and brain, interactions with P-gp may lead to 
changes in regional drug distribution that contributes to attenuated efficacy despite 
no change in systemic exposure [10].

3.3.8  Role of BCRP in Drug-Drug Interactions

The breast cancer resistance protein (BCRP) was originally identified in a breast 
cancer cell line that exhibit resistance to anthracyclines [169], therefore anticancer 
drugs are among the first reported substrates [2, 170] (Table 3.2). Some nucleoside 
analogues have been shown to be transported by BCRP whereas protease inhibitors 
are BCRP inhibitors [30, 51, 55] (Table 3.3). BCRP is primarily expressed in the 
small intestine, the liver, the blood–brain barrier and the placenta [171, 172] 
(Fig. 3.1). The localization of BCRP suggests that this transporter as well as other 
transporters of the ABC family play a protective role in limiting oral bioavailability 
and transport across the blood–brain barrier or the placenta [173]. Drug-drug inter-
actions possibly involving BCRP have been described for the combination of pro-
tease inhibitors (i.e. atazanavir/r or lopinavir/r) and rosuvastatin (see section: role of 
OATP in drug interactions) (Table 3.4). However, BCRP interactions are difficult to 
investigate as BCRP and P-gp have extensive substrate overlap, therefore one trans-
porter may compensate when the other is inhibited.

3.3.9  Role of MRP in Drug-Drug Interactions

The multidrug resistance-related proteins (MRP) also are known to confer multiple 
drug resistance to cancer cells [174]. Collectively, the MRP often share substrates in 
common with P-gp and are known to mediate the transport of numerous medica-
tions such as anticancer drugs, statins, nucleoside analogues or HIV protease inhibi-
tors [2, 175] (Tables 3.2 and 3.3). These transporters are widely distributed in nearly 
all human tissues [176–181] (Fig. 3.1). In particular, MRP2 is localized at the 
canalicular membrane of the hepatocytes and is primarily responsible for hepatobil-
iary excretion of drugs. In the kidney, MRP2 and MRP4 are expressed at the apical 
membrane of the tubular cells where they facilitate the renal excretion of anionic 
compounds. A few examples of drug-drug interactions involving MRP are described 
below (Table 3.3).

Mycophenolate mofetil (MMF), an immunosuppressant often used for organ 
transplant recipients, is de-esterified to form mycophenolic acid (MPA), which is 
the active compound. MPA is subsequently glucuronidated into phenyl (MPAG) and 
acyl (AcMPAG) glucuronide metabolites whose biliary excretion is mediated by 
MRP2 [182]. Following excretion into bile, these metabolites can be deconjugated 
back to MPA and reabsorbed via an enterohepatic cycling process [183]. MPA and 
AcMPAG are eliminated in the urine via OAT1/3 and possibly MRP2 mediated 
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tubular secretion [184]. Interestingly, coadministration of rifampin and MMF 
resulted in a necessary dose increase for a lung graft recipient [185]. The PK analy-
sis of this interaction revealed a significant total MPA AUC decrease of 17.5% after 
rifampin co-administration whereas, MPAG and AcMPAG AUC increased by 34.4% 
and 193% respectively [105]. This interaction likely resulted from the induction of 
MPA glucuronidation through rifampin mediated PXR activation, and possibly 
through inhibition of MRP2 mediated enterohepatic recirculation or renal excretion 
[105]. In vitro experiments have shown that rifampin is a substrate for MRP2 and 
thus could compete for this specific transporter [186]. Since MPA has a narrow 
therapeutic index, this interaction may lead to MPA underexposure and loss of clini-
cal efficacy. In addition, increased plasma levels of toxic glucuronide metabolites 
may lead to side effects [105].

Adefovir and cidofovir are both inhibitors and substrates of MRP2 [80]. As men-
tioned previously, these compounds undergo renal tubular secretion and can cause 
nephrotoxicity resulting from accumulation in proximal renal tubules via OAT 
mediated cellular uptake. Inhibition of MRP2 in renal cells may also contribute to 
adefovir and cidofovir nephrotoxicity by reduction in efflux. Similarly, the use of 
NSAID in HIV patients treated by tenofovir lead to the nucleotide analogue renal 
accumulation and subsequent nephrotoxicity through MRP4 inhibition [106].

3.4  Challenges in Predicting In Vivo Drug-Drug Interactions

Estimating the contribution of transporters to total tissue uptake and excretion is 
necessary for predicting their role in drug-drug interactions. Although remarkable 
advances have been made in the functional characterization of drug transporters 
over the last decade, the quantitative evaluation of transporter-mediated drug inter-
actions is difficult to predict. Unlike drug metabolizing enzymes which are largely 
concentrated in the liver and intestine, drug transporters are expressed in various 
tissues with different function (absorption, distribution and elimination). Therefore 
the influence of transporters on the disposition of a drug candidate requires investi-
gation of numerous transporters with different functions in both hepatic and extra-
hepatic tissues. Another difficulty in defining transporter-mediated drug-interactions 
relates to the overlapping substrate specificities and the considerable functional 
redundancy in transport proteins. Furthermore, the interplay between transporters 
and drug-metabolizing enzymes adds complexity in estimating the role of a single 
transporter in drug disposition. Other limitations include the lack of specific and 
potent inhibitors for individual transporter which precludes accurate extrapolations 
from in vitro inhibition studies [158]. Differences in tissue localization and in sub-
strates recognition of transporters between humans and animals often complicate 
translation from preclinical findings to the clinic. In addition, certain transporters 
may have more than one substrate binding domain. Thus, compounds transported 
by a particular transporter may not be competitive if they bind to different domains. 
Finally, drug interactions involving transporters at the level of absorption and 
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 elimination alter the plasma concentrations of drugs. In contrast, interactions 
 occurring at the blood–brain barrier do not affect the drug exposure in the circulat-
ing blood but only the pharmacological and/or toxicological effect of the drug. 
Therefore, drug interactions studies that assess only plasma drug concentrations do 
not fully characterize the transport-mediated influence of one drug on another; thus 
changes in the tissue distribution of drugs should also be considered [158].

3.5  Clinical Drug Interaction Studies with Transporters

The understanding of the rate-limiting step in the clearance of a particular drug (i.e. 
transport vs metabolism) and how a potential co-administered drug can alter the 
clearance is critical for the correct prediction of the drug-drug interaction and sub-
sequent design and data interpretation of clinical drug interaction studies. The 
International Transporter Consortium has recently published decision trees to help 
determine when to conduct in vivo human interaction studies based on in vitro eval-
uation of transporters [3].

Clinical drug interaction studies are usually designed to assess the effect of a 
known inhibitor of a transporter on the disposition of a drug candidate or the effect 
of the drug candidate on the disposition of a known substrate of a transporter. The 
selection of either a substrate or an inhibitor of a given transporter has to be strin-
gent based on the substrate and inhibitor transporter selectivity properties. Other 
considerations should include the therapeutic window of the substrate drug and the 
maximum effect that would be expected if the clearance of the substrate drug was 
totally inhibited, or the therapeutic use. For instance, a substrate or inhibitor of a 
drug candidate should be selected based on their likelihood of being co-adminis-
tered in a therapeutic setting [3, 187]. Guidance for the selection of a substrate or 
inhibitor of a particular transporter for clinical drug interaction studies has been 
published in the transporter white paper and is summarized below [3]:

If the drug candidate is a substrate of OATP, a clinical drug interaction study  –
should be performed with OATP inhibitors such as rifampin or cyclosporine. If 
the drug candidate is an inhibitor of OATP, possible probe substrates for OATP 
include atorvastatin, pravastatin, pitavastatin or rosuvastatin.
If the drug candidate is a substrate of OAT, then inhibition should be studied with  –
probenecid. Multiple probe substrates for OAT can be used in clinical drug inter-
action studies including zidovudine, lamivudine, acyclovir, ciprofloxacin, teno-
fovir or methotrexate.
If the drug candidate is a substrate of OCT2, a clinical drug interaction study  –
should be performed with cimetidine. Possible probe substrates for OCT2 include 
for metformin or varenicline.
If the drug candidate is a dual substrate for P-gp and CYP3A4, then inhibition  –
should be studied using an inhibitor that shows strong inhibition for both P-gp 
and CYP3A4, such as itraconazole, ketoconazole, ritonavir or cyclosporine. 
Possible probe substrates for P-gp include digoxin or loperamide.



633 Mechanisms of Drug Interactions II: Transport Proteins

If the drug candidate is an inhibitor of BCRP, possible probes include sulphasala- –
zine, rosuvastatin, pitavastatin, ciprofloxacin or dipyridamole. However, many of 
these drugs remain to be tested as selective BCRP probe substrates in clinical 
studies.

It is important to note that some of these inhibitors or substrates may inhibit or 
be transported by multiple transporters or may also affect drug metabolizing 
enzymes, therefore the clinical interaction data should be interpreted cautiously.

3.6  Summary

Whereas drug-drug interactions mediated via known drug metabolizing enzymes 
have been established over several decades, SLC and ABC transporters are now 
becoming recognized as significant determinants of drug disposition and drug-drug 
interactions. The magnitude of transporter-mediated drug interactions is generally 
smaller when compared to cytochrome-mediated interactions and therefore, to date, 
few clinically significant drug interactions have been demonstrated to be based on a 
single mechanism through transporter inhibition. In general, transporter-mediated 
drug interactions are likely to be most critical when the elimination of the affected 
drug or the distribution in a target tissue is characterized by an exclusive transporter 
mediated disposition profile or when the involved drug exhibits a narrow therapeu-
tic window of safety. Since the exposure of a majority of drugs in clinical use is 
defined by the interplay between enzymes and transporters, both pharmacological 
pathways need to be considered when evaluating the potential risk for drug-drug 
interactions.
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Abstract Drug–food interactions can be a major source of patient inconvenience 
and nonadherence through disruptions in a patient’s daily schedule. Lack of knowl-
edge of potentially significant drug–food interactions can lead to poor clinical 
outcomes. For example, administering ketoconazole tablets with a meal may decrease 
absorption. In contrast, each dose of posaconazole oral suspension should be admin-
istered with a full meal or liquid nutritional supplement for optimal absorption. 
Hence, the components of food may interact directly with medications. Different 
formulation of a drug also affect the magnitude of drug-food interactions. 
A number of dietary factors, such as dietary protein, cruciferous vegetables, and 
charcoal-broiled beef are known to have potential for altering metabolism of drugs. 
This chapter will describe mechanisms of drug–food interactions and U.S. Food and 
Drug Administration (FDA) guidelines for drug–food interaction studies as well as 
pharmacokinetic parameters affected by food.

4.1  Introduction

Drug–food interactions can be a major source of patient inconvenience and nonad-
herence through disruptions in a patient’s daily schedule. Unless advised to the 
contrary, patients often take drugs with meals as a suitable adherence reminder and 
to lessen gastrointestinal side effects. Lack of knowledge of potentially significant 
drug–food interactions can lead to poor clinical outcomes. This chapter will describe 
mechanisms of drug–food interactions and U.S. Food and Drug Administration 
(FDA) guidelines for drug–food interaction studies. Antimicrobial drug–food 
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interactions based on drug classes and pharmacokinetics will be described, as well 
as the recommended dosing guidelines. In addition, anti-infectives and the 
disulfiram-like reaction are included.

4.2  Mechanisms of Drug–Food Interactions

4.2.1  Physiologic Effects of Food

The majority of medications are absorbed in the small intestine, with very little 
absorption occurring directly from the stomach. However, changes in gastrointestinal 
secretions and gastric pH can have an affect on subsequent absorption [1]. 
Gastrointestinal secretions increase in response to food ingestion, which increases 
hydrochloric acid in the stomach thus lowering stomach pH. This acidic environment 
will accelerate the dissolution and absorption of basic drugs but will cause increased 
degradation of acid labile drugs [1].

The volume of a meal may also affect the subsequent absorption of the drug. 
Large fluid volumes tend to increase stomach emptying rates, whereas large solid-
food consumption tends to have the opposite effect [1]. Delayed stomach emptying 
can increase the degradation of drugs that are unstable at low pH as well as increas-
ing absorption time. On the other hand, longer transit time may actually increase 
absorption for drugs that take more time to dissolve, by increasing the percentage of 
the drug in solution. Thus, the physiologic effect of food may have variable affects 
on drug absorption, depending on the characteristics of each individual drug.

4.2.2  Food Composition

The components of food may interact directly with medications in a number of ways. 
Examples include chelation of the drug by polyvalent metal ions or acting as a 
mechanical barrier to inhibit the absorption of food across the mucosal surface of the 
intestines. The formulation of the drug will likely also affect the magnitude of drug–
food interactions. Solutions and suspensions are generally less likely to be affected  
by food, as they pass rapidly through the stomach and become absorbed. Sustained-
release formulations such as enteric coated tablets are much more likely to be affected, 
as the presence of food may delay absorption of the drug by several hours [1].

4.2.3  Effects of Food on Drug Absorption

Drug–food interactions can be divided into three possible outcomes. Drug absorption 
may be increased, decreased, or not affected. Decreased absorption can be further 
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subclassified into reduced versus delayed absorption. Reduced absorption is reflected 
by a decrease in the area under the concentration–time curve (AUC) of the drug. 
Delayed absorption is reflected by an increase in the time to reach maximum con-
centration (t

max
) of the drug. Alterations in the rate of drug absorption caused by the 

ingestion of food is generally not considered as clinically significant as changes in 
the extent of drug absorption [2].

4.2.4  Effects of Food on Drug Metabolism

A number of dietary factors are known to have potential for altering the metabolism 
of drugs [3]. Examples include dietary protein, cruciferous vegetables, and char-
coal-broiled beef. In addition, malnutrition has been shown to alter the metabolism 
of certain drugs [4]. The effects of diet and nutrition have been described in a num-
ber of review articles [3, 4]. Grapefruit juice has been demonstrated to increase the 
bioavailability of drugs that are known to be metabolized by cytochrome P450 
(CYP) 3A4 enzymes [5–7]. It appears that grapefruit juice interactions are mediated 
by inhibition of gut-wall metabolism, which results in reduced presystemic drug 
metabolism and therefore an increase in drug bioavailability, particularly for drugs 
with poor bioavailability. Although this field is still in its infancy, studies have 
shown an effect with grapefruit juice on protease inhibitors and macrolides, among 
others. The effect of grapefruit juice on P-glycoprotein-mediated drug transport is 
controversial [8, 9]. A recent study reported that grapefruit juice, Seville orange 
juice, and apple juice were more potent inhibitors of the organic anion transporting 
polypeptides (OATPs) than of P-glycoprotein [7]. Although it appears that both 
drug-metabolizing enzymes and transporters determine drug disposition, further 
research in this field is necessary. A more complete review of transport proteins is 
provided in Chap. 3.

4.3  Drug–Food Interaction Studies

The Food-Effect Working Group of the Biopharmaceutics Coordinating Committee 
in the Center for Drug Evaluation and Research (CDER) at the FDA has published 
guidelines for food-effect bioavailability and bioequivalence studies for oral imme-
diate-release or modified-release dosage forms. The guidance paper provides rec-
ommendations for study design, data analysis, and labeling, as well as specifying 
areas in which food-effect studies may not be important. These guidelines can be 
accessed at www.fda.gov. Using the FDA search engine on the Internet, limit 
the search to CDER sites and type in “Food-effect working group” to access the 
document.
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4.3.1  Test Meal

The FDA guidance paper recommends that a food-effect study should be conducted 
under conditions expected to provide maximal effect with the presence of food in the 
gastrointestinal (GI) tract. For this effect, they recommend a high-fat (50% of caloric 
value from the meal), high-calorie (approximately 1,000 cal) breakfast as the test meal. 
An example of such a meal would be two eggs fried in butter, two strips of bacon, two 
slices of toast with butter, 4 oz of hash brown potatoes, with 8 oz of whole milk. This 
would provide 150 protein calories, 250 carbohydrate calories, and 500–600 fat calo-
ries. Details of the meal should be provided in the protocol and final report.

4.3.2  Study Design

A randomized, balanced, single-dose, two-treatment, two-period, two-sequence 
crossover study is recommended for food-effect studies. These studies are normally 
performed in healthy volunteers, with the formulation tested under fasted conditions 
in one treatment arm and immediately following the test meal in the other arm.

4.3.3  Treatment Arms

Following an overnight fast of at least 10 h, subjects should take the drug formula-
tion with a full glass of water (180 mL or 6 fl oz). No food should be allowed for 
the following 4 h, after which scheduled meals should be permitted. For fed subjects, 
following an overnight fast of at least 10 h, subjects should be fed the test meal over 
not more than 30 min. The drug formulation should be given with a full glass of 
water no later than 5 min after finishing the test meal. As before, no other meals 
should be allowed for the following 4 h, after which scheduled meals are permitted.

4.3.4  Data and Statistical Analysis

A food effect will be concluded when the 90% confidence interval for the ratio of 
mean AUC or maximum concentration (C

max
) of fed versus fasted treatments falls 

outside 80–125%. Clinical relevance of the observed magnitude should be indicated 
by the sponsor of the study.

4.4  Anti-Infectives and Drug–Food Interactions Studies

The following sections detail drug–food interaction studies of anti-infective agents 
by drug class. Within the fluoroquinolones section, the effects of milk, yogurt, 
caffeine, and enteral feeds are also detailed. It is important to recognize that many 
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of the earlier studies were completed prior to the FDA guidance paper. In addition, 
data have frequently been obtained in only one or two clinical studies, and observa-
tions made under these particular situations may not be relevant to the current clinical 
care of patients. However, more recently, well-controlled drug–food interactions 
studies have used the standardized test meals as recommended by the FDA.

A summary of selected studies reporting the effect of food on the C
max

, t
max

, and 
AUC of oral anti-infective agents is shown in Table 4.1 [10–79].

4.4.1  Penicillins

The absorption of penicillin V and potassium penicillin are both decreased with the 
coadministration of food [81]. In a study performed in the late 1950s, six groups of ten 
volunteers were given a standard meal served 60, 30, or 15 min before dosing, with the 
dose, or 1 or 2 h after the dose of antibiotic. Blood concentrations of penicillin V or potas-
sium penicillin were obtained at 0.5, 1, and 2 h after drug administration. Lower con-
centrations were observed with both drugs when given with food, although the effect was 
greater for potassium penicillin. In another study, healthy nurses were given 150-mg 
doses of penicillin V (K), potassium V (Ca), and potassium V (acid), with or without a 
standard meal [1]. Reported C

max
 was markedly reduced with all formulations of penicil-

lin V when given with a meal. However, in an earlier study, the absorption of penicillin V 
(acid) was unaffected by food, possibly due to its greater acid stability and its relatively 
slow dissolution [1]. Thus, penicillin V should be taken on an empty stomach; however, 
penicillin V (acid) can probably be safely taken with food, if clinically indicated.

The AUC of ampicillin is decreased by approximately 50% when given with 
food [1]. This effect was evident when volunteers were given ampicillin with a 
high-carbohydrate, -protein, or -fat meal, a standard breakfast, or a Sudanese diet 
[10, 82, 122]. Early research with amoxicillin demonstrated no effect on the absorp-
tion of amoxicillin when given with food [83]. In two follow-up studies, one showed 
decreased absorption when amoxicillin was given with food in six healthy volunteers 
and another showed no effect in a crossover study of 16 healthy volunteers [10, 
122]. In both studies the authors concluded that the effect was not clinically significant, 
and it was suggested that amoxicillin could be administered without regard to meals. 
Interestingly, the absorption of amoxicillin was decreased when given with 25 mL 
of water as compared to 250 mL. Thus, it is recommended that amoxicillin be taken 
with a full glass (250 mL) of water or other suitable liquid.

MoxatagTM extended-release tablets are intended to provide once-daily dosing of 
amoxicillin in the treatment of tonsillitis and/or pharyngitis secondary to 
Streptococcus pyogenes [84]. Administration of MoxatagTM with food decreases the 
rate, but not the extent of amoxicillin absorption. Total amoxicillin exposure (AUC) 
achieved with MoxatagTM is similar to that observed after oral administration of a 
comparable dose of immediate-release amoxicillin suspension. The manufacturer 
recommends that MoxatagTM be taken within 1 h of finishing a meal.

Gastrointestinal side effects appear to be reduced when the combination of amox-
icillin and clavulanate potassium (Augmentin®) is administered with food [11]. 
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In one study, after the administration of two 500 mg Augmentin® tablets, no 
 significant difference was seen in the AUC, peak concentration, or time to reach 
peak concentration for either amoxicillin or clavulanate when administered in the 
fed versus fasted state [11]. According to the manufacturer, Augmentin® tablets, 
powder, and chewable tablets may be administered without regard to meals. There 
does not appear to be a difference in the pharmacokinetics of amoxicillin when 
administered in the fed versus fasted state. The absorption of clavulanate potassium 
is greater when Augmentin is administered at the start of a meal, but reduced when 
it is given 30 and 150 min after the start of a high fat breakfast [1, 85, 86]. The effect 
of food on the oral absorption of Augmentin-ES has not been evaluated [87]. 
The pharmacokinetics of Augmentin XR®, an extended-release formulation, were 
evaluated in healthy volunteers when administered in the fasted state, at the start of 
a standardized meal, and 30 min after a high fat meal. The absorption of amoxicillin 
is decreased in the fasted state. Clavulanate potassium absorption is decreased after 
the administration of a high-fat meal. As a result, the manufacturer suggests that 
Augmentin XR® is optimally administered at the start of a meal and should not be 
taken with a high-fat meal [88]. However, to minimize the potential for gastrointes-
tinal side effects, all amoxicillin-clavulanate potassium formulations should be 
given at the start of a meal. The manufacturers’ dosing recommendations for peni-
cillin antibiotics are shown in Table 4.2.

4.4.2  Cephalosporins

4.4.2.1  First-Generation Oral Cephalosporins

The concomitant administration of cephalexin and food delayed the t
max

 and resulted 
in a slower rate of clearance of the drug. This delay was minor, however, and not 
considered clinically significant [89, 90]. The rate and extent of absorption of 
cefadroxil, another first-generation cephalosporin, was not affected by the adminis-
tration of a standard breakfast [12]. Cephalexin and cefadroxil can be administered 
without regard to meals.

4.4.2.2  Second-Generation Oral Cephalosporins

A number of studies have examined the effect of food on the absorption of cefaclor 
[13, 14, 91]. The maximum achieved concentration of cefaclor pulvules is reduced 
by approximately 50% and the t

max
 is prolonged when given with food, whereas the 

AUC of the controlled-release formulation is enhanced with food [14, 92]. The AUC 
of cefaclor is also decreased by 10–20% when it is given concomitantly with food, 
but in clinical studies these results did not reach statistical significance [14, 93]. The 
administration of a standard breakfast did not affect the C

max
 or the AUC for cefprozil, 

but delayed the t
max

 by approximately 50 min [14, 94]. This delay in absorption was 
not found to be statistically significant [14].



Table 4.2 Penicillins
Generic Brand Company Manufacturer recommendations

Ampicillin Principen capsules Geneva Administer 1/2 h before or 2 h 
after meals for maximal 
absorption.

Principen powder for 
oral suspension

Geneva Administer 1/2 h before or 2 h 
after meals for maximal 
absorption.

Amoxicillin Amoxil capsules, 
tablets, and 
chewable tablets

GlaxoSmithKline, 
various

Can be given without regard  
to meals.

Amoxil powder for 
oral suspension

GlaxoSmithKline, 
various

Can be given without regard  
to meals.

Trimox powder for 
oral suspension

Sandoz Can be given without regard  
to meals.

Moxatag Extended 
Release tablets

Middlebrook Should be taken within 1 h  
of finishing a meal.

Amoxicillin/
clavulanate

Augmentin chewable 
tablets

GlaxoSmithKline May be given without regard  
to meals. Should be taken  
at the start of meals to 
minimize GI upset.

Augmentin tablets GlaxoSmithKline May be given without regard  
to meals. Should be taken  
at the start of meals to 
minimize GI upset.

Augmentin ES-600 
powder for oral 
suspension

GlaxoSmithKline Should be taken at the start of 
meals to minimize GI upset 
(the effect of food on the 
oral absorption of 
AUGMENTIN ES 600 has 
not been studied).

Augmentin Extended 
Release (XR) 
tablets

GlaxoSmithKline Should be taken at the start of a 
meal to enhance absorption 
of amoxicillin and to 
minimize GI upset (should 
not be taken with high fat 
meals because clavulanate 
absorption is decreased).

Amoclan powder for 
oral suspension

West-Ward Can be given without regard  
to meals.

Carbenicillin Geocillin film-coated 
tablets

Pfizer May be given without regard  
to meals. Should be taken  
at the start of meals to 
minimize GI upset.

Dicloxacillin Generic Only 
Capsules

Various, e.g., 
Sandoz

Should be taken on an empty 
stomach, preferably 1–2 h 
before meals.

Penicillin V Penicillin VK tablets, 
powder for oral 
solution

Teva May be given with meals; 
however, blood levels are 
slightly higher when given 
on an empty stomach.

Veetids Geneva May be given with meals; 
however, blood levels are 
slightly higher when given 
on an empty stomach.
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The absorption of cefuroxime axetil, an ester cephalosporin, is increased with 
food or milk [80, 95, 96]. Administration with a standard breakfast caused an almost 
100% increase in the C

max
 and the AUC for cefuroxime. However, trough concentra-

tions of cefuroxime were similar in both groups [80]. Likewise, administration of 
cefuroxime with milk causes a 25–88% increase in the AUC and C

max
 [95]. Thus, it 

is recommended that cefuroxime axetil be taken ideally with food.

4.4.2.3  Extended-Spectrum Oral Cephalosporins

The food requirements with third-generation cephalosporins can be summarized by 
dividing this generation into the ester formulations and the nonester formulations. 
The bioavailability of the ester cephalosporins is enhanced by the presence of food 
[97]. This effect is not caused by changes in the gastric pH but is probably secondary 
to increased contact time between the drug and the esterases of the intestinal mucosa 
secondary to delayed gastric emptying. The nonester cephalosporins, on the other 
hand, display a decrease in the AUC and C

max
 when given with food.

The absorption of cefpodoxime proxetil, an ester cephalosporin, is higher when 
given with food [18, 98]. A four-way crossover study assessed a high- or low-fat and 
high- or low-protein meal versus a lead-in study assessing absorption under fasting 
conditions. In all cases, giving cefpodoxime with any meal increased the C

max
 and 

the AUC by approximately 22% and 34%, respectively [18]. Absorption of cefixime, 
a nonester cephalosporin, is unaffected by food despite a slight delay in the time to 
reach peak concentration [99, 100].

When cefdinir capsules were administered with a high-fat meal, the C
max

 was 
reduced by 16% and the AUC was reduced by 10%. However, the magnitude of 
these changes is not considered to be clinically significant and cefdinir may be 
administered without regard to meals [101, 102]. The administration of cefdinir 
with 60 mg of ferrous sulfate or a vitamin with 10 mg of elemental iron reduced the 
extent of absorption by 80% and 31%, respectively. Another study evaluated the 
effect of a sustained release ferrous sulfate preparation on the absorption of cefdinir 
[103]. The authors found that the AUC of cefdinir was significantly lower than 
when cefdinir was administered alone. The effect of foods fortified with elemental 
iron on the absorption of cefdinir has not been studied. The manufacturer recommends 
administering cefdinir at least 2 h before or after iron supplements [101].

Cefditoren is a prodrug ester cephalosporin. The C
max

 and AUC values have been 
reported to increase when cefditoren is administered after a meal [17]. The estimated 
bioavailability of cefditoren, under fasting conditions, is approximately 14%. When 
administered with a low-fat meal (693 cal), the bioavailability is increased to 
approximately 16%. A moderate (648 cal) or high-fat meal (858 cal) resulted in a 
70% increase in mean AUC and a 50% increase in mean C

max
 compared with the 

fasted state. Thus, the manufacturer recommends taking cefditoren with food to 
enhance absorption [104].

The administration of a standard meal (530 kcal) had no effect on the pharma-
cokinetics of ceftibuten, besides a slight increase in the time to reach C

max
 [19, 105]. 
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However, the administration of a high-fat breakfast contrasted these results by an 
approximate 20% and 33% decrease in the AUC and C

max
, respectively [19]. 

However, the official labeling for ceftibuten recommends that the drug be taken 1 h 
before or 2 h after a meal. The manufacturers’ dosing recommendations for cepha-
losporin antibiotics are shown in Table 4.3.

4.4.3  Macrolides

4.4.3.1  Erythromycin

A variety of dosage forms of erythromycin have been developed to improve stability 
and absorption of erythromycin when given with food. In general, two formulations 
were developed to improve the bioavailability of erythromycin [1]. The first was to 
develop erythromycin as an enteric coated formulation, thus resisting acid degrada-
tion in the stomach. The second was to develop relatively acid-fast esters of eryth-
romycin. The majority of these studies were performed in the 1950s and 1960s, 
making interpretation of results difficult due to the lack of standardization during 
this time period. However, for the most part, trends can be established for the various 
dosage forms of erythromycin.

Food decreases the total absorption of erythromycin base capsules and tablets 
[1, 106]. This was improved by the development of erythromycin-base coated tab-
lets, which tended to improve the overall absorption of the erythromycin and food 
tended to simply delay the time to peak absorption [1, 20, 106]. A small study did 
document decreased absorption with the coadministration of enteric coated erythro-
mycin with food [1]. The absorption of enteric coated pellets of erythromycin base 
was delayed, but not reduced, when taken with a standard breakfast [1].

The absorption of erythromycin stearate was reduced when given after meals in 
single- and multiple-dose studies [1, 21, 107, 108]. However, the opposite effect 
was observed when erythromycin stearate was given before meals [22]. Significant 
increases in erythromycin concentrations occurred in healthy volunteers given 
erythromycin stearate coated tablets immediately prior to a standard meal. This was 
hypothesized to be due to a rapid discharge of the dosage form from the stomach or 
the enteric coating of the formulation.

Erythromycin ethylsuccinate is an ester of the erythromycin base and was devel-
oped to improve absorption when coadministered with food. This ester is less water 
soluble and more resistant to acid degradation [1]. Studies have demonstrated no 
effect or increased absorption when erythromycin ethylsuccinate is given with food 
[20, 109–111]. Grapefruit juice has been reported to inhibit first-pass metabolism on 
CY3A in the small intestine [112] and as a result can cause a significant increase in 
oral bioavailability of drugs that are CYP3A substrates [113]. Although erythromycin 
is a potent inhibitor of CYP3A in the liver, less is known about its effect on CYP3A 
in the small intestine or if the metabolism of erythromycin is affected by inhibition 
of CYP3A in the small intestine. Therefore, six healthy male subjects were pretreated 
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Table 4.3 Cephalosporins
Generic Brand Company Manufacturer recommendations

First generation
Cephradine Velosef capsule, 

Gelatin coated, 
oral suspension

Bristol-Myers 
Squibb

Can be given without regard 
to meals.

Cefadroxil Duricef capsules, 
powder for oral 
suspension, 
tablets

Bristol-Myers 
Squibb, 
various

Can be given without regard 
to meals.

Cephalexin Keflex oral 
suspension, 
capsules

Advantis Can be given without regard 
to meals.

Keftab tablets Dista, Eli Lilly Absorption may be delayed 
by food but the amount 
absorbed is not affected.

Second generation
Cefaclor Raniclor chewable 

tablets
Ranbaxy Can be given without regard 

to meals (total absorption 
is same) Well absorbed in 
fasting subjects.

Ceclor pulvules, 
powder for oral 
suspension

Lilly Can be given without regard 
to meals.

Cefprozil Cefzil for oral 
suspension

Bristol-Myers 
Squibb

Can be given without regard 
to meals.

Cefzil tablets Bristol-Myers 
Squibb

Absorption may be delayed 
by food but the amount 
absorbed is not affected.

Cefuroxime axetil Ceftin for oral 
suspension

GlaxoSmithKline Must be administered with 
food.

Ceftin tablets GlaxoSmithKline Can be given without regard 
to meals.

Extended-spectrum
Cefixime Suprax for oral 

suspension, 
tablets

Lupin Pharma-
ceuticals

Can be given without regard 
to meals.

Cefdinir Omnicef capsules, 
oral suspension

Abbott Can be given without regard 
to meals.

Cefditoren Spectracef tablets Cornerstone 
Therapeutics 
Inc.

Should be administered with 
meals to enhance 
absorption.

Cefpodoxime Vantin tablets Pharmacia and 
Upjohn

Should be administered with 
food to enhance 
absorption.

Ceftibuten Cedax capsules Shionogi Absorption may be delayed 
by food but the amount 
absorbed is not affected.

Cedax oral 
suspension

Shionogi Suspension must be 
administered at least 2 h 
before or 1 h after a meal.
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with 300 mL of water or grapefruit juice 30 min before the single dose administration 
of 400 mg erythromycin enteric-coated tablets in a crossover fashion to evaluate the 
effect of grapefruit juice on the pharmacokinetics of erythromycin [113]. The C

max
 

and AUC were significantly increased when erythromycin was administered with 
grapefruit juice compared with water. The t

max
 and half-life values were not signifi-

cantly different between the two phases. The authors concluded that the bioavail-
ability of erythromycin was increased after the administration of grapefruit juice as a 
result of inhibition of CYP3A metabolism in the small intestine.

4.4.3.2  Advanced-Generation Macrolides/Azalides

The bioavailability of clarithromycin is unaffected or increased in the presence of 
food [24]. In a study of healthy volunteers given a single dose of 500 mg of clarithro-
mycin, food increased the absorption of clarithromycin by 25%. The authors specu-
lated that this would offer little clinical benefit and suggested that clarithromycin 
could be given without regard to food. The effect of grapefruit juice on the pharma-
cokinetics of clarithromycin and its active metabolite, 14-OH clarithromycin, has 
been evaluated in 12 healthy subjects [114]. After an overnight fast of at least 8 h, 
subjects received a single 500 mg dose of clarithromycin with 240 mL of either 
water or freshly squeezed white grapefruit juice at time 0 and 2 h after administra-
tion in a randomized, crossover fashion. Although administration of grapefruit juice 
significantly delayed the t

max
 of both the parent and active metabolite, it did not 

affect the extent of absorption of clarithromycin [114].
In contrast to the immediate release formulation, the manufacturer recommends 

that clarithromycin extended-release tablets be taken with food [115]. Thirty-six 
healthy subjects were administered two 500 mg clarithromycin extended-release 
tablets once daily for 5 days in the fasting state and 30 min after starting a high-fat 
breakfast (1,000 kcal) [25]. Results from this study showed AUC of parent com-
pound clarithromycin was 30% lower under fasting condition compared to nonfasting 
condition. Confusion has existed as to the absorption of azithromycin with food. 
Early studies with azithromycin capsules demonstrated a 50% decrease in the overall 
absorption of azithromycin [116]. However, research with the currently marketed 
tablet and suspension has shown little effect on the absorption when coadministered 
with a high-fat meal [23]. An abstract also reported no interaction with food and the 
oral suspension of azithromycin when given to pediatric patients [117].

The manufacturers’ dosing recommendations for macrolide and azalide antibiotics 
are shown in Table 4.4.

4.4.4  Tetracyclines

In general, the tetracyclines are affected to various degrees by food, milk, and iron 
products. Tetracycline, the prototype antibiotic for this class, has amassed a substantial 
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Table 4.4 Macrolides/azalides
Generic Brand Company Manufacturer recommendations

Azithromycin Zithromax for oral 
suspension

Pfizer Can be given without regard  
to meals.

Zithromax tablets Pfizer Can be given without regard  
to meals.

Zmax powder for 
suspension, 
extended release

Pfizer taken on an empty stomach  
(at least 1 h before or 2 h 
following a meal).

Clarithromycin Biaxin Filmtab tablets, 
granules for oral 
suspension

Abbott Can be given without regard  
to meals.

Biaxin XL filmtab Abbott Should be taken with food.
Erythromycin 

ethylsuccinate
E.E.S. 400 liquid 

suspension
Abbott Can be given without regard  

to meals.
E.E.S. 400 filmtab 

tablets
Abbott Can be given without regard  

to meals.
E.E.S. granules Abbott Can be given without regard  

to meals.
EryPed 200 and 400 

powder for 
suspension

Abbott Can be given without regard  
to meals.

EryPed drops Abbott Can be given without regard  
to meals.

Erythromycin 
stearate

Erythrocin stearate 
filmtab tablets

Abbott Optimal serum levels of 
erythromycin are reached 
when taken in the fasting state 
or immediately before meals.

Erythromycin base Ery-Tab delayed 
release tablets

Abbott Well absorbed and may be given 
without regard to meals.

PCE Dispertab tablets Abbott Optimal blood levels are obtained 
when they are taken on an 
empty stomach (at least 
30 min and preferably 2 h 
before meals).

Filmtab tablets Abbott Optimum blood levels are 
obtained when doses are 
given on an empty stomach.

Erythromycin 
delayed-release 
capsules USP

Abbott Optimum blood levels are 
obtained on a fasting stomach 
(administer at least 1/2 h and 
preferably 2 h before or after 
a meal).

body of literature concerning its food and supplement interactions. Studies involving 
doxycycline and minocycline are plentiful as well, comparing their food, milk, and 
iron interactions with that of tetracycline. The reduced bioavailability of the tetracy-
clines is most likely due to chelation of the antibiotic with heavy metals such as iron 
and calcium and binding to macromolecules found in food [1]. Iron preparations 
and antacids containing calcium, magnesium, and aluminum cations form poorly 
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soluble complexes that inhibit, to varying degrees, all of the tetracyclines [118, 119]. 
It has been hypothesized that the tetracyclines with higher degrees of lipophilicity 
may display the least interaction with food or milk due to increased absorption and 
a lesser tendency to form complexes [120]. Of the three main tetracyclines, mino-
cycline is most lipophilic, followed by doxycycline and then tetracycline [118, 121].

The effect of food on the absorption of tetracycline was assessed in a number of 
healthy-volunteer studies [28, 123–126]. Test meals using high-carbohydrate, -fat, 
or -protein diets uniformly caused an approximately 50% decrease in the absorption 
of tetracycline [28, 125, 126]. Likewise, the coadministration of tetracycline with 
6 oz of milk caused a 65% decrease in tetracycline absorption, and 300 mg of 
ferrous sulfate produced a 77% decrease in absorption [28]. Thus, it is always 
recommended that tetracycline be taken on an empty stomach with a full glass of 
water (1 h before or 2 h after food). Likewise, any patients who have failed tetracy-
cline therapy should be questioned concerning how they administered the drug and 
investigate whether the drug was coadministered with milk, multivitamins, or other 
supplements that might complex with the drug.

Doxycycline is less affected than tetracycline by coadministration with food or 
milk [127]. The coadministration of doxycycline with meals high in fat, carbohydrates, 
and protein or 6 oz of homogenized milk produced approximately a 20% decrease 
in the overall absorption of the drug [27]. Another study reported a 30% decrease in 
AUC and a 24% decrease in the C

max
 of doxycycline after it was administered with 

300 mL of milk compared to water [128]. The authors concluded that, similar to 
tetracycline, doxycycline should not be administered with milk. Minocycline also is 
minimally affected when given with food or milk, but coadministration with antacids 
or other divalent cations caused significantly decreased absorption and is contrain-
dicated [28, 118, 129].

The coadministration of doxycycline with ferrous sulfate not only causes 
decreased absorption of doxycycline but also reduces the half-life of the drug from 
17 to 11 h [130]. Although not as well documented, this interaction probably occurs 
to the same extent with tetracycline and minocycline as well, as these drugs also 
undergo enterohepatic recirculation. The inhibitory effects of various iron salts on 
the absorption of tetracycline were investigated in six healthy volunteers [131]. The 
iron salt type (each corresponding to 40 mg of elemental iron) all caused varying 
degrees of decreased absorption of tetracycline. Ferrous sulfate caused the most 
significant decrease in absorption (80–90%), followed by ferrous fumarate, ferrous 
succinate, ferrous gluconate (70–80%), ferrous tartrate (50%), and ferrous sodium 
edetate (30%). Thus, it is recommended that minocycline and doxycline be given 
with food to decrease incidence of gastrointestinal upset but that the administra-
tion of all tetracyclines be spaced by at least 2 h from antacids [28, 118, 121]. Due 
to the significant gastrointestinal transit time of iron preparations, it is not advisable to 
prescribe tetracyclines for patients who are taking iron supplementation [28]. The 
interactions of tetracyclines with food, milk, and antacids are presented in Table 4.5, 
and the manufacturers’ dosing recommendations for tetracycline antibiotics are 
shown in Table 4.6.
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Table 4.5 Decreased absorption of tetracyclines with food and milk

Antibiotic

Percent (%) decreased AUC

Food Milk

Tetracycline 50 65
Minocycline 13 27
Doxycycline 20 20

Table 4.6 Tetracylines
Generic Brand Company Manufacturer recommendations

Demeclocycline Declomycin 
tablets

ESP Pharma Give 1 h before or 2 h after meals or 
dairy products.

Doxycycline Adoxa tablet (as 
monohydrate)

Bioglan Administration with adequate amounts  
of fluid is recommended the 
absorption of doxycycline is not 
markedly influenced by simultaneous 
ingestion of food or milk.

Doryx delayed 
release tablets

Warner 
Chilcott

Administration with adequate amounts  
of fluid is recommended. The 
absorption of doxycycline is not 
markedly influenced by simultaneous 
ingestion of food or milk.

Monodox 
capsules

Oclassen May be given with food if GI upset 
occurs. Administration with adequate 
amounts of fluid is recommended.

Oracea Capsules 
(sugar 
spheres)

Galderma Should be taken at least 1 h prior to or 2 h 
after meals.

Periostat tablet 
(as hyclate)

Galderma Administration with adequate amounts  
of fluid is recommended. Should be 
taken at least 1 h prior to or 2 h after 
meals.

Vibramycin 
calcium oral 
syrup

Pfizer May be given with food if GI upset 
occurs. Administration with adequate 
amounts of fluid is recommended.

Vibramycin 
monohydrate 
for oral 
suspension

Pfizer May be given with food if GI upset 
occurs. Administration with adequate 
amounts of fluid is recommended.

Vibra-tabs film 
coated tablets 
(as hyclate)

Pfizer May be given with food if GI upset 
occurs. Administration with adequate 
amounts of fluid is recommended.

(continued)
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4.4.5  Fluoroquinolones

In general, food has little clinical effect on the pharmacokinetics of the quinolones. 
However, the absorption of quinolones are affected by divalent and trivalent cations 
and thus are affected, to different extents, by calcium-containing foods, iron supple-
ments, and antacids. Enteral feedings can also contain significant amounts of 
di- and trivalent cations and their influence, on the pharmacokinetics of quinolones 
has been investigated in a number of published studies. Quinolones, to various 
extents, also inhibit the liver enzymes responsible for caffeine metabolism, creating 
another potential interaction.

Food (standard or a high-fat meal) has minimal effects on the absorption of 
ciprofloxacin suspension, immediate release tablets, or extended-release tablets 
[29, 133–135].

Levofloxacin is well absorbed after oral administration, with a bioavailability of 
greater than 90% [132]. Administration with food decreases the C

max
 by approximately 

14% and lengthens the t
max

 by approximately 1 h. This is not considered clinically 
significant, and levofloxacin can be administered without regard to meals. Similar to 
levofloxacin, moxifloxacin has excellent oral absorption with an absolute bioavailability 
of approximately 90% [136]. After the administration of a high-fat breakfast, the absorp-
tion of moxifloxacin is slightly delayed. The median t

max
 values were 1 h under fasting 

conditions and 2.5 h in the fed state. The C
max

 and AUC of moxifloxacin were decreased 
by approximately 12% and 3%, respectively, after the administration of a high-fat meal. 
However, the magnitude of these effects is not considered clinically significant [32]. The 
absolute bioavailability of gemifloxacin is approximately 71% and does not appear to be 
significantly altered by the administration of a high-fat meal [30, 137]. The manufactur-
ers’ dosing recommendations for fluoroquinolone antibiotics are shown in Table 4.7.

Generic Brand Company Manufacturer recommendations

Minocycline Dynacin 
capsules, film 
coated tablets

Medicis Can be given without regards to meals.

Minocin oral 
suspension

Lederle labs Can be given without regards to meals.

Minocin 
pellet-filled 
capsules

Lederle labs Can be given without regards to meals.

Solodyn 
Extended 
Release 
tablets

Medicis Taking SOLODYN® with food may lower 
your chances of getting irritation or 
ulcers in your esophagus.

Tetracycline Sumycin 250 and 
500 capsules

Par Pharma Take on an empty stomach at least1 h 
before or 2 h after meals.

Sumycin Syrup 
oral 
suspension

Par Pharma Take on an empty stomach at least1 h 
before or 2 h after meals.

Table 4.6 (continued)
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Table 4.7 Quinolones

Generic Brand Company
Manufacturer 
recommendations

Ciprofloxacin Cipro tablets, oral 
suspension

Bayer Can be given without 
regards to meals.

Cipro XR tablets Bayer Can be given without 
regard to meals.

Proquin XR tablets Depomed Should be given with a 
meal.

Gemifloxacin Factive tablets Oscient Can be given without 
regard to meals.

Levofloxacin Levaquin tablets, oral 
solution

Ortho-McNeil Can be given without 
regard to meals.

Moxifloxacin Avelox tablets Bayer Can be given without 
regard to meals.

Norfloxacin Noroxin tablets Merck Administer 1 h before or 
2 h after meals. Patients 
should be well 
hydrated.

Ofloxacin Floxin tablets Ortho-McNeil Can be given without 
regard to meals.

4.4.5.1  Quinolones and Milk or Yogurt

Coadministration with milk and yogurt significantly decreased the C
max

 and AUC of 
ciprofloxacin in two healthy volunteer studies [138, 139]. The effect of milk and 
yogurt on the absorption of norfloxacin was investigated in two other healthy volunteer 
trials [140, 141]. The administration of milk caused a greater-than-50% decrease in 
the C

max
 and AUC of norfloxacin.

Dairy products did not significantly affect the pharmacokinetics of moxifloxacin 
or ofloxacin in healthy-volunteer studies [141–143]. Thus, it appears that patients 
should be counseled to avoid coadministration of milk with ciprofloxacin and 
norfloxacin and, perhaps, all the fluoroquinolones as a general rule.

4.4.5.2  Quinolones and Vitamin or Mineral-Fortified Foods

Except for norfloxacin and extended-release ciprofloxacin, the flouroquinolones are 
labeled as being able to administered without regard to meals due to studies con-
ducted with the standard Food and Drug Administration (FDA)-mandated food-
drug bioequivalency study meal of a high-fat, high-calorie, low-mineral breakfast [144]. 
The bioavailability of fluoroquinolones is reduced during the concomitant adminis-
tration with multi-valent cations (i.e., calcium, magnesium, iron, and aluminum). To 
minimize this drug interaction, it is recommended to administer the interacting 
agent at least 2–4 h apart from the dosing of the fluoroquinolone [146]. There are an 
increasing number of food products available that have been fortified with essential 
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vitamins and minerals. As a result, new drug-food interactions could exist that were 
not seen prior to the food products fortification.

Most calcium fortified food products have more calcium per serving than seen in 
the dietary calcium interaction studies conducted with milk or yogurt [147]. Several 
recent studies have evaluated the effect of calcium fortification on the bioavailability 
of fluoroquinolones using calcium-fortified orange juice [145, 147, 148]. In a 
randomized, three-way crossover study, 15 healthy subjects received a single dose 
of ciprofloxacin with 12 oz of water, orange juice, and calcium-fortified orange 
juice. The C

max
 and AUC decreased by 41% and 38%, respectively, when ciprofloxacin 

was administered with calcium-fortified orange juice compared to water. The authors 
concluded that administering ciprofloxacin with water was not bioequivalent to 
administering it with calcium-fortified orange juice [147].

After administering a single 500 mg dose of levofloxacin to 16 healthy subjects, 
no significant difference in AUC was seen between the intake with either water or 
calcium-fortified orange juice. The C

max
 was reduced by 18% and the t

max
 increased 

by 58% when levofloxacin was co-administered with calcium-fortified orange juice 
compared to water. However, the degree of change in the C

max
 and t

max
 was about the 

same with both plain and calcium-fortified orange juices. The authors suggest that 
the interaction with levofloxacin and the orange juices seems less likely to be a 
chelation interaction similar to the one observed in the ciprofloxacin study [147]. 
Since levofloxacin is a P-glycoprotein substrate [149] and orange juice is a potential 
inhibitor of intestinal transport mechanisms [7, 150], one potential explanation 
includes inhibition of P-glycoprotein or OATP in the gastrointestinal tract by the 
orange juice in combination with minor chelation. No matter what the actual mech-
anism of the interaction, the C

max
 of levofloxacin was significantly decreased with 

the administration of orange juice. The bioavailability of levofloxacin when taken 
with water alone, subject measured portions of fortified orange juice and cereal, and 
subject measured portions of fortified orange juice and cereal with milk was also 
studied [148]. Both phases of food intake were not considered bioequivalent to the 
water alone phase in terms of the C

max
.

Although a limited number of studies have evaluated the effect of foods fortified 
with vitamin or minerals on fluoroquinolone absorption, it may be prudent to instruct 
patients to avoid the concomitant administration of fluoroquinolones with fortified 
food products.

4.4.5.3  Quinolones and Caffeine

Inhibition of cytochrome CYP1A2 activity by certain quinolones results in prolonged 
half-life, increased AUC, and decreased clearance of caffeine [151]. Norfloxacin sig-
nificantly altered the pharmacokinetics of caffeine, causing similar changes in the 
clearance and AUC [151, 152]. Ciprofloxacin caused approximately a 50% increase 
and decrease in the AUC and clearance of caffeine, respectively [153]. In vitro tests 
with human liver microsomes assessed the inhibitory potency of various quinolones 
against CYP1A2. Ciprofloxacin and norfloxacin were the strongest inhibitors of 
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CYP1A2, followed by ofloxacin [151]. Thus, caffeine should be avoided in patients 
with liver disorders, cardiac arrhythmias, latent epilepsy, or in intensive care units 
while undergoing treatment with quinolones known to interact with caffeine [154].

4.4.5.4  Quinolones and Enteral Feeds

The effects of enteral feeds on the absorption of fluoroquinolones have produced 
controversial results. An enteral feeding product (Ensure®) reduced the relative 
oral bioavailability of ciprofloxacin by 28% in 13 healthy volunteers as well as 
decreasing the C

max
 and AUC [155]. Another investigator showed no effect on 

ciprofloxacin absorption with concomitant enteral feeds (Osmolite®) through a 
nasogastric tube in six healthy volunteers [156]. In another study, a jejunostomy 
tube, as opposed to a gastrostomy tube, produced a larger reduction in the bioavail-
ability of ciprofloxacin [157].

The effect of enteral feeding on the bioavailability of moxifloxacin administered 
via nasogastric tube was evaluated in 12 healthy volunteers [158]. Enteral feed 
(Isosource® Energy) was administered for 30 min prior to the administration of moxi-
floxacin and immediately resumed after administration for another 2 h. There was no 
clinically relevant change in the rate or extent of absorption of moxifloxacin.

Enteral feeds contain various cations that may affect the quinolones to different 
extents [159]. While not contraindicated, it is prudent to avoid the simultaneous 
administration of enteral feeds and quinolones to assure adequate absorption. It is 
recommended to hold enteral feeding for 2 h before and after administration of 
quinolones [160].

4.4.6  Miscellaneous Antibiotics

4.4.6.1  Nitrofurantoin

Food tends to enhance the absorption of nitrofurantoin [161–163]. The increased dis-
solution time resulting from coadministration of food with nitrofurantoin has been 
hypothesized as the mechanism behind this increased absorption. Interestingly, food 
tends to have more of an effect on the urinary levels of nitrofurantoin than on the 
corresponding serum levels. An explanation for this phenomenon is that food increases 
the fraction of drug excreted by potentially saturating the metabolic pathway in kidney.

4.4.6.2  Nitroimidazoles

The absorption of metronidazole is delayed but not reduced by the presence of food 
[40]. In a study of ten healthy volunteers given a single dose of metronidazole with 
or without food, only slight interindividual variation in absorption was observed.
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Tinidazole is a second-generation nitroimidazole approved by the FDA for 
the treatment of bacterial vaginosis (non-pregnant, adult women), trichomoniasis 
(adults) and for the treatment of giardiasis, intestinal amebiasis and amebic liver 
abscess in adults and children more than 3 years of age. Administration of tinidazole 
tablets with food resulted in a delay in t

max
 of ~2 h and a decrease in C

max
 of ~10%, 

with no effect on AUC. The manufacturer recommends taking tinidazole with food 
to minimize gastrointestinal side effects [164].

Metronidazole has been implicated with a disulfiram-like reaction when given 
with alcohol. Although not specifically studied, the manufacturer of tinidazole rec-
ommends avoiding alcohol during treatment and for 3 days afterward similar to 
metronidazole. Refer to the end of this chapter for a full description of disulfiram-like 
reactions with anti-infectives.

4.4.6.3  Ketolides

Telithromycin (Ketek®) is the first ketolide, a new class of antibacterial agents struc-
turally related to the macrolides. Unlike erythromycin, telithromycin is acid-stable 
and can be taken orally while being protected from gastric acid [165]. The effect of 
a standard high-fat breakfast on the bioavailability of a single 800 mg dose of 
telithromycin (2 × 400 mg tablets) was assessed in 18 healthy male volunteers [26]. 
In this study, the C

max
 and AUC of telithromycin were unaffected by food intake, 

therefore telithromycin can be administered without regard to meals.
Telithromycin is a substrate of CYP3A4 and P-glycoprotein. The administration 

of grapefruit juice did not affect the pharmacokinetics of telithromycin in 15 healthy 
volunteers. This is likely explained by the fact that the majority of telithromycin 
first-pass metabolism occurs in the liver and grapefruit juice selectively inhibits 
intestinal CYP3A4 [166, 167].

In January 2006, three case reports of hepatoxicity thought to be secondary to 
telithromycin were reported in the literature: one case required liver transplantation 
and one of the cases resulted in death [167]. The FDA issued a public health advi-
sory statement warning health care providers to monitor patients receiving telithro-
mycin for signs and symptoms of liver toxicity on the same day that these case 
reports were published [168]. In June 2006, changes were made to the product 
labeling which included a contraindication to therapy in patients with a history of 
hepatotoxicity associated with telithromycin or a macrolide antibiotic, additional 
warnings and precautions for hepatotoxicity, reports of hepatotoxicity from post-
marketing adverse event reports, and information for patients about the potential for 
hepatotoxicity [169]. In February 2007, the FDA-approved indications for the use 
of telithromycin were reduced to community-acquired bacterial pneumonia only. 
Acute bacterial sinusitis and acute bacterial exacerbations of chronic bronchitis 
were removed from the prescribing information because the FDA determined that 
the balance of benefits and risks no longer supported the approval for these indica-
tions. In addition, a black box warning was added to avoid the use of telithromycin 
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in patients with myasthenia gravis and the inclusion of a medication guide to be 
provided with each prescription dispensed [170]. Additional case reports of pos-
sible telithromycin-associated hepatotoxicity have also been reported in the litera-
ture [171, 172] and an ad hoc group with expertise in spontaneous adverse event 
reporting and experience evaluating drug-induced liver damage was formed to 
adjudicate case reports of liver injury associated with telithromycin [173]. There 
were 109 cases spontaneously reported to the FDA through the MedWatch system 
as of April 2006. After excluding cases characterized by minimal elevations of liver 
enzymes or insufficient clinical or laboratory information to allow assessment of 
causality there were 42 cases included in the ad hoc group review. The group con-
cluded that based on spontaneous reporting, telithromycin is a rare cause of liver-
induced injury with a distinctive clinical presentation (short onset time (median 
10 days), abrupt onset of fever, abdominal pain, jaundice, and occasionally ascites) 
and associated with a high mortality rate.

4.4.6.4  Antihelmintics

A fatty meal significantly enhances absorption of albendazole compared to the 
fasted state [35, 175, 176]. The mean C

max
 was increased 6.5-fold and the AUC 

increased 9.5-fold in six healthy male subjects after the administration of a fatty 
meal [35]. Therefore, albendazole tablets are recommended to be administered with 
meals to enhance absorption.

Administration of ivermectin to healthy volunteers reported the absorption to be 
2.5 times higher following a high-fat meal compared to the fasted state [36]. The 
manufacturer recommends that ivermectin be administered with water [177].

Food has also been reported to increase the bioavailability of praziquantel [37]; 
therefore, it should be administered with meals [178].

Literature reports suggest that co-administration of mebendazole with a fatty meal 
increases the peak concentrations and overall absorption [179, 180]. According to the 
package insert, approximately 98% of administered mebendazole is found in the feces 
as unchanged drug or a primary metabolite, however the manufacturer does not specifi-
cally address the effect of food on mebendazole absorption [181]. The manufacturer of 
thiabendazole (Mintezol®) recommends that it be administered after meals [182].

Compared to the fasting state, the administration of grapefruit juice enhanced the 
C

max
 and AUC of albendazole by 3.2-fold and 3.1-fold, respectively [37]. Praziquantel 

mean C
max

 and AUC were also increased by 1.62-fold and 1.9-fold, respectively, but 
with a large amount of interindividual variability [183].

4.4.6.5  Antimalarials

Food significantly increased the C
max

 and AUC of primaquine by 26% and 14%, 
respectively, when a 30 mg dose was administered to healthy volunteers [41]. The 
administration of half-concentrated grapefruit juice also increased the C

max
 and 
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AUC of primaquine, however large inter-subject variability was observed. Neither 
food nor grapefruit juice changed the C

max
 or AUC of the primary metabolite, 

carboxyprimaquine. The bioavailability of chloroquine was also improved in healthy 
volunteers by the administration of a meal [42]. Therefore, primaquine and chloro-
quine should be taken with food to minimize gastrointestinal upset and improve 
bioavailability.

Bioavailability of mefloquine is improved ~40% when administered with food 
[43], and the manufacturer recommends that it be taken immediately after a meal 
[184]. Pyrimethamine (Daraprim®) and sulfadoxine-pyrimethamine (Fansidar® tab-
lets) should be administered after a meal [185, 186].

Food, especially fatty food, enhances the bioavailability of atovaquone by two- to 
three-fold. Atovaquone has very poor bioavailability, and therapeutic concentrations 
may not be achieved when it is taken while fasting. Thus, it is recommended that 
atovaquone always be taken with a meal or nutritional supplement with a moderate 
amount of fat [38, 174, 187]. Similarly, the combination of atovaquone and proguanil 
(Malarone® tablets) should also be administered with food [188]. Food enhances 
the absorption of artemether and lumefantrine (Coartem® tablets) [189]. In healthy 
volunteers, the relative bioavailability of artemether was increased between two- to 
three-fold, and that of lumefantrine 16-fold when Coartem® tablets were given after 
a high-fat meal compared to fasted conditions.

4.4.6.6  Clindamycin

Food does not affect the absorption of clindamycin granules or capsules [190, 191].

4.4.6.7  Linezolid

Linezolid is a novel oxazolidinone antibiotic that has activity against a variety of 
gram-positive bacteria. The absolute bioavailability of linezolid is approximately 
100% [39, 192]. When administered with a high-fat meal (850 cal), linezolid 
required a slightly longer time to reach peak plasma concentrations than when given 
under fasting conditions. C

max
 was significantly lower following a high-fat meal 

compared to fasting. However, no difference was seen in mean AUC values under 
fasted and fed conditions. The effect of food on the bioavailability is considered 
minimal [39]. Linezolid is a weak, competitive (reversible) inhibitor of human 
monoamine oxidase-A [193]. When linezolid is administered at a clinically approved 
dose (600 mg twice daily) dietary restriction of tyramine containing foods is gener-
ally not necessary. However, patients should be advised to avoid consuming large 
amounts of foods with a high tyramine content (i.e., aged cheeses, fermented meats, 
sauerkraut, soy sauce, draught beers, and red wines) [194].

The manufacturers’ dosing recommendations for miscellaneous antibiotics are 
shown in Table 4.8.
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Table 4.8 Miscellaneous antibiotics

Generic Brand Company
Manufacturer 
recommendations

Sulfonamides and combinations
Ethylsuccinate and 

sulfisoxazole
Pediazole suspension Ross Can be given without 

regard  
to meals.

Trimethoprim and 
sulfamethoxazole

Bactrim DS tablets AR Scientific Not stated.
Bactrim tablets Not stated.
Septra DS tablets Monarch Not stated.
Septra grape suspension Monarch Not stated.
Septra suspension Monarch Not stated.
Septra tablets Monarch Not stated.
Sulfatrim Actavis Mid 

Atlantic
Not stated.

Urinary anti-infectives and combinations
Fosfomycin Monurol sachet Forest Can be given without 

regard  
to meals.

Nitrofurantoin Furadantin oral 
suspension

Sciele Pharma,  
Inc.

Should be taken with 
food to improve 
absorption and 
tolerance.

Macrobid capsules Proctor and 
Gamble

Should be taken with 
food to improve 
absorption and 
tolerance.

Macrodantin capsules Proctor and 
Gamble

Should be taken with 
food to improve 
absorption and 
tolerance.

Methenamine Hippurate generic only Sanofi-Aventis, 
Corepharma

Not stated.

Antihelmintics
Albendazole Albenza tablets GlaxoSmithKline Should be taken with 

food.
Ivermectin Stromectol tablets Merck Should be taken with 

water.
Mebendazole Vermox Janssen The tablet may be 

chewed, 
swallowed, or 
crushed and 
mixed with food.

Thiabendazole Mintezol Merck Give after meals if 
possible.

Praziquantel Biltricide tablets Bayer Should be taken with 
water during 
meals.

(continued)
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Table 4.8 (continued)

Generic Brand Company
Manufacturer 
recommendations

Other
Atovaquone Mepron suspension GlaxoSmithKline Administer with 

meals.
Clindamycin Cleocin capsules Pfizer To avoid the 

possibility of 
esophageal 
irritation, should 
be taken with a 
full glass of 
water.

Cleocin pediatric 
granules oral solution

Pfizer

Cycloserine Seromycin puvules 
capsules

Eli Lilly and Co. Not stated.

Dapsone Dapsone tablets USP Jacobus Not stated.
Linezolid Zyvox tablets, oral 

suspension
Pfizer Can be given without 

regard to meals.
Telithromycin Ketek Sanofi-Aventis Can be given without 

regard to meals.
Tinidazole Tindamax Mission Pharma Should be taken with 

food to minimize 
the incidence of 
epigastric 
discomfort and 
other GI adverse 
reactions.

Vancomycin Vancocin capsules ViroPharma Can be given without 
regard to meals.

Antimarlarials
Artemether;  

lumefantrine
Coartem Novartis Should be taken with 

food.
Primaquine generic Sanofi-Aventis Can be given without 

regard to meals.
Chloroquine Aralen tablet Sanofi-Aventis Administer with food 

or milk.
Mefloquine Generic, tablet Various Should not be taken 

on an empty 
stomach and 
should be 
administered with 
at least 240 mL 
of water.

Pyrimethamine Daraprim GlaxoSmithKline Administer with food 
to minimize 
vomiting.

Pyrimethamine – 
sulfadoxine

Fansidar Roche Should be taken after 
a meal.
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4.4.7  Antimycobacterials

Peak concentrations and the relative bioavailability of isoniazid decreased by 70% 
and 40% with the addition of food, respectively, which suggests that isoniazid 
always be given on an empty stomach [195]. However, the manufacturer claims 
that isoniazid can be given with food if stomach upset occurs. A more recent study 
in 14 healthy volunteers investigated the effect of a high-fat breakfast on the 
absorption of isoniazid [45]. Relative to fasting, the high-fat meal reduced C

max
 by 

51%, doubled t
max

, and reduced AUC by 12% [45]. Because isoniazid is a weak 
monoamine oxidase inhibitor, several case reports have described adverse reac-
tions in patients taking isoniazid who have ingested foods high in monoamines 
(e.g., tyramine) [196]. Flushing of the arms, face, and upper body were observed 
in patients after ingestion of cheese or red wine during isoniazid therapy [197–199]. 
Other possible symptoms include palpitations, headache, and mild increases in 
systolic blood pressure. Isoniazid is also an inhibitor of histaminase and at least 
30 cases of adverse reactions after ingestion of fish with high histamine contents 
(e.g., tuna, mackerel, salmon, skipjack) has been reported in patients taking isoni-
azid [196]. Patients should be cautioned about the potential for adverse reactions 
with certain cheeses, red wine, and fish with high histamine content while taking 
isoniazid.

In a normal healthy-volunteer study performed in the 1970s, the coadministration 
with food caused a 25% reduction in the C

max
 and urinary excretion of rifampicin 

[200]. In a more recent analysis with 14 normal healthy volunteers, the addition of 
a high-fat meal reduced the C

max
 of rifampin by 36% and the overall AUC by 6% 

[48]. An aluminum–magnesium antacid had no effect on the bioavailability of 
rifampin. Thus, rifampin should be taken on an empty stomach whenever possible, 
but may be taken with food if stomach upset occurs.

The effect of a high-fat meal on the pharmacokinetics of rifabutin was studied in 
12 healthy male volunteers [47]. Although a delay was seen in the t

max
 (5.4 vs. 

3.0 h), little effect was seen with the addition of food.
A standardized breakfast produced little to no effect on the mean AUC of etham-

butol in 11 normal healthy volunteers [201]. A subsequent study in 14 male and 
female volunteers showed similar results with the coadministration of a high-fat 
meal with ethambutol [44]. However, the coadministration with an aluminum–
magnesium antacid caused a 29% decrease in the C

max
 and a 10% decrease in AUC. 

The authors of this paper suggested that antacids should be avoided near the time of 
ethambutol dosing.

The effect of a high-fat meal on the pharmacokinetics of pyrazinamide was studied 
in 14 healthy volunteers [46]. A high-fat meal or an aluminum–magnesium antacid 
had minimal effect on the absorption of pyrazinamide. The manufacturers’ dosing 
recommendations for antimycobacterial antibiotics are shown in Table 4.9.
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Table 4.9 Antimycobacterials

Generic Brand Company Manufacturer recommendations

Ethambutol Myambutol tablets X-Gen Can be given without regard  
to meals.

Rifabutin Mycobutin capsules Pharmacia and 
Upjohn

May be taken with meals if GI 
upset occurs.

Aminosalicylic 
acid

Paser granules Jacobus Sprinkle on apple sauce or 
yogurt or by swirling in the 
glass to suspend the 
granules in an acidic drink 
such as tomato or orange 
juice.

Pyrazinamide Pyrazinamide tablets Versa Pharma Not stated.
Rifampin Rifadin capsules Aventis Take on empty stomach, either 

1 h before or 2 h after a 
meal, with a full glass of 
water. Absorption reduced 
by 30% with food.

Rifampin Rimactane capsules Novartis Take 1 h before or 2 h after a 
meal.

Rifampin-
isoniazid

Rifamate capsules Hoechst Marion 
Roussell

Administer 1 h before or 1 h 
after meals.

Cycloserine Seromycin capsules Eli Lilly Co. Not stated.
Ethionamide Trecator-SC tablets Wyeth May be administered without 

regard to timing of meals. 
Best to administer at 
mealtimes to avoid GI upset.

Isoniazid Generic only Should not be administered 
with food.

Rifapentine Prifitin tablets Aventis Administer with food for those 
patients with propensity to 
nausea, vomiting or GI 
upset.

4.4.8  Antifungals

4.4.8.1  Azole Antifungals

A number of healthy-volunteer studies have investigated the influence of food on 
the pharmacokinetics of ketoconazole, with conflicting results [52, 202–204].

A crossover study of ten volunteers showed a 55–60% decrease in C
max

 and AUC 
as well as a lengthened t

max
 when 200 mg of ketoconazole were given immediately 

after a low-fat breakfast [52]. Another study in 18 volunteers investigated the influ-
ence of a high-fat breakfast on the pharmacokinetics of ketoconazole over a wider 
dosing range (200–800 mg) [202]. This study determined that food did not reduce 
AUC or C

max
 but did tend to lengthen t

max
. At the 400- and 600-mg dosing regimens, 

there was a trend toward increased absorption that was not apparent at the 200- or 
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800-mg dosing regimens. Finally, a third study of 12 volunteers showed that a high-fat 
meal significantly prolonged t

max
 and a high-carbohydrate meal significantly decreased 

C
max

 [203]. There was a nonstatistically significant trend toward increased AUC 
values with the high-fat meal and decreased AUC values with the high-carbohydrate 
meals. The manufacturer recommends that ketoconazole be given with food, which 
appears reasonable given the conflicting results from pharmacokinetic studies.

The influence of a low-fat (1,000-kJ) and a high-fat (3,600-kJ) meal on the phar-
macokinetics of 100 mg of fluconazole and 100 mg of itraconazole was investigated 
in 24 healthy volunteers [51]. The C

max
, AUC, and t

max
 of fluconazole were not sig-

nificantly affected between test meals when compared to fasting. In contrast, the 
plasma AUC and C

max
 of itraconazole were significantly increased with the two test 

meals versus fasting. The AUC of itraconazole when given on an empty stomach 
was approximately 40% lower than when given with a high-fat meal. Similar results 
were seen when itraconazole was given to patients with superficial fungal infections 
[205]. The effect of food on a 200-mg oral solution of itraconazole was studied in 
30 healthy male volunteers [50]. Unlike studies with itraconazole capsules, the C

max
 

and AUC decreased by 44 and 30%, respectively, when given with a high-fat meal. 
Thus, itraconazole capsules should be given with food, while the oral solution 
should be given on an empty stomach.

The effect of cola beverages on the absorption of 100- and 200-mg doses of itra-
conazole has been assessed in two separate healthy volunteer studies [206, 207]. 
Results from these studies showed that the addition of a cola product could increase 
the AUC and C

max
 of itraconazole by approximately 100%. Thus, the addition of an 

acidic beverage may be an option to increase absorption of itraconazole, especially 
in patients who are hypochlorhydric or who are taking gastric acid suppressants.

The effect of grapefruit juice on the pharmacokinetics of itraconazole capsules 
has been evaluated in healthy volunteers. In one study, single-strength grapefruit 
juice had no effect on the pharmacokinetics of a 100 mg dose itraconazole [208]. 
In the second study [209], administration of double-strength grapefruit juice (con-
centrated with half the recommended amount of water) resulted in a decrease in the 
mean AUC

0–48
 of itraconazole by 43% and a decrease in the mean AUC

0–72
 of the 

hydroxy-metabolite by 47% after administration of a 200 mg dose. The mechanism 
by which double concentrated grapefruit juice reduces the absorption of itraconazole 
capsules is unknown, but the authors suggest a number of possibilities including a 
reduction in duodenal pH causing an increase in the amount of ionized itraconazole, 
increased intestinal P-gp mediated efflux of itraconazole, decreased intestinal 
CYP3A4 expression, a delay in gastric emptying, and interindividual differences in 
intestinal CYP3A4 and P-gp content between study subjects [209].

Repeated administration of single-strength grapefruit juice with itraconazole oral 
solution in healthy volunteers increased the AUC

0–48
 and AUC

0-inf
 of itraconazole by 

15.8% and 19.5%, respectively, with no change in the exposure to the hydroxy-
metabolite. These findings suggest inhibition of intestinal CYP3A4 [210].

The effect of a high-fat breakfast on the pharmacokinetics of voriconazole was 
evaluated in 12 healthy male subjects [54]. At steady-state (day 7), the bioavailability 
of voriconazole was reduced by approximately 22% when taken with food compared 
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to fasting. The rate of absorption was also significantly delayed by administering 
voriconazole with food. Therefore, voriconazole tablets should be taken at least 1 h 
before or 1 h after a meal.

Posaconazole is a lipophilic second-generation antifungal triazole with a similar 
molecular structure to that of itraconazole. Following the administration of a single 
200 mg dose in 20 healthy male volunteers, the AUC and C

max
 of posaconazole were 

approximately four times higher when administered with a high fat meal (841 cal, 
52% fat) and approximately three times higher when administered with a nonfat 
meal (461 cal, 0% fat) when compared to the fasted state [53] The effect of admin-
istration of a nutritional supplement (Boost Plus) on posaconazole pharmacokinetics 
was evaluated in 24 healthy volunteers [211]. Each subject received a single 400 mg 
dose of posaconazole in combination with 8 fluid ounces of Boost Plus (360 cal, 
16% protein, 34% fat, and 50% carbohydrates) and a single 400 mg dose after an 
overnight fast. Administration with the nutritional supplement increased the C

max
 

and AUC
0–72

 ~3.4- and ~2.6-fold, respectively. Another study evaluated the effect of 
varying amounts of a nutritional supplement on posaconazole bioavailability in 30 
healthy volunteers, to determine if an amount less than 8 oz would also be effective 
in enhancing absorption [212]. Following administration of a single 400 mg dose, 
posaconazole bioavailability increased almost linearly with increasing amounts of 
Boost Plus. The AUC of posaconazole was 35% (fasting), 48% (1 oz), 60% (2 oz), 
and 77% (4 oz) compared to the AUC achieved with 8 oz of Boost Plus. In this study 
the AUC and C

max
 of posaconazole increased 2.9- and 3.5-fold, respectively, when 

given with 8 oz of Boost Plus relative to the fasting state. Alterations in gastric pH 
are likely to occur in the types of patients who require antifungal therapy for invasive 
fungal infections. A four-part, randomized, crossover study in healthy volunteers 
evaluated the effect of gastric pH, dosing frequency and prandial state, food con-
sumption timing, and gastric motility on the absorption of posaconazole [213]. 
Compared to a fasting state, the administration of posaconazole with an acidic car-
bonated beverage (to mimic a low pH environment) increased the mean C

max
 and 

AUC by 92% and 70%, respectively. The administration of posaconazole under 
increased gastric pH conditions (achieved by coadminstration with esomeprazole) 
decreased the level of absorption (C

max
 and AUC decreased by 46% and 32%, 

respectively). The finding that posaconazole absorption is impacted by differences 
in gastric pH differs from an earlier study which reported that the administration of 
a 200 mg dose of posaconazole with an antacid (maximum-strength Mylanta) caused 
a clinically insignificant increase in C

max
 and AUC (7% and 15%, respectively) [214]. 

The authors suggest that differences in results may be because the earlier study 
utilized a tablet formulation and not the currently marketed suspension. It may also 
be explained by differences in acid suppression between an antacid and a proton 
pump inhibitor. Antacids typically do not raise gastric pH above 4 or 5 and have a 
duration of ~3 h compared to a proton pump inhibitor like esomeprozole which 
causes a mean gastric pH of 4.9 and maintains a pH above 4 for ~16.8 h [212]. This 
study also confirmed previous findings that posaconazole administration during or 
immediately after a meal or nutritional supplement provide larger increases in AUC 
than that observed by administration before a meal and that this enhanced absorption 
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is likely the result of improved solubility rather than a delay in gastric emptying. 
The authors conclude that strategies for optimizing the absorption of posaconazole 
in critically ill patients include administration with or immediately after a high-fat 
meal or nutritional supplement, administration with a carbonated beverage, dividing 
the total daily dose, and avoiding proton pump inhibitors in patients likely to experi-
ence decreased absorption.

In 16 healthy adult volunteers who received a single 400 mg dose of posaconazole 
suspension 5–10 min after receiving a liquid nutritional supplement, administration 
via nasogastric tube resulted in C

max
 and AUC values ~20% lower than those 

observed after oral administration [213]. The reason for lower absorption values 
after nasogastric tube route is unknown. The authors suggest, that nasogastric route 
may still provide reasonable exposure in patients unable to take oral therapy but 
utilization of strategies to improve absorption and obtaining posaconazole concen-
trations to verify adequate exposure may be warranted.

4.4.8.2  Griseofulvin

The effect of food on the pharmacokinetics of microsized and ultramicrosized 
griseofulvin was studied in nonfasting volunteers [49]. The results showed similar 
results between the two products when given with food. A study from the early 
1960s showed that serum griseofulvin concentrations were higher when given with 
a high-fat meal, and thus it is recommended that griseofulvin be given with food 
(especially a high-fat meal) [215].The manufacturers’ dosing recommendations for 
antifungal agents are shown in Table 4.10.

4.4.9  HIV Medications

4.4.9.1  Nucleoside Reverse Transcriptase Inhibitors

Didanosine is variably absorbed after oral administration due to its poor solubility 
at low pH, with bioavailability ranging from 25% to 43% [216, 217]. Acid-catalyzed 
hydrolysis results in significant degradation of the drug, which was slightly overcome 
by the buffered didanosine formulation [218]. Food alters the absolute bioavailability 
of didanosine by approximately 50%, most likely due to increased hydrolysis at 
lower pH and delayed gastric emptying [60]. In healthy volunteers, and in subjects 
infected with HIV, the AUC is equivalent for didanosine administered as the enteric-
coated formulation (Videx® EC) relative to a buffered tablet formulation [219]. The 
effect of food and timing of meals on the bioavailability of didanosine from encap-
sulated enteric-coated beads was evaluated in healthy subjects [61]. Concomitant 
administration with a high-fat (757 cal) or light meal (373 cal) decreased the rate of 
absorption. Regardless of the caloric content of the meal, the extent of the absorption 
of didanosine was reduced to a similar degree with a high-fat meal, light meal, 
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Table 4.10 Antifungals
Generic Brand Company Manufacturer recommendations

Fluconazole Diflucan tablets Pfizer Not stated.
Fluconazole Diflucan powder, for 

oral suspension
Pfizer Not stated.

Itraconazole Sporanox capsules Janssen Should be taken with a full 
meal to ensure maximal 
absorption.

Itraconazole Sporanox oral 
solution

Janssen If possible, do not take with 
food.

Ketoconazole Nizoral tablets Mutual 
Pharmaceuticals

Administration with a meal 
may decrease absorption.

Ultramicrosize 
crystals of 
griseofulvin,

Gris-PEG tablets Pendinol Pharma Not stated.

Griseofulvin 
microsize

Grifulvin V tablet Ortho Better blood levels can 
probably be attained in most 
patients if the tablets are 
administered after a meal 
with a high fat content.

Posaconazole Noxafil Powder for 
oral suspension

Schering 
Corporation

Administer with a full meal or 
liquid nutritional 
supplement.

Terbinafine Lamisil tablets Novartis An increase in the AUC of less 
than 20% is observed when 
administered with food.

Lamisil granules Novartis Should be taken with food.
Voriconazole Vfend tablets Roerig Should be taken at least 1 h 

before or 1 h after a meal.
Vfend powder for 

oral suspension
Roerig Should be taken at least 1 h 

before or 1 h after a meal.

yogurt, and applesauce. Administering the encapsulated enteric-coated beads 1.5, 2, 
or 3 h before a meal results in similar absorption to those seen under fasting condi-
tions. The overall reduction in AUC is approximately 20–25% when didandosine is 
administered with food. Although this appears to be a moderate reduction it is 
recommended to administer this formulation on an empty stomach [220].

Zidovudine is fairly well absorbed after oral administration, with a bioavailability 
average of between 60% and 70% [221]. However, considerable between-patient 
variability does exist, and the bioavailability can range from 40% to 100% [224]. 
Several studies have examined the effect of certain types of food on zidovudine 
absorption. Overall, food consumption (especially high-fat meals) tends to decrease 
the rate but not the extent of absorption of zidovudine [223, 224]. Another study 
investigated the pharmacokinetics of zidovudine in 13 patients with acquired immu-
nodeficiency syndrome (AIDS) who were either fasting or taking a standard break-
fast. The mean AUC in the fed state was 24% lower than the fasted AUC and 
demonstrated more interpatient variability [225]. In a study by Shelton et al [64], 
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a high-fat breakfast significantly reduced the C
max

 of zidovudine, but did not 
significantly affect the extent of absorption (AUC). Previous studies sampled blood 
for zidovudine concentrations for 4–6 h post-dose [223, 225]. The authors concluded 
that sample collection less than 10 h may not have been adequate to determine the 
full effect of food on zidovudine pharmacokinetics.

The administration of lamivudine with a standard breakfast (55% fat, 20% car-
bohydrates, 13% proteins) significantly increased t

max
 and lowered C

max
 but had no 

significant affect on the extent of absorption (AUC) [226]. Thus, lamivudine can be 
taken without regard to meals. Administration with meals, however, may decrease 
the likelihood of gastrointestinal upset. Administration of a high-fat breakfast 
(1,000 kcal) did not affect the extent of absorption of lamivudine or zidovudine 
from the combined tablet, Combivir® [62]. Food slowed the rate of absorption, 
delaying the t

max
 and decreasing the C

max
 of lamivudine and zidovudine, but these 

changes were not considered clinically significant.
The absorption of stavudine is not affected by food and therefore it can be taken 

without regard to meals [222, 227]. When single doses of abacavir were taken with 
food, the C

max
 was reduced by 35% and the AUC by 5% [228]. This was not considered 

clinically significant, and abacavir can be taken without regard to meals. Ethanol 
decreases the elimination of abacavir. Coadministration of ethanol and abacavir 
resulted in a 41% increase in abacavir AUC and a 26% increase in abacavir half-
life [56]. The extent of absorption of Trizivir® tablets (abacavir, lamivudine, and 
zidovudine) is not affected by the administration of a meal and this formulation can 
be given with or without food [229, 230].

Emtricitabine systemic exposure (AUC) was not affected by the administration 
of a high-fat meal (1,000 kcal) and the C

max
 was reduced by 29% compared to the 

fasting state [231]. Following a high-fat meal (700–1,000 kcal) the AUC of tenofovir 
increased by approximately 40% and the C

max
 was increased approximately 14%. 

Administration with a light meal does not appear to significantly affect the pharma-
cokinetics of tenofovir [232, 233]. Thus, emtricitabine and tenofovir can both be 
administered with or without food. Truvada® tablets, the combination of emtricit-
abine and tenofovir, may also be taken without regard to meals [234].

4.4.9.2  Non-Nucleoside Reverse Transcriptase Inhibitors

A single-dose study of delavirdine showed an approximate 30% reduction in AUC 
when delavirdine was given with food [55]. During steady-state dosing, delavirdine 
was not significantly affected by the presence of food, although the t

max
 was delayed. 

Importantly, trough concentrations of the drug were similar in fasted versus nonfasted 
individuals [55, 235]. Thus, delavirdine can be taken without regard to meals.

When efavirenz capsules were administered with a high-fat meal (894 kcal) or a 
reduced fat/normal caloric meal (440 kcal) the AUC was increased by 22% and 17% 
and the C

max
 was increased by 39% and 51%, respectively, when compared to fasting. 

Administration of a 600 mg efavirenz tablet with a high-fat meal (1,000 kcal) caused 
a 28% increase in AUC and a 79% increase in C

max
 relative to fasting conditions. 
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To avoid an increase in the frequency of adverse events, it is recommended that 
efavirenz be administered on an empty stomach, preferably at bedtime [236]. The 
effect of food on the combination product Atripla® (efavirenz, tenofovir, and emtric-
itabine) has not been studied, however this formulation should also be administered 
on an empty stomach, preferably at bedtime to minimize adverse effects of efa-
virenz [237].

Absorption of nevirapine is not affected by food, and thus the drug can be taken 
without regard to meals [227]. The effect of various food compositions on the phar-
macokinetics of etravirine (Intelence®) was evaluated in 12 healthy male volunteers 
[57] Administration of etravirine in a fasted state reduced the AUC by ~50% when 
compared to dosing after a standard breakfast. The authors of this study concluded 
that the exposure observed after a standard breakfast versus other types of food 
intake (high-fat, enhanced-fiber, or light breakfast) were similar and any differences 
observed were not clinically relevant. Therefore, etravirine should be administered 
after a meal to improve absorption [238].

4.4.9.3  Protease Inhibitors

Indinavir is known to be well absorbed after oral administration [239], and the abso-
lute bioavailability is approximately 65% [240]. Eight healthy volunteers received 
indinavir with or without a high-fat meal consisting of eggs, toast, butter, bacon, 
whole milk, and hash browns [69]. The high-fat meal caused a reduction in the C

max
 

and AUC by 84% and 77%, respectively. A similar study in 12 healthy volunteers 
investigated the influence of various low-fat meals on the pharmacokinetics of indi-
navir. In this study, the meal consisted of toast, jelly, apple juice, coffee, skim milk, 
and sugar; or cornflakes, sugar, and skim milk. These low-fat meals caused no sig-
nificant reduction in the C

max
 or AUC. When indinavir is administered every 8 h, it 

should be taken on an empty stomach (1 h before or 2 h after meals). Administration 
with liquids such as skim milk, juice, coffee, tea, or a low-fat meal should not affect 
absorption. Indinavir should not be taken with or immediately after a heavy, high-
fat meal (>2 g of fat) [227]. Indinavir is metabolized by CYP3A4 enzymes in the 
liver and gastrointestinal tract [241]. The addition of ritonavir, a known inhibitor of 
CYP3A4, at doses of 100–200 mg twice daily increases the AUC of indinavir by 
two- to three-fold, respectively, and is not affected by the administration of food 
[242]. This pharmacokinetic interaction is advantageous because it eliminates the 
indinavir food restrictions and allows for twice daily dosing [242]. Grapefruit juice 
and Seville orange juice have been used to evaluate the influence of intestinal 
CYP3A4 metabolism of CYP3A4 substrates [243, 244]. Grapefruit juice seems to 
have the greatest effect on CYP3A4 substrates that undergo significant first-pass 
metabolism, particularly when bioavailability is less than 20% [6]. The manufac-
turer reports a decrease in the indinavir AUC by 26% ± 18% after a single 400 mg 
dose was administered to healthy volunteers with 8 oz of single-strength grapefruit 
juice [243]. This is in contrast to two other studies where the administration of 
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grapefruit juice and Seville orange juice had no effect on the bioavailability of 
indinavir 800 mg doses in HIV infected patients and healthy volunteers [244, 245]. 
Although double-strength grapefruit juice and Seville orange juice significantly 
delayed the t

max
, no other significant differences in pharmacokinetic parameters was 

observed. These results are consistent with findings that although indinavir under-
goes extensive first-pass metabolism, intestinal metabolism accounts for less than 
10% [240]. Grapefruit juice and Seville orange juice administration does not result 
in clinically significant changes in indinavir exposure [244, 245]. To reduce the 
chance of nephrolithiasis, indinavir should be administered with plenty of liquids, 
thus increasing the solubility of the drug in urine [69]. Anecdotally, up to four large 
glasses of water or other liquid per day are recommended.

Saquinavir hard-gel capsule (Invirase®) has historically been poorly absorbed 
due to high first-pass metabolism and incomplete absorption, with an oral bioavail-
ability of approximately 4% following a high-fat breakfast [246, 247]. The mean 
AUC of saquinavir after a 600 mg dose (6 × 100 mg hard gel capsules) in healthy 
volunteers was increased from 24 ng·h/ml in the fasting state to 161 ng·h/ml  
when administered after a high fat breakfast (48 g protein, 60 g carbohydrate, 57 g 
fat; 1,006 kcal). Following administration of a higher calorie meal (943 kcal, 54 g 
fat), the C

max
 and AUC were on average twice of that observed after administration 

of a lower fat meal (355 kcal, 8 g fat). Therefore, saquinavir bioavailability is 
improved with concomitant food consumption, in particular if given with high-fat 
meals. Also, grapefruit juice increased the bioavailability and AUC by approximately 
twofold in eight healthy volunteers, which the authors attributed to inhibition of 
intestinal CYP3A4 [248]. A saquinavir soft-gel capsule (Fortovase®) was introduced 
in 1997. This formulation, which utilized the free base of saquinavir, as opposed to 
the mesylate salt, improved the bioavailability by more than 300% [227]. As with 
the hard-gel formulation, the bioavailability of the soft-gel formulation was also 
improved with the coadministration of food [227]. Unfortunately, this formulation 
had the disadvantage of a high pill burden (18 capsules per day) and poor gastroin-
testinal tolerability and it was removed from the US market in February 2006 [249]. 
In December 2004, a new tablet formulation of saquinavir was approved by the 
FDA. Similar bioavailability was achieved when Invirase® tablets (2 × 500 mg) and 
capsules (5 × 200 mg) were administered with ritonavir under fed conditions. When 
administered with ritonavir, the tablet formulation can be administered twice daily 
thus reducing the pill burden of saquinavir.

Thus, it is recommended that the hard-gel capsule and tablet formulations of 
saquinavir (Invirase®) be administered with ritonavir and taken within 2 h after a 
meal [247]. Since saquinavir is a substrate of CYP3A4 [250], the effect of grapefruit 
juice on its bioavailability was evaluated. The administration of grapefruit juice to 
healthy volunteers increased the mean AUC of saquinavir hard-gel capsules by 
50%, with large interindividual variability [248].

Nelfinavir appears to be well absorbed after oral administration, with a mean oral 
bioavailability ranging from 14% to 47% in various animal studies [227, 251]. 
Bioavailability in humans has not been studied, but increased drug concentrations 
were noted when the drug was taken concurrently with food. Nelfinavir AUC values 
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in six fasted volunteers were 27–59% of those achieved in fed volunteers after 
administration of single doses of 400 and 800 mg [71]. Thus, it is recommended that 
nelfinavir be administered with food.

Administration of ritonavir with food appears to increase the absorption of the 
capsule while decreasing the absorption of the liquid formulation [227]. However, 
neither change is considered significant, and therefore it is recommended that rito-
navir be given without regard to meals. However, it is most commonly administered 
with meals to improve gastrointestinal tolerability.

The soft-gel capsule of amprenavir can be taken without regard to meals; however, 
it should not be taken with a high-fat meal [252]. In a randomized, crossover study 
of 12 healthy subjects, the coadministration of grapefruit juice did not significantly 
affect the pharmacokinetics of a single dose of amprenavir [253].

To reduce the pill burden associated with amprenavir, a phosphate ester prodrug, 
fosamprenavir (Lexiva®), was approved in 2003. The administration of a high-fat 
meal had no influence on the AUC of fosamprenavir tablets compared to the fasting 
state and fosamprenavir tablets can be taken without regard to meals [68]. 
Administration of fosamprenavir oral suspension with a standard high-fat meal 
reduced the amprenavir C

max
 by 46% and the AUC by 28% compared to the fasted 

state. The manufacturer recommends that Lexiva® suspension be administered with-
out food in adults and with food in pediatric patients [254]. 

The bioavailability of lopinavir/ritonavir capsules or liquid (Kaletra®) is increased 
with the administration of a moderate-to-high fat meal [255, 256]. A tablet formula-
tion of lopinavir/ritonavir was approved in December 2005. The Kaletra® tablet 
formulation can be administered without regard to meals, does not have to be refrig-
erated, and reduces the pill burden from three capsules twice daily to two tablets 
twice daily [255].

There is a clinically significant increase in the absorption of atazanavir capsules 
(Reyataz®) when administered with food. After a single 400 mg dose, the AUC of 
atazanavir was increased by 35% with a light meal and by 70% with a high-fat meal 
[257, 258]. The manufacturer recommends that atazanavir capsules be administered 
with food [259]

Tipranavir (Aptivus®) is a P-gp substrate, a weak P-gp inhibitor, and a potent P-gp 
inducer. As a result, tipranavir must be administered with ritonavir to achieve effective 
tipranavir plasma concentrations. When tipranavir capsules or solution are co-admin-
istered with ritonavir capsules, food has no clinically significant effect on the C

max
 our 

AUC compared to the fasted state. The effect of food when tipranavir is co-adminis-
tered with ritonavir tablets has not been studies. Tipranavir capsules or solution taken 
with ritonavir capsules or solution can be taken without regard to meals, while tipra-
navir co-administered with ritonavir tablets must be taken with meals [260].

The effect of various meal types on the pharmacokinetics of darunavir (Prezista®) 
in combination with ritonavir was evaluated in 24 healthy volunteers [67]. Compared 
to the fasted state, the C

max
 and AUC of darunavir were ~30% higher when admin-

istered with food. Darunavir exposure was comparable regardless of the type of 
meal administered (standard breakfast, high-fat breakfast, nutritional protein drink, 
or croissant with coffee).
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4.4.9.4  Integrase Inhibitors

The effect of a low-, moderate-, and high-fat meal on steady-state raltegravir 
(Isentress®) pharmacokinetics was assessed in 20 healthy volunteers [74]. When 
administered with a low-fat meal (~300 kcal, 7% fat), the AUC and C

max
 were both 

reduced by ~50%. A moderate-fat meal (~600 kcal, 31% fat) had a minimal effect on 
raltegravir absorption (AUC and C

max
 increased by 13% and 5%, respectively). A high-

fat meal (~825 kcal, 57% fat) increased AUC and C
max

 by almost twofold. Because of 
the considerable inter-subject variability observed with all meal types, the modest 
magnitude of the varying effects of food on absorption, and the fact that raltegravir 
was administered without regard to meals in the pivotal safety and efficacy studies in 
HIV-1-infected patients, the authors conclude that the pharmacokinetic differences 
observed with various meals are not of clinical importance and support the current 
recommendation that raltegravir can be administered with or without food [261].

4.4.9.5  Entry Inhibitors

In a phase 1 food effect study, a high-fat meal food reduced the exposure of maraviroc 
(Selzentry®) by ~33%, primarily by reduction of C

max
. The effect of food was also 

assessed in a 10-day Phase 2a study to determine if these effects translated into an 
effect on antiviral activity. The results of this study showed, that when administered 
150 mg twice daily, food reduced the C

max
 and AUC of maraviroc by ~60% and 

50%, respectively. However, there was little effect of food on the short-term antiviral 
activity (change from baseline in viral load log10 copies/mL) of maraviroc and 
a −0.103 (90% CI −0.390, 0.185) difference between maraviroc 150 mg fasted and 
fed treatment groups on Day 11. Therefore, there were no food restrictions in the 
Phase 3 safety and efficacy studies [262].

The manufacturers’ dosing recommendations for HIV antiretrovirals antibiotics 
are shown in Table 4.11.

4.4.10  Non-HIV Antivirals

The effect of a high-fat breakfast on the relative bioavailability of 1,000 mg of oral 
ganciclovir every 8 h was assessed in 20 HIV-positive patients who were seroposi-
tive for cytomegalovirus. C

max
 and AUC were significantly increased, by 15% and 

22%, respectively, with the presence of food, and it is recommended that ganciclovir 
be taken with food [79]. Because of the low bioavailability of ganciclovir, a prodrug 
has been developed, valganciclovir. The absolute bioavailability of oral valganci-
clovir is approximately tenfold higher than oral ganciclovir [263, 264]. Compared 
to the fasted state, the administration of valganciclovir with a standard breakfast 
increased the AUC by 23–57% depending on the dose administered [78]. Similar to 
oral ganciclovir, valganciclovir should be taken with food.
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The effect of food was evaluated in two separate studies involving healthy vol-
unteers given 250 or 500 mg of famciclovir [265, 266]. Administration with food 
decreased the C

max
 by approximately 53% and lengthened the t

max
 by approximately 

2 h. However, the AUC was unchanged in the fed-versus-fasting group and the 
authors hypothesized that famciclovir could be given without regard to meals. 
Likewise, valacyclovir and the prototype, acyclovir, can be given without regard to 
meals [267, 268]. Amantadine and rimantadine can also be taken without regard 
to meals [77, 269].

The manufacturers’ dosing recommendations for non-HIV antivirals antibiotics 
are shown in Table 4.12.

4.5  Anti-Infectives and Disulfiram-Like Reactions

The drug disulfiram (Antabuse®) is a therapeutic option in the treatment of alcoholism 
that acts to deter further ingestion of alcohol [270]. It works by inhibition of the 
enzyme aldehyde [271, 272]. Disulfiram is a remarkably effective agent for inhibiting 
aldehyde dehydrogenase. Accumulation of acetaldehyde in the blood produces a 
complex of highly unpleasant symptoms referred to as a disulfiram reaction. 
Anecdotal reports have described local reactions in patients being treated with disul-
firam after using a beer-containing shampoo or contact lens solution [273, 274]. 

Table 4.12 Non-HIV antivirals

Generic Brand Company
Manufacturer 
recommendations

Acyclovir Zovirax capsules GlaxoSmithKline, 
various

Can be given without 
regard to meals.

Zovirax suspension GlaxoSmithKline Can be given without 
regard to meals.

Zovirax tablets GlaxoSmithKline Can be given without 
regard to meals.

Entecavir Baraclude tablets and 
oral solution

Bristol Myers 
Squibb

Should be administered  
on an empty stomach 
(at least 2 h after a 
meal or 2 h before the 
next meal).

Ganciclovir Cytovene capsules Roche Administer with meals.
Famciclovir Famvir tablets Novartis Can be given without 

regard to meals.
Valacyclovir Valtrex caplets Glaxo Wellcome Can be given without 

regard to meals.
Valgancicolovir Valcyte tablets, oral 

solution
Roche Should be administered 

with food.
Amantadine Symmetrel capsules Endo labs Not stated.

Symmetrel syrup Endo labs Not stated.
Rimantadine Flumadine syrup Forest Not stated.

Flumadine tablets Forest Not stated.
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Another case report describes a case of a local vaginal reaction while a women 
was undergoing disulfiram therapy after engaging in sexual intercourse with her 
husband, who had ingested a large amount of alcohol [275].

By the same mechanism, other compounds have been linked with causing a 
disulfiram-like reaction, and antibiotics are no exception. Cephalosporins, chloram-
phenicol, metronidazole, and other antibiotics have been associated with causing a 
disulfiram-like reaction. In general, these reactions are rare and spontaneously 
occurring [276]. Although all patients should be counseled and warned of this 
potential interaction, it appears that patients who chronically consume large amounts 
of alcohol may be at higher risk of developing these reactions, due to greater accu-
mulation of acetaldehyde [276]. The likelihood of a reaction exists while the drug is 
still present in the body, and reactions have occurred with minimal amounts of alcohol 
up to a day after the last dose of an antibiotic [277]. Thus, in general it is recom-
mended that patients abstain from alcohol during and for 2–3 days after therapy 
with any agents implicated in causing a disulfiram-like reaction.

4.5.1  Signs and Symptoms

Patients experiencing a disulfiram reaction usually develop symptoms 5–10 min after 
consuming ethanol, and the reaction, assuming that no further alcohol is consumed, 
usually lasts from 30 min up to several hours. In the majority of cases, symptoms are 
unpleasant but not life-threatening. However, a death has been reported that was 
attributed to a disulfiram-like reaction between alcohol and metronidazole [278].

Reactions caused by the co-ingestion of alcohol and the drug disulfiram are man-
ifested clinically by nausea, facial flushing, headache, tachycardia, and hypotension 
[279, 280]. Disulfiram-like reactions caused by antibiotics present similarly [281]. 
Symptoms common to case reports describing a disulfiram-like reaction to antibiotics 
include tachycardia (up to 180 beats per minute), pronounced flushing of face and 
torso, and hypo- or hypertension. Headache, nausea, dizziness, and a feeling of 
enhanced intoxication are also common. Hypertension, as opposed to hypotension, 
which is normally seen with disulfiram reactions, is described in reactions with 
cephalosporins, especially moxalactam and cefoperazone, but this effect is not 
universal [282, 283]. It has been hypothesized that this dichotomy is caused by 
inhibition of norepinephrine production by a metabolite of disulfiram, an effect that 
is not produced by cephalosporins [284]. However, this hypothesis is challenged by 
the fact that the hypotensive effect is also seen with other antialcohol drugs such as 
cyanamide and coprine, which do not have an effect on norepinephrine.

4.5.2  Metronidazole

Disulfiram-like reactions and a decreased desire to consume alcoholic beverages have 
been described with metronidazole [285–287]. In fact, it was suggested at one time that 
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metronidazole may have a place in therapy as a preventative agent in the treatment 
of alcoholism [288, 289]. However, studies using metronidazole in the treatment of 
alcoholism showed only minor beneficial effects, and metronidazole is not considered 
a therapeutic option in this area. Studies investigating the mechanism of the alcohol–
metronidazole interaction published during the 1960s suggested that metronidazole 
noncompetitively inhibited liver alcohol dehydrogenase [290]. However, other studies 
in rats demonstrated that metronidazole did not act as an inhibitor for alcohol dehydro-
genase. Authors have speculated that the disulfiram-like reaction with metronidazole 
might be mediated by the central nervous system [291]. Although rare, patients should 
still be informed about the possible disulfiram-like reaction when metronidazole is 
combined with alcohol. The effect of alcohol and disulfuram were not specifically 
studied with another nitroimidazole, tinidazole (Tindamax®), however since adverse 
reactions have been reported with metronidazole the manufacturer recommends that 
patients avoid alcoholic beverages and preparations containing alcohol during therapy 
and for 3 days afterward. Likewise, tinidazole should not be administered to patients 
who have taken disulfuram within the last 2 weeks [164].

4.5.3  Cephalosporins

The majority of case reports and research involving disulfiram-like reactions and 
antimicrobials have focused on the cephalosporins and other beta-lactams. Anecdotal 
reports have described a disulfiram reaction with cefmenoxime, cefotetan, cefopera-
zone, cefamandole, and moxalactam after the ingestion of an alcoholic beverage 
[277, 290, 292–294]. Other reactions have occurred in patients prescribed 
alcohol-containing medicinals and antibiotics. A case report describes a hospital-
ized patient who was receiving moxalactam for presumed sepsis who had theophyl-
line additionally prescribed for bronchospasm [295]. He received his dose of 
theophylline elixir (20% alcohol) and 30 min later became flushed and tremulous, 
hypotensive, and tachycardic. This reaction abated; however, the reaction reap-
peared when the patient was rechallenged with the theophylline elixir. His elixir 
was changed to tablets and he continued to receive moxalactam without further 
incidents. Another case report describes a similar incident in which the patient was 
receiving cefmenoxime and an alcohol-containing acetaminophen elixir [277].

A number of studies in animal models and healthy volunteers have attempted to 
elucidate the mechanism and magnitude of disulfiram-like reactions with the cepha-
losporins [279, 281, 296, 297]. In general, cephalosporins that have been implicated 
in causing a disulfiram-like reaction have in common a methyl-tetrazolethiol (MTT) 
side chain. Rats pretreated with beta-lactams containing the MTT side chain expe-
rienced decreased alcohol elimination rates as well as increased acetaldehyde 
concentrations [279, 296]. Those given beta-lactams without the MTT side chain 
showed no such effect.

Volunteer trials have studied the potential of moxalactam, cefpirome, cefonicid, 
ceftizoxime, and cefotetan to cause a disulfiram-like reaction when given with alcohol 
[280, 297–300]. Patients given cefpirome or ceftizoxime, which do not contain a MTT 
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side chain, and cefonicid, which contains methylsulphonic acid rather than a methyl 
group, displayed no signs or symptoms of a disulfiram-like reaction. No change in 
blood alcohol or aldehyde concentrations were observed in patients receiving cef-
pirome, ceftizoxime, or cefonicid. On the other hand, 5 of 8 and 2 of 10 volunteers 
given cefotetan or moxalactam, respectively, experienced a disulfiram-like reaction 
when combined with alcohol. Both these antibiotics contain the MTT side chain.

A hypothesis for the mechanism of this effect is that the MTT side chain becomes 
liberated from the rest of the cephalosporin molecule in vivo and is oxidized to a 
molecule that is structurally similar to disulfiram [281]. A study supporting this 
hypothesis demonstrated that the MTT side chain had no effect on the metabolizing 
capabilities of sheep liver cytoplasmic aldehyde dehydrogenase but that a metabo-
lite of the side chain was a potent inactivator [281].

Thus, it appears that cephalosporins that contain the MTT side chain are at higher 
risk of precipitating a disulfiram-like reaction. Most case reports have involved 
patients receiving moxalactam, cefoperazone, and cefamondole; however, all cepha-
losporins with this side chain are likely to provide an increased risk [301]. All 
patients receiving these medications should be advised of the possibility of a disul-
firam-like reaction. Chronic abusers of alcohol appear to be at the most risk of 
displaying a disulfiram-like reaction to these antibiotics, and an alternative agent 
may be prudent unless the patient can abstain from alcohol during therapy.

4.5.4  Other Antibiotics

Isolated case reports have described disulfiram-like reactions with trimethoprim- 
sulfamethoxazole, chloramphenicol, griseofulvin, or furazolidone when combined with 
alcohol [276, 302–304]. Although most of these reports hypothesized that the reaction 
was secondary to an accumulation of acetaldehyde, the exact mechanism is unknown.

4.5.5  Ritonavir Oral Solution

Ritonavir oral solution contains alcohol, and thus a potential interaction is possible when 
the solution is combined with disulfiram or anti-infectives associated with a disulfiram-
like reaction [305]. It is advisable to avoid coadministration of disulfiram with ritonavir 
solution and to be aware of the potential interaction when ritonavir oral solution is 
co-prescribed with metronidazole or cephalosporins containing the MTT side chain.
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Abstract Over 15 million people in the United States report using complemen-
tary and alternative medications (CAM). Patients with HIV infection represent an 
important segment of this population. Because of their ability to modulate a vari-
ety of cytochrome P450 (CYP) enzymes and drug transport proteins such as 
P-glycoprotein (P-gp), a number of herbs have been shown to interact with coad-
ministered medications. Unfortunately, in vitro microsomal studies often fail to 
predict results obtained in humans. The herb associated with the greatest number 
of drug interactions in humans is St. John’s wort (Hypericum perforatum). As a 
potent inducer of CYP and P-gp, St. John’s wort has been shown to reduce the 
plasma concentrations of certain coadministered medications by >50%. Other 
herbs have been shown to induce the metabolism of coadministered medications 
as well. However, the magnitude of these interactions is markedly less than that 
produced by St. John’s wort. Nonetheless, even mild herb-drug interactions may 
be clinically relevant for coadministered medications with narrow therapeutic 
indices. To this end, the need for rigorous studies to identify potentially signifi-
cant herb-drug interactions continues. Clinicians caring for patients taking CAM 
therapy should maintain a high degree of suspicion for herb-drug interactions in 
the face of unexplained toxicity or loss of efficacy, and be familiar with resources 
that can help manage or avoid herb-drug interactions.
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5.1  Introduction

Herbal supplements have been widely used in the East for centuries; more recently 
their use has expanded to include areas of the Western World such as the United 
States and Canada. In a national survey of complementary and alternative medicine 
(CAM) use, over 15 million people in the United States were identified as using 
herbal supplements or high-dose vitamins [1]. In addition, the total number of visits 
to CAM providers exceeded those to primary physicians, resulting in out-of-pocket 
expenses in excess of 34 billion dollars [1]. The increased use in CAM is multifac-
torial and includes a general desire for good health and wellness, and disease pre-
vention and treatment. Thus, many consumers believe CAM is safer than prescription 
drugs because they contain “natural” ingredients [2].

The majority of CAM includes herbal supplements, which are generally defined 
as any form of a plant or plant product, including stems, flowers, leaves, roots and 
seeds [2]. Herbal products can contain a single herb or combinations of herbs that 
possess complementary effects. In the United States herbs are regarded as dietary 
supplements (i.e. food products) and are not subject to intense regulatory over-
sight by the United States Food and Drug Administration (FDA) [3]. However, 
herbs and other dietary supplements are subject to regulation as specified in the 
Dietary Supplement Health and Education Act of 1994 [4]. As a result, herbal 
supplements may not claim to “treat, prevent, cure, or diagnose a specific disease;” 
such claims are limited to medications that have been proven to be safe and effec-
tive by the FDA.

Recently, the USP Dietary Supplement Verification Program was developed to 
assess the integrity of dietary supplements. This program performs comprehensive 
laboratory testing of dietary supplements and their ingredients against standards 
found in The United States Pharmacopeia and The National Formulary (USP-NF). 
Products that meet the program’s criteria are labeled with a USP Verified logo that 
can be placed on labels, packaging and promotional materials. This logo allows 
customers and health care practitioners to identify herbal products that are USP 
Verified. Of note, dietary supplement manufacturers who participate in this program 
do so voluntarily [5].

Despite a relative paucity of scientific data regarding the safety and efficacy of 
herbal products, a significant number of patient populations report using these 
supplements on a regular basis. These patients typically include those with chronic 
medical conditions such as breast cancer (12%), liver disease (7%), asthma (24%), 
and rheumatological disorders (26%) [6]. An additional group of individuals who 
commonly report using herbal products are those suffering from -or desiring to 
prevent, an infectious process. A variety of herbs have been touted for the treatment 
and/or prevention of the common cold, urinary tract infections, upper respiratory 
tract infections, prostatitis, hepatitis, and the human immunodeficiency virus (HIV) 
[7–11]. Patients with HIV infection undoubtedly represent the largest group of 
CAM users in the infectious disease arena. A telephone survey of 180 HIV infected 
patients found that 68% of these individuals routinely used herbs, vitamins, or 
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dietary supplements [12]. In a larger study of 2,466 HIV-infected subjects, 53% 
reported recent use of CAM therapy [13]. Patients with HIV infection take herbal 
supplements for purported antiviral activity, “boosting” of the immune system, and 
for the treatment or prevention of opportunistic infections, and treatment of medication-
related side effects such as gastrointestinal disturbances, peripheral neuropathy, 
weight loss, and fatigue [11].

Due to frequent CAM use in patients taking prescription medications, there is a 
strong possibility of clinically relevant drug interactions between these classes of 
compounds. Yet surprisingly, few clinical studies have systematically investigated 
potential interactions between prescription medications and herbal products [3, 14]. 
Also of note is the fact that most patients who use CAM do not readily report this 
information to their health care provider [1]. As a result, potentially dangerous 
herb-drug interactions are likely to go unnoticed in many patients.

5.2  Potential Mechanisms of Herb-Drug Interactions

A growing number of pre-clinical and clinical studies have shown that a variety of 
herbal preparations are capable of modulating drug metabolism and transport at 
various anatomical sites, most notably in the liver and intestines. Greater than 
90% of oxidative metabolism in the liver can be attributed to six cytochrome P450 
enzymes. These include CYP1A2, CYP2C9, CYP2C19, CYP2D6, CYP2E1, and 
CYP3A4 [15]. A number of antiinfective medications including antibacterials, 
antifungals, and antiretrovirals such as HIV protease inhibitors and non-nucleoside 
reverse transcriptase inhibitors are metabolized through one or more of these 
enzymatic pathways [16]. As will be discussed in detail below, a number of herbal 
constituents have been shown to inhibit and/or induce CYP enzymes; thereby 
increasing or decreasing the plasma concentrations of coadministered medica-
tions. This may result in untoward toxicity or reduced efficacy (i.e. antimicrobial 
failure) depending on the nature of the interaction. Similarly, a number of herbs 
have been shown to modulate the activity of uridine diphosphate (UDP) glucurono-
syltransferases (UGT), and drug transport proteins such as P-glycoprotein (P-gp), 
multidrug resistance proteins (MRPs), organic anion transporting polypeptides 
(OATP), and organic anion transporters (OATs) [17–19]. Modulation of these 
metabolic and transport proteins by herbal products are also capable of altering 
the distribution and/or systemic exposure of concurrently administered medica-
tions, potentially resulting in adverse events or poor efficacy [2]. Common herbal 
preparations that have been shown to modulate CYP and/or P-gp activity in 
humans are presented in Table 5.1 [20–47]. Known pharmacokinetic interactions 
between herbal supplements and antiinfective agents are described below; of the 
studies discussed, those conducted in humans are highlighted in Table 5.2 [25, 29, 
34, 39, 48–56].
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5.3  Interactions Between Herbs and Antiinfective Medications

5.3.1  St. John’s Wort (Hypericum perforatum)

St. John’s wort is used for a variety of ailments including depression, anxiety, 
 dysthymia, attention deficit hyperactivity disorder (ADHD), chronic fatigue syn-
drome, insomnia, HIV/AIDS, hepatitis C and numerous others [57]. St. John’s wort 
is a potent inducer of various CYP isoforms as well as P-gp [20–25, 58]. As a result, 
St. John’s wort interacts with numerous medications; in some cases drastically 
reducing their systemic exposure [59]. Among anti-infectives whose plasma con-
centrations are significantly reduced by St. John’s wort are the CYP3A4 substrate 
indinavir (57% ↓ in indinavir area under the concentration-time curve from zero to 
8 h [AUC

0-8
]) and the CYP2B6 and CYP3A4 substrate nevirapine (35%↑ in nevi-

rapine apparent oral clearance [Cl/F]) [48, 60]. To this end, St. John’s wort should 
be avoided in combination with all unboosted HIV protease inhibitors and nonnu-
cleoside reverse transcriptase inhibitors since all are metabolized to varying degrees 
by CYP3A4 as well as other CYP isoforms. Of note, a recent study showed that 
ritonavir 300 mg twice daily, given as a boosting agent for concurrent protease inhib-
itor therapy, masks CYP3A4 induction by St. John’s wort [25]. Whether this occurs 
with lower boosting doses of ritonavir (i.e. 100 mg twice daily) is unknown.

St. John’s wort was also found to interact with the azole antifungal voriconazole 
in a slightly more complex manner. Fifteen days of St. John’s wort administration 
reduced AUC

0-∞ of voriconazole by 59% (P = 0.0004) [49]. Voriconazole is metabo-
lized by CYP2C19, CYP3A4, and to a lesser extent, CYP2C9 [61]. Of note, during 
the first day of St. John’s wort administration the voriconazole AUC

0-10
 actually 

increased by 22% (P = 0.02) suggesting that St. John’s wort caused a short-term 
clinically insignificant increase in voriconazole exposure followed by a prolonged 
excessive reduction in voriconazole concentrations. The mechanism by which 
St. John’s wort (hyperforin) induces a variety of metabolic and transport proteins is 
directly related to its potent ability to bind to, and subsequently activate the preg-
nane X receptor (PXR) [62]. PXR is a key regulator of xenobiotic inducible CYP3A 
gene expression; PXR also regulates the CYP2B and CYP2C subfamilies in addi-
tion to UDP-glucuronosyltransferases, OATP2, the multidrug resistant protein 
(MDR1, which encodes for P-glycoprotein), and MRPs 2 and 3 [59]. To this end, 
long-term exposure to St. John’s wort (>12 days) has the ability to significantly 
reduce the systemic exposure of coadministered medications that are metabolized 
by CYP enzymes and transport proteins that are regulated by PXR. St. John’s wort 
should be avoided in individuals taking such medications.

5.3.2  Garlic (Allium sativum)

Garlic is used for the treatment of hypertension, hyperlipidemia (including drug-
induced hyperlipidemia in patients with HIV infection) coronary heart disease, 
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age-related vascular changes, chronic fatigue syndrome and menstrual disorders 
[57]. In addition, garlic has been used for its antibacterial, anthelmintic, antiviral, 
immunostimulant, and antithrombotic effects. The major active components of 
garlic are organosulfur compounds [63]. Alliin (S-allylcysteine sulfoxide) – a 
major constituent of garlic – is converted by alliinase to allicin. Allicin is then 
further transformed to additional garlic compounds including diallyl sulfide. These 
organosulfur compounds have been shown to modulate CYP isoforms in vitro and 
in vivo [64]. Indeed, various garlic preparations were shown to inhibit human 
CYP2C9, 2C19, 3A4, 3A5, and 3A7 activity in vitro, whereas CYP2D6 activity 
was unaltered [65]. CYP2E1 activity, measured using chlorzoxazone as a probe 
compound, was reduced by 39% (P = 0.30) in healthy volunteers receiving garlic 
oil for 4 weeks [20].

The impact of garlic supplementation on CYP3A4 activity in humans has not 
yielded consistent results. Piscitelli et al. found that 3 weeks of twice daily garlic 
administration (containing 4.64 and 11.2 mg of allicin and alliin per caplet, respec-
tively) resulted in a mean 51% decrease in steady state saquinavir (Fortovase®) 
AUC

0-8
 and a 54% decrease in maximum concentration (C

max
) in 10 healthy volun-

teers [50]. After a 10 day washout period, saquinavir AUC
0-8

 and C
max

 values only 
returned to 60–70% of baseline (control) values. Of note, saquinavir is both a 
CYP3A4 and a P-gp substrate, leading some researchers to speculate that the inter-
action between garlic and saquinavir occurred primarily due to induction of P-gp 
rather than CYP3A4. This is consistent with results from other investigations of 
long-term garlic administration (14–28 days) that did not observe changes in 
CYP3A4 activity [20, 26].

Markowicz et al. administered garlic extract (1,800 mg allicin, twice daily) to 
healthy volunteers for 2 weeks to determine the influence of garlic on CYP3A4 activ-
ity using alprazolam as a metabolic probe [26]. There were no differences in alpra-
zolam pharmacokinetics following garlic administration. Similarly, administration 
of garlic oil (500 mg 3 times daily; allicin content not specified) to healthy volunteers 
for 28 days did not alter CYP3A activity using midazolam as a probe [20].

Inconsistencies in the literature regarding the ability of garlic supplements to 
modulate CYP activity (CYP3A4 in particular) may be due to several factors. 
Commercially available garlic supplements have been noted to contain varying 
amounts of organosulfur compounds (i.e. alliin and allicin), which have been impli-
cated in modulating several CYP isoforms [66, 67]. In addition, garlic also contains 
numerous flavonoids and isoflavonoids that may alter CYP activity leading to dif-
ferences among various garlic supplements with regard to their ability to modulate 
CYP activity [63]. As a result, it is difficult to predict drug interactions with garlic 
a priori. Erring on the side of caution, HIV protease inhibitors and NNRTIs should 
not be coadministered with garlic supplements. Other anti-infective agents that are 
metabolized by CYP3A4 such as clarithromycin, erythromycin, and dapsone should 
be used with caution in patients taking long-term garlic supplementation.

A potential pharmacodynamic interaction between garlic and antiinfectives 
involves garlic’s penchant for causing gastrointestinal toxicities such as mouth and 
gastrointestinal burning or irritation, heartburn, flatulence, nausea, vomiting, and 
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diarrhea [57]. When taken in combination with other medications that commonly 
cause gastrointestinal distress (i.e. numerous antibiotics, certain antifungals and 
ritonavir), patients may experience additive gastrointestinal toxicity. Indeed, Laroche 
et al. reported two HIV-infected patients taking garlic supplements for >2 weeks 
who developed severe gastrointestinal toxicity after commencing therapy with a 
ritonavir-containing antiretroviral regimen [68]. Separating doses of garlic supple-
ments and prescription medications by several hours may help to alleviate gastroin-
testinal side effects caused by the coadministration of garlic with anti-infectives 
known to cause G.I. distress.

5.3.3  Milk Thistle (Silybum marianum)

Orally, milk thistle is used for liver disorders including hepatotoxicity due to highly 
active antiretroviral therapy (HAART) in patients with HIV infection, jaundice, 
chronic inflammatory liver disease, hepatic cirrhosis, and chronic hepatitis. Milk 
Thistle has also been used for other diverse conditions such as loss of appetite, 
 dyspepsia, diabetes, hangover, malaria, and depression [57]. Based on in vitro data 
that showed that milk thistle inhibited CYP3A4 and CYP2C9, several studies exam-
ined the influence of milk thistle on the HIV protease inhibitor and CYP3A4 
 substrate indinavir [69, 70]. Piscitelli et al. observed a non-significant 9% decrease 
in indinavir AUC

0-8
 at steady state following 3 weeks of dosing with milk thistle 

(175 mg [153 mg silymarin] 3 times daily) in 10 healthy volunteers [52]. Similarly, 
DiCenzo et al. observed a non-significant 6% reduction in steady state indinavir 
exposure after 2 weeks of silymarin administration (160 mg 3 times daily) to 
10 healthy volunteers [53]. In a third study, Mills et al. reported a 4.4% decrease in 
steady state indinavir AUC

0-8
 (P = 0.78) after 28 days of milk thistle dosing (450 mg 

capsules 3 times daily) in 16 healthy subjects [54]. In addition, Mills and colleagues 
conducted a meta-analysis of these 3 drug interaction studies between milk thistle 
and indinavir; their analysis revealed a non-significant mean difference of 1% in 
indinavir steady state AUC

0-8
 (P = 0.97). Consistent with these indinavir data, milk 

thistle did not alter the pharmacokinetics of the CYP3A4 and UGT1A1 substrate 
irinotecan, or the CYP3A substrate midazolam [27, 71].

In contrast, administration of silymarin (140 mg/day for 9 days) reduced the 
steady state AUC

0-8
 of metronidazole (400 mg orally every 8 h) by 29% in 12 healthy 

volunteers [55]. Metronidazole is a putative substrate for CYP3A4, CYP2C9, and 
P-gp [55, 72]. Given the lack of an interaction between milk thistle and other 
CYP3A4 substrates (indinavir, midazolam, and irinotecan) it is unlikely that the 
interaction between milk thistle and metronidazole occurred via CYP3A4 induction 
by the former. The authors of this study suggest that induction of intestinal P-gp by 
milk thistle may have contributed to the interaction. However, Gurley et al., noted 
an approximate 9% decrease (P = 0.06) in the AUC

0-24
 of the P-gp substrate digoxin 

(which is not metabolized by CYP enzymes) after milk thistle administration 
(300 mg 3 times daily) for 14 days [28]. In addition, it is unlikely that milk thistle 
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induced the metabolism of metronidazole through CYP2C9 since preliminary data 
suggest that metronidazole would be more apt to reduce – as opposed to enhance – 
the catalytic activity of this isoform [70, 73].

To this end, with the possible exception of metronidazole, milk thistle appears to 
have limited clinical impact on antiinfectives metabolized via CYP and/or trans-
ported by P-gp (Tables 5.1 and 5.2). Recent preliminary data suggest that milk thistle 
may decrease the activity of organic anion transporting polypeptide 1B1 (OATP1B1) 
and increase or decrease the plasma concentrations of medications that undergo 
glucuronidation [74–76]. Further study is necessary to determine whether these puta-
tive interactions are clinically relevant.

5.3.4  Ginkgo Biloba (Ginkgo biloba)

Ginkgo biloba extract (GBE), one of the most popular herbal medicines in the 
world, is used for dementia, including Alzheimer’s disease. Ginkgo is also used for 
conditions associated with cerebral vascular insufficiency including memory loss, 
headache, vertigo, difficulty concentrating, mood disturbances, and hearing disorders 
[57]. Patients with HIV infection take GBE for a variety of conditions including 
AIDS-related dementia, depressive disorders and CNS side effects associated with 
antiretroviral use [29]. GBE is characterized by 22–27% flavone glycosides, consist-
ing primarily of quercetin and kaempferol, and 5–7% terpene lactones, which 
include ginkgolides and bilobalide [57, 77].

Several studies utilizing rat models were conducted to evaluate the effect of stan-
dardized ginkgo extracts on CYP3A activity using various probe drugs. In general, 
results from these animal studies showed induction of 3A activity, though at signifi-
cantly higher doses of GBE than would normally be administered to humans (as high 
as 100 times the normal human doses) [78–81]. One investigation in rats noted a 
decrease in the hypotensive effect of the CYP3A substrate nicardipine after GBE 
administration, suggesting possible CYP3A4 induction by GBE [79]. In contrast, 
liver microsomal studies and fluorometric microtitre plate assays have shown inhibi-
tion of CYP3A4 using a wide variety of GBE concentrations [67, 82, 83].

Similar to results from the preclinical investigations discussed above, several 
drug interaction studies conducted with GBE have also shown inconsistent findings. 
Gurley et al. found that 28 days of GBE (60 mg, 4 times daily) had no apparent 
effect on CYP3A activity using midazolam as a probe drug in 12 healthy subjects 
[20]. Another study assessed the influence of an 18 day course of GBE (120 mg/day) 
on the pharmacokinetics of the CYP3A4 substrate nifedipine [84]. GBE did not 
significantly alter the mean AUC or C

max
 of nifedipine in eight healthy volunteers; 

however, two subjects did experience a doubling in C
max

, which the investigators 
attributed to GBE. Due to the small sample size and lack of statistically significant 
findings, results from this study can best be described as inconclusive.

Due to the discordance in results among studies assessing the influence of GBE 
on CYP3A activity, we conducted a study in 14 healthy volunteers to determine the 
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influence of GBE on the pharmacokinetics of the protease inhibitor combination 
lopinavir/ritonavir, and the respective CYP3A and P-gp probes midazolam and 
fexofenadine [29]. Single dose fexofenadine pharmacokinetics were unaltered by 
GBE (120 mg twice daily for 28 days), suggesting that the herb does not signifi-
cantly modulate P-gp activity. Conversely the geometric mean midazolam AUC

0-∞ 
following single doses, was reduced by 34% (P = 0.03) after 28 days of GBE admin-
istration; thus suggesting mild induction of CYP3A by GBE. Lastly, volunteers 
received 2 weeks of lopinavir-ritonavir (400/100 mg twice daily) alone, then in 
combination with GBE 120 mg twice daily. Geometric mean ratios of lopinavir and 
ritonavir AUC

0-12
 (post-GBE/pre-GBE) were 1.02 (P = 0.42) and 0.93 (P = 0.28), 

respectively, indicating that GBE had no effect on either lopinavir or ritonavir expo-
sure despite the fact that both of these agents are metabolized by CYP3A4 [29].

The reason lopinavir exposure was not affected by GBE is likely due to the coad-
ministration of ritonavir, a potent CYP3A inhibitor. Ritonavir is capable of abating 
CYP3A induction associated with other enzyme inducers, such as efavirenz and 
rifabutin [85, 86]. Based on these results, it appears unlikely that GBE would reduce 
the systemic exposure of protease inhibitors that are boosted with low-dose ritona-
vir. However, it is possible that GBE may reduce the plasma concentrations of lone 
protease inhibitors (i.e. those not boosted by ritonavir). In addition, GBE may 
reduce the systemic exposure of other antiinfective agents metabolized by CYP3A 
including the recently FDA-approved CCR5 co-receptor antagonist, maraviroc, 
clarithromycin, erythromycin and the non-nucleoside reverse transcriptase inhibi-
tors (NNRTIs) nevirapine, delavirdine, and efavirenz [16]. In support of this hypoth-
esis, there is a single case report of reduced efavirenz plasma concentrations and 
virologic failure in an HIV-infected patient taking ginkgo biloba. After developing 
a K103N mutation and an HIV-1 RNA increase from <50 to 1,780 copies/mL, 
plasma efavirenz concentrations were determined from stored samples dating back 
2 years. Over a 14 month period when the patient was taking ginkgo biloba along 
with efavirenz, he experienced a 62% decrease in efavirenz concentrations (from 
1.26 to 0.48 mg/L; therapeutic range: 1.0–4.0 mg/L). The authors of this report sur-
mised that terpenoids from the ginkgo extract reduced plasma efavirenz concentra-
tions by inducing cytochrome P450 3A4 (CYP3A4) or P-gp [87].

Beyond CYP3A, human data suggest that GBE does not modulate the activity of 
CYP1A2, CYP2C9, and CYP2D6 (Table 5.1) and is therefore unlikely to interact 
with antiinfective medications metabolized through these pathways.

5.3.5  Echinacea (Echinacea purpurea, Echinacea  
angustifolia, Echinacea pallida)

Echinacea is used for treating and preventing upper respiratory infections including 
the common cold. Echinacea is also used as an immunostimulant to help counter a 
variety of other infections, including vaginal candidiasis, urinary tract infections, 
and genital herpes [57]. Of the three common Echinacea species listed above, the 
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majority of research has been conducted with Echinacea purpurea. However, the 
potential for drug interactions among the three Echinacea species may differ due to 
varying amounts of alkylamide content within the different species [88].

At least two studies have characterized the effect of E. purpurea root on CYP3A 
activity in healthy volunteers [27, 35]. Using single doses of both oral and intrave-
nous midazolam as a probe compound for intestinal and hepatic CYP3A activity, 
respectively, Gorski et al. reported an 85% increase in the intestinal availability of 
midazolam (P = 0.015) and a 15% decrease in the hepatic availability of midazolam 
(P = 0.006) after 12 subjects received a total daily dose of 1,600 mg of E. purpurea 
for 8 days [35]. These data suggest that E. purpurea selectively modulates CYP3A 
activity in the liver and intestine. Conversely, Gurley et al. found that 28 days of 
E. purpurea whole plant extract administration (800 mg twice daily) did not signifi-
cantly alter CYP3A activity in 12 healthy volunteers as measured by serum ratios of 
1-hydroxymidazolam:midazolam collected 1 h post-dose [27]. Due to the conflict-
ing nature of the data presented by Gorski et al. and Gurley et al., we conducted a 
study to assess the influence of E. purpurea on the pharmacokinetics of lopinavir-
ritonavir and the CYP3A and P-gp probe drugs oral midazolam and fexofenadine, 
respectively [34].

Healthy volunteers received lopinavir-ritonavir (400/100 mg) alone for 2 weeks 
and in combination with Echinacea purpurea 500 mg 3 times daily for 2 weeks. 
Lopinavir and ritonavir pharmacokinetics were determined pre- and post E. purpurea 
administration. Study subjects also received single doses of midazolam (8 mg 
orally) and fexofenadine (120 mg orally) before- and after 28 days of Echinacea 
purpurea to characterize CYP3A and P-gp activity, respectively. Neither lopinavir 
nor ritonavir pharmacokinetics were significantly altered by 2 weeks of Echinacea 
administration. The GMRs for lopinavir AUC

0-12
 and maximum concentration (post-

Echinacea/pre-Echinacea) were 0.96 and 1.00, respectively (P > 0.05 for both com-
parisons). Similarly, fexofenadine pharmacokinetics did not significantly differ 
pre- and post-echinacea administration (P > 0.05). However, the GMR (post-
Echinacea/pre-Echinacea) for midazolam AUC

0-∞ was 0.73 (P = 0.008), which is 
suggestive of a mild induction effect on CYP3A by E. purpurea [34]. Despite this 
mild induction, it is not surprising that lopinavir pharmacokinetics were unaltered 
by E. purpurea given the concurrent administration of the potent CYP3A inhibitor 
ritonavir [29, 85, 86].

Results from this study suggest that E. purpurea may cause mild reductions 
(≅ 25–30%) in plasma concentrations of CYP3A substrates that are not routinely 
coadministered with potent CYP3A inhibitors; the clinical relevance of such inter-
actions is apt to be greater in patients receiving medications whose plasma concen-
trations must be maintained above threshold values for optimal pharmacologic 
efficacy. Such medications may include unboosted HIV protease inhibitors, non-
nucleoside reverse transcriptase inhibitors, and certain azole antifungals and mac-
rolides antibiotics

Due to the selective effects of E. purpurea on intestinal versus hepatic CYP3A 
activity as shown by Gorski et al., the influence of E. purpurea on the net exposure 
of a coadministered CYP3A substrate will likely depend on the extraction ratio of 
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the concurrent medication [35]. Drugs that are poorly absorbed due to significant 
intestinal metabolism via CYP3A, may experience an increase in oral bioavailability 
secondary to intestinal CYP3A inhibition by E. purpurea. Conversely, CYP3A sub-
strates with good oral bioavailability and a low clearance may undergo increased 
oral clearance secondary to induction of hepatic CYP3A by E. purpurea [35].

To this end, it is difficult to predict interactions between E. purpurea and CYP3A 
substrates, as the presence or absence of such interactions likely depends on the 
relative extraction of the coadministered drug by hepatic versus intestinal CYP3A.

In addition to its effect on CYP3A, Echinacea was found to inhibit CYP1A2 as 
evidenced by a 30% increase in plasma concentrations of the CYP1A2 substrate 
caffeine, when it was coadministered with Echinacea for 8 days [35]. To date, there 
are no antiinfective agents that are primarily metabolized by CYP1A2; thus making 
CYP1A2-mediated drug interactions between Echinacea spp. and antiinfectives 
unlikely.

Lastly, there are theoretical concerns regarding the use of Echinacea spp. in 
patients with HIV infection. Patients with HIV may take Echinacea for its immuno-
stimulatory effects or for the short-term treatment/prevention of upper respiratory 
infections [57, 89]. While solid scientific evidence is lacking, some clinicians 
believe that the immunostimulatory effects of Echinacea could result in the activa-
tion of CD4+ cells, thereby increasing the number of “target cells” for HIV [89]. 
In addition, an enriched polysaccharide extract of E purpurea was recently shown 
to increase production of tumor necrosis factor (TNF) in mice, and high concentra-
tions of TNF-alpha have been linked to HIV disease progression [90, 91]. Based on 
these limited data, it is unlikely that short-term (£14 days) echinacea administration 
for the treatment of colds and influenza presents any serious risks to patients with 
HIV infection. However, long-term use of Echinacea in patients with HIV infections 
should probably be avoided [89].

5.3.6  Panax ginseng

Ginseng root extract, derived from the herb Panax ginseng, has been used as a tradi-
tional remedy in Eastern Asia for thousands of years. Orally, Panax ginseng is used 
as an “adaptogen” for promoting resistance to environmental stress and as a tonic for 
improving well-being. It is also used for stimulating immune function, and improv-
ing cognitive function, physical stamina, concentration, memory and work efficiency 
[57]. Ginseng is administered orally in a variety of forms, including fresh-cut root, 
alcohol extracts, powder, capsules and teas. Its content is standardized to percent of 
ginsenosides. Of note, P. ginseng should not be confused with Siberian ginseng or 
American ginseng; each belongs to the same family (Araliaceae) but forms a different 
genus [57, 92].

Several studies have examined the effect of P. ginseng on CYP activity in humans. 
Gurley et al. administered P. ginseng (5% ginsenosides, 500 mg, 3 times daily) for 
28 days to healthy volunteers, and found no effect on the metabolism of the 3A 
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substrate midazolam [20]. Anderson et al. investigated the potential of P. ginseng to 
induce 3A4 by measuring the urinary metabolic ratio of cortisol and 6-hydroxycortisol 
in 20 healthy volunteers given 24 days of ginseng extract (4% ginsenosides, 100 mg 
twice daily) [47]. Results from this study found that P. ginseng did not induce 
CYP3A4, although the ability of urinary cortisol metabolic ratios to predict CYP3A4 
activity is questionable [93]. A third in vivo study found a modest increase (29%; 
P value not reported) in nifedipine C

max
 in healthy volunteers after an 18-day course 

of ginseng (200 mg/day) [94]. In vitro investigations have found varying extents of 
CYP inhibition, depending on the methodology and concentrations of P. ginseng 
used [35, 82, 83, 95]. A study conducted in rats showed significant increases in the 
hepatic CYP content of rats fed Panax root, suggesting the possibility of enzyme 
induction [96].

Due to the inconclusive nature of the above studies, we recently determined the 
influence of P ginseng (500 mg twice daily for 28 days) on CYP3A and P-gp activity 
in 12 healthy volunteers using midazolam, and fexofenadine probes, respectively [97]. 
Midazolam oral clearance was increased in 11 of the 12 study subjects by an average 
of 51% (P = 0.01). These data suggest that P ginseng has the potential to increase 
CYP3A activity and lower the plasma concentrations of antiinfective medications 
metabolized by this pathway (Table 5.1). Conversely, P ginseng had no effect on fex-
ofenadine pharmacokinetics, suggesting that P ginseng is unlikely to alter the phar-
macokinetics of coadministered medications via modulation of P-gp. Similarly, P 
ginseng did not alter the activities of CYP2D6, CYP1A2, and CYP2E1 in healthy 
volunteers [20]. As a result, P. ginseng is unlikely to interact with antiinfectives 
metabolized by routes other than CYP3A.

5.3.7  Hypoxis hemerocallidea (African Potato)

Hypoxis hemerocallidea (African potato) has been used by traditional Zulu healers 
for hundreds of years for the treatment of bladder and urinary disorders including 
cystitis; it has also been used for the treatment of benign prostatic hypertrophy, pros-
tate cancer, and lung diseases [57, 98]. The South African community is currently 
using hypoxis as an immunostimulating agent in patients with HIV infection [99].

Mills et al. first provided in vitro evidence suggesting that hypoxis is capable of 
modulating CYP3A4 and P-gp activity and binding to PXR [100]. Hypoxis inhib-
ited CYP3A4 activity by 86% and P-gp activity to a lesser degree (i.e. hypoxis 
showed 42–51% of the inhibitory strength of verapamil, a potent P-gp inhibitor). In 
addition, hypoxis produced an approximate two-fold dose-dependent activation of 
PXR. Because the PXR nuclear receptor controls the activation of both CYP3A4 
and P-gp, these findings suggest that Hypoxis administration may result in initial 
inhibition of CYP3A4 and P-gp, followed by induction with prolonged administra-
tion [100]. Thus, Hypoxis may alter the metabolism and transport of antiretroviral 
agents that are metabolized by CYP3A4 (i.e. the HIV protease inhibitors and NNRTIs) 
and/or transported by P-gp. Of note, a separate series of in vitro investigations 
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showed that hypoxoside induced P-gp in Caco-2 cells and stigmasterol (another 
ingredient in the African potato) strongly inhibited CYP3A4, CYP3A5, and 
CYP2C19 [101].

Based upon the in vitro data above, Mogatle et al. examined the influence of the 
African potato on single-dose efavirenz pharmacokinetics [56]. Ten healthy male 
volunteers received a single 600 mg dose of efavirenz before, and after 14 days of a 
freshly prepared African potato decoction (15 mg/kg/day of hypoxoside). In con-
trast with previous in vitro findings, which suggest that Hypoxis modulates CYP3A4 
and P-gp activity, African potato administration did not alter efavirenz pharma-
cokinetics in this investigation. The GMRs of C

max
 and AUC

0-48
 were 0.973 and 

1.03. Potential reasons for the differences between in vivo and in vitro results dis-
cussed above are (1) relatively high concentrations of Hypoxis used in the in vitro 
investigations, which may not be applicable in human studies (2) the fact that 
hypoxoside is quickly metabolized to rooperol following oral administration and is 
not absorbed systemically (3) the fact that efavirenz is largely metabolized by 
CYP2B6, which the African potato has not yet been shown to modulate [56].

A final in vitro study showed that the African potato ingredient Hypoxis hemero-
callidea significantly decreased the P-gp-mediated efflux of nevirapine across 
Caco-2 cell monolayers (P < 0.05) [102]. The authors concluded that the African 
potato could increase the oral bioavailability of nevirapine, potentially resulting in 
higher plasma concentrations and increased toxicity. However, when one considers 
that the absolute bioavailability of nevirapine exceeds 90%, the potential increase 
in nevirapine absorption in the presence of the African potato would be expected 
to be minimal.

5.3.8  Sutherlandia (Sutherlandia frutescens)

Sutherlandia frutescens is an African herb that has been used for numerous maladies 
including cancer, tuberculosis, chronic fatigue syndrome, diabetes, influenza, osteoar-
thritis, rheumatoid arthritis, gastritis, clinical depression, anxiety, and HIV infection 
[98]. The bioactive constituents of Sutherlandia include L-canavanine, GABA, and 
D-pinitol [92].

Similar to their experiments with Hypoxis, Mills and coworkers examined the 
influence of Sutherlandia on CYP3A4 and P-gp activity, and PXR activation [100]. 
Sutherlandia produced near complete (96%) inhibition of CYP3A4, while its 
effects on P-gp activity were less potent (Sutherlandia showed 19–31% of the 
inhibitory strength of verapamil on P-gp activity). Similar to what was observed 
with Hypoxis, Sutherlandia produced an approximate twofold dose-dependent 
activation of PXR. To this end, Sutherlandia administration may result in initial 
inhibition of CYP3A4 and – to a lesser degree – P-gp followed by induction with 
prolonged administration. However, until drug interaction studies with Sutherlandia 
are conducted in humans, the interaction potential of this herbal preparation 
remains uncertain.
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5.3.9  Black Cohosh (Actaea racemosa)

Black cohosh is used to treat symptoms of premenstrual syndrome (PMS), dysmenor-
rhea, symptoms of menopause, anxiety, dyspepsia, fever, sore throat, and cough [57].

An in vitro investigation found that six triterpene glycosides fractionated from 
black cohosh exhibited potent CYP3A4 inhibition as assessed by nifedipine oxida-
tion [103]. However, in 12 healthy volunteers, 1,090 mg of black cohosh (standard-
ized to 0.2% triterpene glycosides) given twice daily for 28 days did not alter CYP3A 
activity using a midazolam probe [38]. In this same study, black cohosh had no sig-
nificant effect on CYP1A2 and CYP2E1 activity using caffeine and chlorzoxazone 
probes, respectively. Similarly, two studies in healthy volunteers failed to find clini-
cally meaningful changes in debrisoquine 8 h urinary recovery ratios as a measure of 
CYP2D6 activity after 28 days of black cohosh administration [38, 104]. Lastly, the 
same researchers assessed the influence of black cohosh (20 mg twice daily for 
14 days) on P-gp activity using digoxin as a probe; again, black cohosh did not alter 
the activity of this protein [28]. Based on these data, black cohosh is unlikely to 
interact with antiinfective medications via modulation of CYP or P-gp activity.

Due to concern that black cohosh may be linked to cases of liver failure and 
autoimmune hepatitis, it should not be taken by individuals receiving other hepato-
toxic drugs as this may increase the risk of liver damage [57]. Antiinfective agents 
known to cause liver toxicity include itraconazole, ketoconazole, isoniazid, rifampin, 
efavirenz, nevirapine, delavirdine, nitrofurantoin, terbinafine, trovafloxacin, and 
tipranavir-ritonavir.

5.3.10  Goldenseal (Hydrastis canadensis)

Goldenseal is used to treat upper respiratory tract infections including the common 
cold, nasal congestion, allergic rhinitis and a host of other maladies [57]. Goldenseal 
is often combined with echinacea in products touted for the treatment and preven-
tion of the common cold. The active components of goldenseal are presumed to be 
the alkaloids berberine and hydrastine [105].

Data are conflicting with regard to goldenseal’s ability to modulate CYP3A 
[38, 39]. Several in vitro investigations have identified goldenseal extracts, as well 
as individual isoquinoline alkaloids, as potent CYP3A4 inhibitors [69, 82, 106]. 
However, when goldenseal (570 mg capsules; administered as 2 capsules twice 
daily for 14 days) was given in combination with the CYP3A4 substrate indinavir, 
it did not alter any of indinavir’s pharmacokinetic parameters [39]. Of note, the 
goldenseal product used in this investigation was analyzed for standard alkaloid 
content (2% hydrastine and 2.5% berberine) prior to the study and found to meet 
U.S. Pharmacopeia (USP) standards. Conversely, Gurley and coworkers observed 
strong CYP3A inhibition with goldenseal (900 mg 3 times daily for 28 days) using 
serum ratios of 1-hydroxymidazolam/midazolam determined 1 h after midazolam 
dosing [38]. The reason(s) for the apparent discrepancy in these two studies with 
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regard to goldenseal’s ability to inhibit CYP3A are not immediately clear. One 
possibility raised by authors from both studies, is that goldenseal may alter the oral 
bioavailability of drugs that are subject to high first-pass metabolism by CYP3A in 
the gut wall. Since indinavir is not appreciably metabolized by intestinal CYP3A4, 
this may explain why goldenseal did not alter indinavir absorption and disposition. 
Hence, goldenseal’s potential to interact with coadministered CYP3A substrates 
may depend on the comparative degree of intestinal versus hepatic metabolism 
involved in the biotransformation of the coadministered compound [38].

Separate in vitro and in vivo studies noted that goldenseal significantly inhibited 
CYP2D6 activity [38, 104, 106]. As a result, goldenseal should be avoided in indi-
viduals taking medications metabolized by CYP2D6. Fortunately, no commonly 
used antivirals, antifungals, or antibacterial agents use CYP2D6 as their primary 
metabolic route.

In addition to drug metabolizing enzymes, goldenseal was evaluated for its influ-
ence on P-gp-mediated drug transport [40]. Preliminary data in rats showed that the 
goldenseal constituent berberine produced a dose-dependent increase in the bio-
availability of digoxin and cyclosporine A via inhibition of intestinal P-gp [107]. 
However, an in vitro investigation found data to suggest that berberine up-regulates 
P-gp expression [108]. Contrary to data from these in vitro experiments, goldenseal 
(3,210 mg daily for 14 days) did not significantly alter the systemic exposure of the 
P-gp substrate digoxin in 20 healthy volunteers [40]. Based on the lack of P-gp 
modulation in vivo by goldenseal, it is unlikely that this herbal preparation will alter 
the pharmacokinetics of coadministered P-gp substrates.

5.3.11  Kava Kava (Piper methysticum)

Kava is used to treat anxiety, stress, insomnia, and restlessness. It is also used in a 
variety of other conditions including attention deficit-hyperactivity disorder (ADHD), 
depression, headache, chronic fatigue syndrome (CFS), respiratory tract infections, 
tuberculosis, and urinary tract infection (UTI) [57]. The active constituents of kava 
extracts include a number of kava lactones.

Of the kava lactones assessed, methysticin, dihydromethysticin, and desmethoxyyan-
gonin appear to have the greatest inhibitory effect on CYP enzymes, with all three 
inhibiting CYP3A4 [109, 110]. Indeed, preliminary evidence from in vitro investi-
gations suggest that kava is a significant inhibitor of CYP3A4, CYP2D6, CYP1A2, 
and P-gp [109, 111, 112]. However, subsequent studies in humans did not find kava 
to be an inhibitor of any of these enzymes [38, 40, 104]. Kava was found to inhibit 
CYP2E1 activity by approximately 40% using chlorzoxazone as a probe [38]; how-
ever, other than several anesthetics, relatively few medications (and no antiinfec-
tives to our knowledge) are metabolized by this isoform [16]. Several in vitro studies 
have observed inhibition of CYP2C9 and CYP2C19 by kava extracts; however, 
no data in humans are available [109, 111]. Nonetheless, aside from nelfinavir (HIV 
protease inhibitor), voriconazole (azole antifungal), and proguanil (prophylactic 
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antimalarial agent) the CYP2C sub-family is not routinely involved in the metabolism 
of antiinfective agents [16].

There is concern that kava can cause hepatotoxicity and liver failure in patients 
taking recommended doses for relatively short time periods [57]. Indeed, the use of 
kava for as little as 3 months or less has resulted in the need for liver transplantation, 
and death [113–117]. As a result, kava preparations should not be taken in combina-
tion with previously mentioned antiinfective agents known to cause liver toxicity.

Lastly, kava preparations have been associated with drowsiness, dizziness, and 
disturbances of oculomotor equilibrium and accommodation [57]. As a result, kava 
should be avoided in individuals taking antiinfective medications with CNS-related 
side effects such as efavirenz and minocycline.

5.3.12  Valerian (Valeriana officinalis)

Valerian is primarily used to treat insomnia, anxiety, and restlessness [57]. Other uses 
for valerian include depression, attention deficit-hyperactivity disorder (ADHD), and 
chronic fatigue syndrome (CFS) [57].

Preliminary data from in vitro investigations suggest that valerian may inhibit 
CYP3A4 and P-gp [82, 118, 119]. However, two separate studies in healthy volun-
teers reported no statistically significant effect of valerian at 375 mg/day for 28 days, 
and 1,000 mg/day for 14 days, on CYP3A activity using 1-hydroxymidazolam/
midazolam ratios and alprazolam AUC, respectively, as CYP3A probes [38, 41]. In 
addition, valerian (375 mg/day for 28 days) had no effect on CYP1A2, CYP2D6, 
and CYP2E1 activity in healthy volunteers [38]. No studies in humans have assessed 
the influence of valerian on P-gp activity.

Since valerian can cause drowsiness and insomnia, it should probably be avoided 
or at least used with caution in patients taking efavirenz, which can also cause sleep 
disturbances and drowsiness in some individuals [120].

5.3.13  Devil’s Claw (Harpagophytum procumbens)

Devil’s claw is used for non-specific lower back pain, osteoarthritis, gout, myalgia, 
tendonitis, and rheumatoid arthritis [57]. Devil’s claw contains the iridoid glycoside 
constituents harpagoside, harpagide, and procumbide, which appear to have anti-
inflammatory effects [121].

Preliminary data from a single in vitro investigation suggest that devil’s claw 
may inhibit CYP3A4, CYP2C9, and CYP2C19; it was not shown to inhibit CYP2D6 
[111]. However, the influence of devil’s claw on these or other CYP enzymes has 
not been evaluated in humans. Due to the frequent disparity in data from in vitro 
versus in vivo studies assessing the ability of an herbal formulation to modulate 
CYP activity, it is not possible to predict with any degree of certainty, whether 
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devil’s claw will increase the systemic concentrations of antiinfectives metabolized 
by CYP3A4, CYP2C9, and CYP2C19; clinical studies are necessary to explore this 
possibility.

5.3.14  Grape Seed (Vitis vinifera)

Grape seed is primarily used for preventing cardiovascular disease, hemorrhoids, 
varicose veins, hypertension, and peripheral vascular disease [57]. Grape seed has 
also been used to treat diabetic complications such as retinopathy and neuropathy 
[57]. Flavonoids found in grape products exhibit a variety of effects that may prevent 
cardiac disease; these include antioxidant, antiplatelet, and vasodilating properties 
as well as anti-lipoperoxidant activity [122–124].

Grape seed extract was shown to inhibit the activities of CYP2C9, CYP2D6, and 
CYP3A4 in human liver microsomes [125]. Conversely, another study conducted in 
human hepatocytes found that grape seed extract increased CYP3A4 mRNA expres-
sion by nearly 300% versus control; thereby suggesting that grape seed extract is 
capable of inducing CYP3A4 activity [126]. A study in rats failed to find an appre-
ciable effect of grape seed administration on intestinal and hepatic microsomal 
activity nor midazolam pharmacokinetics [125]. Studies in humans are necessary 
before any conclusions can be reached regarding the potential for grape seed to 
interact with antiinfective medications via modulation of CYP2C9, CYP2D6, and 
CYP3A4. A study in healthy subjects showed that grape juice appeared to induce 
CYP1A2 activity as evidenced by a 43% reduction in the AUC of the CYP1A2 
substrate phenacetin. However, as noted previously, CYP1A2 is not routinely 
involved in the metabolism of any antiinfective medications.

5.3.15  Green Tea (Camellia sinensis)

Green tea is used to improve mental alertness and enhance cognitive performance. 
It is also used to treat vomiting, diarrhea, and headache. In addition, green tea has 
been reported to promote weight loss and possess antioxidant, anticancer, and anti-
inflammatory properties [57, 92]. Many of the purported therapeutic effects of green 
tea are thought to be due to the presence of catechins, polyphenols, and phytoestro-
gens [57]. Green tea also contains 2–4% caffeine [57].

In vitro studies in human liver microsomes, rat hepatic and intestinal microsomes, 
and a pharmacokinetic study in rats have yielded conflicting results with regard to 
the influence of green tea on CYP3A activity [125, 127]. In healthy volunteers, 
green tea extract (844 mg catechins/day for 14 days) had no effect on CYP3A4 or 
CYP2D6 using alprazolam and dextromethorphan as CYP3A4 and CYP2D6 probes, 
respectively [43]. One study in human liver microsomes found that green tea extract 
inhibited CYP2C9 activity; however, the influence of green tea on CYP2C9 has not 
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been evaluated in humans [125]. Collectively, the data above do not suggest that 
green tea is likely to alter the metabolism of medications metabolized through CYP. 
Nonetheless, green tea may still interact with certain antibiotics and antifungals 
through alternate mechanisms.

As mentioned, green tea contains caffeine (10–80 mg per cup) whose clearance 
via CYP1A2 is reduced by fluoroquinolone antibiotics [16]. As a result, side effects 
due to excessive caffeine exposure such as anxiety, insomnia, and headache might 
be expected when green tea is ingested with quinolone antibiotics such as cipro-
floxacin, enoxacin, norfloxacin, sparfloxacin, trovafloxacin, and grepafloxacin [16]. 
In addition, green tea has been noted to cause liver toxicity. At least 14 cases of 
hepatotoxicity, mainly linked to green tea extracts in pill form, have been reported 
[128, 129]. Due to potentially additive hepatotoxic effects, green tea should be 
avoided in patients receiving those antiinfective medications mentioned earlier, that 
produce liver toxicity.

5.3.16  Ginger (Zingiber officinale)

Ginger is used for motion sickness, nausea and vomiting, morning sickness during 
pregnancy, migraine headache, and a host of other ailments [57]. Active components 
of ginger include gingerdione, shogaol, gingerol, and sesquiterpene and monoter-
pene volatile oils [130, 131]. These constituents produce a number of pharmacologic 
properties including analgesic, antitussive antipyretic, sedative, anti-inflammatory, 
antibiotic, and weak antifungal activities [130, 132].

Relatively few studies have examined ginger for its drug interaction potential 
and most of these have focused on warfarin, the S isomer of which is metabolized 
through CYP2C9 [30, 37, 57]. Ginger did not alter warfarin pharmacokinetics or 
pharmacodynamics in healthy volunteers [30, 37]. As a result, ginger is unlikely to 
interact with medications metabolized by CYP2C9. Until more data are available, it 
is not possible to predict the interaction potential between ginger and medications 
metabolized through other CYP pathways.

5.3.17  Hawthorn (Crataegus monogyna; Crataegus laevigata)

Hawthorn is primarily used for the treatment of congestive heart failure, angina 
pectoris, hypertension, and dysrhythmias [57]. The constituents of hawthorn prepa-
rations that are responsible for its pharmacologic activities include flavonoids and 
oligomeric proanthocyanidins (OPCs) such as epicatechin and procyanidins [57].

Neither preclinical nor clinical studies have assessed the influence of CYP-
mediated drug interactions with hawthorn. However, one study in healthy volun-
teers showed that 3 weeks of hawthorn and digoxin coadministration did not alter 
digoxin pharmacokinetics; thereby indicating that hawthorn is unlikely to modulate 



1535 Interactions Between Herbs and Antiinfective Medications

the systemic exposure of medications that are P-gp substrates [44]. Until more data 
are available, it is not possible to predict the interaction potential between hawthorn 
and drugs metabolized by CYP.

5.3.18  Saw Palmetto (Serenoa repens)

Saw palmetto is mainly used to treat symptoms of benign prostatic hyperplasia 
(BPH) [57]. Additionally, saw palmetto is used as a sedative, anti-inflammatory, 
mild diuretic, and antiseptic agent [57]. Saw palmetto products are frequently stan-
dardized based on their fatty acid content. Most saw palmetto extracts used in clinical 
studies for the treatment of BPH are berry extracts prepared with lipophilic solvents 
containing 80–90% free fatty acids [57].

Two studies conducted in vitro reported that saw palmetto inhibited CYP2C9, 
CYP2D6, and CYP3A4 activity [82]. However, a study in healthy volunteers found 
that 14 days of saw palmetto (197 mg) administration did not alter CYP3A4 or CYP2D6 
activity in 12 healthy volunteers [45]. Confirming these results, Gurley et al. observed 
that saw palmetto supplementation (160 mg twice daily for 28 days) had no significant 
effect on CYP3A and CYP2D6 activity in 12 healthy volunteers [27]. Based on these 
results, saw palmetto is unlikely to interact with medications metabolized by CYP3A4 
and CYP2D6. Studies in humans are necessary to determine whether saw palmetto 
modulates other CYP isoforms and/or drug transport proteins such as P-gp.

5.3.19  Soy (Glycine max)

Soy is used for the treatment of menopausal symptoms, hyperlipidemia, the prevention 
of osteoporosis and cardiovascular disease, and numerous other maladies [57]. The 
active components of soybeans include the phytoestrogens (isoflavones and lignans) 
phytosterols and stigmasterol [57]. Soy constituents potentially associated with 
alterations in drug metabolism include genistein and daidzein [47].

In one study, genistein and daidzein were shown to inhibit UDP-
glucuronosyltransferase in rat liver extract while genistein was shown to inhibit 
P-gp activity in another [133, 134]. In human liver microsomes, unhydrolized soy 
extract produced weak inhibition of CYP1A2 and CYP2D6 [47]. Of note, the major-
ity of soy isoflavones in plasma occur in their unhydrolized form [47, 135]. In a 
series of in-vitro experiments using human liver microsomes, hydrolyzed soy extract 
inhibited CYP3A4, CYP2C9, CYP1A2, and CYP2D6, with CYP3A4 and CYP2C9 
inhibition being the strongest [47]. In contrast to these in vitro findings, the same 
researchers showed that administration of soy extract (50 mg) to 20 healthy females 
did not alter CYP3A4 activity using 6-b-hydroxycortisol:cortisol ratios as an indi-
cator of CYP3A4 activity [47]. The authors highlighted the lack of agreement 
between their in vitro and in vivo findings with regard to soy’s ability to induce 
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CYP3A and they call into question the usefulness of in vitro screening studies to 
detect interactions between herbs and prescription medications. Further supporting 
this assertion, Wang et al. showed that soy extract had no effect of CYP2C9 activity 
as evidenced by a lack of an interaction with the CYP2C9 substrate losartan in 
healthy female volunteers [46]. To this end, soy extracts are unlikely to interact with 
medications via CYP3A4 or CYP2C9 modulation; whether soy extract inhibits or 
induces other CYP pathways or transport proteins will need to be determined 
through studies conducted in humans.

In addition to metabolic interactions, there may be an interaction between isofla-
vones in soy and antibiotics. Isoflavones are converted by intestinal bacteria to their 
active forms and this process may be impeded by antibiotics, which interfere with 
the bacteria’s ability to transform isoflavones into their active moiety [136, 137]. 
While the occurrence of this interaction is probable, it is unlikely to be clinically 
relevant [57].

5.3.20  Evening Primrose (Oenothera biennis)

Evening primrose is used to treat premenstrual syndrome (PMS), endometriosis, 
chronic mastalgia, and symptoms of menopause [57]. It is also used orally for atopic 
eczema, psoriasis, rheumatoid arthritis, and osteoporosis [57]. Evening primrose oil 
contains 2–16% gamma-linolenic acid (GLA), 65–80% linoleic acid, and vitamin E 
[138, 139]. GLA is thought to be responsible for the anti-inflammatory effects of 
evening primrose oil [57].

A purified component of evening primrose oil, cis-Linoleic acid, was assessed for 
its ability to inhibit the catalytic activity of cDNA-expressed CYP isoforms in a series 
in vitro experiments [67]. cis-Linoleic acid was found to be a potent inhibitor (IC50 
value £10 mM) of CYP2C9 and a moderate inhibitor of CYP1A2, CYP2C19, CYP2D6, 
and CYP3A4 (IC50 values 10–50 10 mM). Unfortunately, no drug interaction studies 
with evening primrose have been conducted in humans. As a result, it isn’t possible to 
predict the potential of evening primrose to interact with CYP-metabolized medica-
tions or medications transported by ATP binding cassette proteins such as P-gp.

5.4  Issues and Concerns Related to the Use  
of Herbal Supplements

5.4.1  Product Content

Assessing herbal preparations for their potential to interact with prescription medi-
cations is wrought with a number of difficulties. First, is a general lack of quality 
control. There is significant variability in manufacturing techniques and storage of 
herbal products between manufacturers, which can lead to wide variability in content 
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within and between products. In one study of ephedra-containing dietary supplements, 
half of the 20 products tested contained alkaloids that differed by more than 20% of 
the amount listed on the label [140]. Substantial differences between content and 
product label claims have also been noted for dehydroepiandrosterone, ginseng, 
feverfew, and kava [141–145]. Even more concerning is the contamination of herbal 
products with heavy metals, pharmaceuticals, and prohibited animal and plant 
ingredients [146, 147]. Indeed, adulteration of herbal preparations with antibiotics, 
non-steroidal anti-inflammatory drugs, heavy metals, and hormones is not uncom-
mon. To this end, it is difficult, and in many cases impossible, to predict potential 
drug interactions with herbal products that contain suspect ingredient content and/
or adulterant compounds.

Due to the variability in ingredient content between (and in some cases within) 
brands of herbal products, drug interaction studies should be reviewed carefully. 
Ideally drug interaction studies should include an independent content analysis of all 
herbal products used in an investigation to confirm the presence of the putative inter-
acting ingredient(s). In cases where such a content analysis is not performed, the 
study should use an herbal product that is manufactured by a reputable company; 
preferably one whose products have been previously analyzed and used in herb-drug 
interaction studies. In addition, manufacturers of the herbal product(s) under study 
should offer evidence that U.S. Pharmacopeia-endorsed quality control standards 
were followed during the manufacturing process of the herbal preparation.

5.4.2  Study Design

Studies assessing herb-drug interactions are typically conducted in human liver 
microsomes, cDNA expressed CYP isoforms, rat liver microsomes, rats, and humans. 
The most robust of these scientific approaches are studies conducted in humans. The 
literature is replete with examples of conflicting data obtained from in vitro versus 
in vivo (human) studies. A prime example is seen with St. John’s wort. A series of 
in vitro microsomal experiments reported that crude extracts of St. John’s wort 
inhibited CYP1A2, CYP2C9, CYP2C19, CYP2D6, and CYP3A4 [148]. Conversely, 
studies in humans have clearly shown that St. John’s wort is a potent inducer of 
these enzymes [20–25] (Table 5.1). Reasons for disparity between these in vitro and 
in vivo findings is likely multifactorial, including the specific herbal extract under 
study, methodology used in preparing the extract, concentration of the constituent(s) 
being tested, presence of concurrent herbal constituents or adulterant pharmaceuti-
cals that may contribute to a positive interaction, and limitations of certain in vitro 
systems that cannot readily assess drug transport, enzymatic induction or phase 
2 metabolism. Therefore, clinical studies in humans need to be conducted to iden-
tify those herbal preparations that have the potential to significantly interact with 
prescription medications.

In clinical studies, the duration that an herbal product is administered is an 
important consideration. Enzymatic induction is dependent on the half-life of the 



156 S.R. Penzak

substrate and the rate of enzymatic turnover; therefore it is a gradual process that 
requires multi-dose administration [149]. As a result, studies that do not administer 
an herbal preparation for at least 2 weeks should be interpreted with caution, as 
results may not be indicative of those that occur with prolonged administration. In 
addition to treatment duration, sample sizes for herb-drug interaction studies must 
be sufficiently large to detect relatively small differences in the exposure of coad-
ministered medications, as the magnitude of most herb-drug interaction studies 
tends to be mild.

In addition to formal studies, a number of herb-drug interactions have been 
described in case reports [57]. However, case reports of drug interactions involving 
herbal preparations are often plagued by the following problems: anecdotal data 
usually in a single patient, confounding medications, missing information, lack of 
clarity regarding the temporal association between when the herbal product was 
started in relation to the putative interacting drug, and lack of formal content analy-
sis of the herbal product. As a result, data from case reports should be interpreted as 
either (1) hypothesis-generating, alerting clinical researchers to potential drug inter-
action studies that might be profitable to conduct in the future or (2) as confirmatory 
evidence of a previously conducted herb-drug interaction study.

5.5  Patient Management Issues

Despite frequent use of CAM, many patients fail to disclose this information to their 
health care provider. In one study, 70% of CAM users didn’t inform their primary 
care provider of their CAM use [150]. Patients may neglect to inform their clini-
cians about their CAM use since they are unlikely to attribute health problems to an 
herbal supplement that they assume to be “safe” and “natural” [2]. Or, patients may 
fear ridicule from their health care provider if they disclose their use of herbal sup-
plements. For these reasons, clinicians should perform a complete medication his-
tory at each clinic visit to determine whether a patient has initiated treatment with a 
new herbal preparation; often patients will not share such information unless spe-
cifically prompted [151]. It is important that clinicians remain non-judgmental and 
supportive when interacting with patients who use CAM. Patients who insist on 
using CAM should be encouraged to use brands that are USP verified, have been 
used in clinical trials, or are at least manufactured by a reputable company. Once 
information regarding CAM use is elicited from patients, it should be recorded in 
detail in their medical record. Specific information regarding CAM use should 
include start and stop dates, dosages, and name and manufacturer of the product. 
This information may be useful in the future when assessing a potential drug inter-
action between CAM and an antiinfective medication.

CAM therapy should be considered in patients who experience unexplained 
toxicity or lack of efficacy from a particular antiinfective agent. For example, if a 
patient with HIV infection had a viral load <50 copies/mL and was tolerating their 
antiretroviral medications well, then suddenly experienced a large increase in viral 
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load or a new toxicity, the possibility that the patient initiated herbal therapy should 
be considered.

Determining whether an herbal product is likely to interact with a particular 
medication is oftentimes not straightforward and requires a familiarity with several 
quality resources. A number of web sites are extremely valuable in helping clini-
cians identify potential herb-drug interactions (Table 5.3). While information may 
not be available with regard to a specific herb-drug interaction, interactions can 
often be predicted by knowing which CYP pathways an herb modulates and which 

Table 5.3 Selected internet resources for drug interactions involving herbal preparations

Source (web address) Description Accessibility

Natural Medicines 
Comprehensive  
Database (http://www.
naturaldatabase.com)

Includes evidence-based monographs for 
nearly 1,100 individual natural ingredi-
ents and a searchable herb-drug  
interaction calculator. Primary refer-
ences with links to PubMed are 
included for all interactions.

Paid subscription 
required

Natural Standard: The 
Authority on Integrative 
Medicine (www.natural-
standard.com)

Includes monographs with “Interactions” 
section and PubMed links to primary 
references.

Paid subscription 
required

American Botanical Council 
(www.herbalgram.org)

Includes monographs with “Interactions” 
section and primary references. 
Provides access to The Complete 
German Commission E monographs 
online as well as HerbalGram online.

Level of access is 
dependent on 
membership 
level; some 
content is free

Office of Dietary  
Supplements (http://www.
ods.od.nih.gov)

Provides link to International Bibliographic 
Information on Dietary Supplements 
(IBIDS), which lists bibliographic 
citations and abstracts from published, 
international, and scientific literature 
on dietary supplements; access to 
additional databases is also provided.

Free

Dietary Supplement 
Verification Program  
(http://www.usp.org/
USPVerified/)

Includes information on USP-verified 
dietary supplements and participating 
manufacturers along with an explana-
tion of the verification process.

Free

Micromedex (http://www.
micromedex.com/)

Drug interaction calculator recognizes 
herbal products in addition to over-the-
counter and prescription medications. 
Monographs for alternative medications 
include specific information on drug 
interactions. Includes ratings for risk 
and documentation, mechanism of drug 
interactions, pharmacokinetic data, and 
dosing recommendations. Primary 
references are included.

Paid subscription 
required

(continued)
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CYP pathways are used by concurrently administered medications. Information 
contained in Tables 5.1 and 5.2 of this chapter may also be useful in predicting such 
herb-drug interactions.

In addition to identifying potential herb-drug interactions from a qualitative 
stand point, it is also important to appreciate the quantitative nature of these putative 
interactions. For example, St. John’s wort is a potent inducer of several CYP 
enzymes and has the potential to markedly reduce plasma concentrations of coad-
ministered CYP substrates. As a result, St. John’s wort should be avoided in patients 
receiving interacting medications. On the contrary, the majority of drug interactions 
with herbs other than St. John’s wort tend to be of a mild nature, where coadminis-
tered drug concentrations are not increased/decreased by more than ≅35%. In these 
cases, only medications with narrow therapeutic indices are likely to be altered to a 
clinically significant degree. Fortunately, most antiinfective agents do not fit this 
description; other medications that do include cyclosporine, tacrolimus, irinotecan, 
sildenafil and sirolimus.

Table 5.3 (continued)

Source (web address) Description Accessibility

Medscape (http://www.
medscape.com/druginfo/
druginterchecker)

Drug interaction calculator recognizes 
herbal products in addition to over-the-
counter and prescription medications. 
Includes severity rating, pharmacoki-
netic data, mechanism of drug interac-
tions, and dosing recommendations. 
Includes primary references.

Free registration 
required

Lexi-Comp  
(www.lexi-comp.com)

Allows for interaction reviews of specific 
medications as well as patient-specific 
regimens; natural products are included. 
Assigned risk ratings and patient 
management information are included.

Paid subscription 
required

The University of  
Liverpool (www.hiv- 
druginteractions.org/)

Includes drug interaction charts for  
antiretroviral medications in combina-
tion with other agents, including 13 
herbal supplements/vitamins.

Free

Facts & Comparisons  
(http://online. 
factsandcomparisons.com/)

Interactive tool that allows for interaction 
searches between herbs and prescription 
and over-the-counter medications. 
Includes severity, pharmacokinetic data, 
and mechanism of drug interactions.

Paid subscription 
required

Stockley’s Herbal medicines 
Interactions; available 
online through:  
(http://www.
medicinescomplete)

Available as an online subscription, book 
and CD-ROM package, personal user 
CD ROM, and book. Includes clinical 
and experimental interaction data on 
over 150 common herbs, dietary 
supplements, and nutraceuticals. Fully 
referenced and very detailed mono-
graphs; updates posted annually.

All formats require 
purchase
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5.6  Conclusions

CAM use is common in patients with infectious diseases, particularly those with 
HIV infection. Predicting herb-drug interactions in this population is often difficult, 
as in vitro studies frequently fail to accurately predict the ability/inability of herbal 
preparations to interact with medications in humans. Therefore, future studies should 
be conducted in humans, employ a solid study design, and use herbal products that 
are USP, or otherwise independently verified. Financial support for such studies 
should be a priority among both private and public funding agencies.
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Abstract There are many documented examples of altered drug disposition in human 
conditions that stimulate host cytokine responses. These include viral,  bacterial or para-
sitic infections, tissue injury, surgery, cancer and autoimmune  conditions. Interferons, 
interleukins-1 and-6 and tumour necrosis factor are the central mediators. These 
cytokines have been traditionally viewed with respect to their ability to suppress hepatic 
cytochrome P450 (CYP)-mediated drug  detoxification. Such aberrant drug handling has 
placed patients at risk for adverse drug responses to low therapeutic index, CYP-
metabolized drugs like theophylline. It is now evident that drug-cytokine interactions 
are broader than once appreciated. They involve CYPs and drug transporter proteins like 
ABCB1 (P-glycoprotein) in the liver, intestine, kidney, blood-brain barrier, placenta and 
even immune cells. The consequences of drug-cytokine interactions are altered absorp-
tion, elimination and/or cellular and tissue distribution of drugs. The outcomes can be 
negative or positive depending on the drug, the anatomical site of the interaction and 
the therapeutic objectives. This chapter provides a historical overview of drug-cytokine 
 interactions, discuss recent advances and examines the clinical scenarios in which infec-
tions or inflammation might lead to abnormal drug handling and drug responses.

6.1  Introduction

Drug disposition is the general term describing what the body does to a drug and is 
governed by the processes of drug absorption, distribution, metabolism and elimi-
nation. Evidence of altered drug disposition during infection dates back some 
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40 years from observations of impaired quinine metabolism in humans with malaria 
or enhanced cerebrospinal fluid (CSF) accumulation of rifampin and ethambutal in 
cases of meningitis [1–4]. While the mechanisms were not known at the time, 
 pioneering preclinical work carried out in the mid 1970s solidified the idea of 
 drug-cytokine interactions [5–9]. The traditionally described drug-cytokine interac-
tions referred to reduced hepatic cytochrome P450 (CYP) metabolism that occurred 
following exposure to mediators of the innate immune response. It is now  established 
that drug transporters and possibly drug receptors are regulated by cytokines 
[10–12]. Further, the effects of cytokines on drug disposition are not liver specific, 
but involve the brain, intestine, kidney, placenta and immune and cancer cells 
[10, 13–20]. To update the definition “drug-cytokine interaction” will herein refer 
to any interaction between a cytokine and drug-metabolizing enzyme, drug transporter 
or receptor that leads to altered drug disposition and/or drug response. To assist the 
reader a complete list of abbreviations used in this chapter is provided in Table 6.1.

Research carried out over the past 30 years has greatly expanded the understand-
ing of drug-cytokine interactions. It is presently well known that inflammatory con-
ditions including several infections, surgical procedures, inflammatory diseases of 
the central nervous system (CNS), cancer and autoimmune diseases and biological 
cytokine therapies alter drug disposition processes (Fig. 6.1 and Table 6.2) [13, 55, 
56]. These positive primary stimuli elevate, whereas negative primary stimuli (anti-
cytokine therapy and resolution of inflammation) decrease the levels of inflamma-
tory cytokines, interleukins 1 and 6 (IL-1 and IL-6), tumor necrosis factor alpha 
(TNFa) and interferons (IFNs). The inflammatory cytokines (primary mediators) 

Table 6.1 List of abbreviations

ABC: ATP-binding cassette transporter IMID: immune-mediated inflammatory disease
ABCB1: p-glycoprotein LPS: lipopolysaccharide
ABCC1-4: multidrug resistance proteins  

(MRP) 1-4
M3G: morphine-3-glucuronide

ABCG2: breast cancer resistance protein 
(BCRP)

M6G: morphine-6-glucuronide

AhR: aryl hydrocarbon receptor NF-kB: nuclear factor kappa B
BBB: blood-brain barrier NO: nitric oxide
CD: Crohn’s disease OAT: organic anion transporter
CL: clearance OATP: organic anion transporting polypeptide
CLR: renal clearance OCT: organic cation transporter
CNS: central nervous system PolyIC: polyinosinic-polycytidylic acid
CRP: C reactive protein PPI: proton pump inhibitor
CSF: cerebrospinal fluid PRR: pattern recognition receptor
CYP: cytochrome P450 enzyme PXR: pregnane-x-receptor
ET-1: endothelin-1 SLC: solute carrier transporter
HIV: human immunodeficiency virus TLR4: toll-like receptor 4
IBD: inflammatory bowel disease TNF: tumor necrosis factor
IFN: interferon UC: ulcerative colitis
IL: interleukin
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Infections, inflammatory diseases, surgery, cancer

Inflammatory cytokines: INF, IL-6, TNFα, IL-1β

Cytokine therapy:

E.g. INF

(+)

(+) Resolution of inflammation, anti-cytokine

therapy: E.g. etanercept

Primary
stimuli

(−)

Primary
mediators

Transcription factors

e.g. NF κB, PXR, AhR NO

CYPs and drug transporter mRNAs

CYPs and drug transporter proteins

Mechanisms

(+/−) (+)

(+/−)

(+/−)

(+/−)

Brain

↓or↑ BBB
drug efflux

↓or↑ Brain 
drug levels

Intestine

↓ Intestinal
drug efflux

↑ Drug
absorption

Liver

↓ CYP met., drug
uptake and efflux

↓ hepatic drug
clearance

Target organs
and effects

Kidney

↑ renal tubule
drug efflux

↑ renal drug
clearance

Placenta

↓ placenta
drug efflux

↑ fetal drug
exposure

Fig. 6.1 Outline of the proposed pathways and target organs of drug-cytokine interactions in 
infections and inflammatory diseases. (+) or ↑ symbols and (−) or ↓ symbols denote activation or 
inhibition, respectively. A complete list of abbreviations is provided in Table 6.1

Table 6.2 Organisms and inflammatory stimuli known to alter CYP metabolism, drug transporter 
function, drug disposition or drug effectiveness in humans

Viruses Bacteria Inflammatory agents Inflammatory conditions

Hepatitis [21–24] Helicobacter pylori 
[12, 25–27]

Vaccines [28] Tissue injury/trauma [29]

Influenza [30, 31] IFNa, b and g [32, 33] Surgical stress [34]
Adenovirus [30] IL-1a, -1b,-2 and -6  

[32, 33]
Cancer [35–39]

Herpes Simplex [40] Parasites LPS [41, 42] IBD [43, 44]
Meningitis [2, 3] Plasmodium 

falciparum  
[1, 4]

TNFa [32, 33] CNS diseases [45–48]

HIV [46, 49] Schistosoma  
mansoni [50]

Heart failure [51]

Opisthorchiasis 
viverrini [52]

Sepsis [53, 54]

A complete list of abbreviations is provided in Table 6.1
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bind to cell surface receptors in target organs and activate intracellular signaling 
cascades that increase or decrease transcription factors to regulate CYP and drug 
transporter gene transcription, protein levels and corresponding metabolic and trans-
port activity [13, 21, 55–58]. A second mechanism involves production of nitric 
oxide (NO) by nitric oxide synthase (NOS), which affects drug metabolism and 
transport through transcriptional or post-translational mechanisms [32, 58–62]. The 
end result is most often a loss in drug metabolism and transport but there are 
instances where enhanced metabolic or transport activity occurs and these effects 
appear to be dynamic in time. This ultimately depends on the target organ, the nature 
and duration of the primary inflammatory stimuli and the CYP or transporter 
involved. This chapter will provide an overview of organ-specific drug-cytokine 
interactions and the specific infectious and inflammatory conditions that may lead 
to drug-cytokine interactions in humans. For the purpose of clarifying nomencla-
ture, italicized abbreviations (e.g. CYP3A and ABCB1) are used to specifically refer 
to the CYP or drug transporter gene or mRNA. In all other instances non-italicized 
abbreviations (e.g. CYP3A and ABCB1) are used.

6.2  Drug Metabolism and Drug Transport

Drug metabolism and transport are integrated processes that dictate drug disposition 
in the body and provide protection against drugs and chemicals [63, 64]. Both CYP 
enzymes and transport proteins are sites of drug-cytokine interactions and should be 
considered with respect to altered drug disposition in conditions where inflamma-
tion is present.

The CYPs, a gene superfamily of heme-containing enzymes have a major role in 
phase 1 drug detoxification [56, 65, 66]. The highest amounts of drug-metabolizing 
CYPs including CYP1A1/2, CYP2B6, CYP2C9, CYP2C19, CYP2D6, CYP2E1 
and CYP3A4 (Table 6.3) are found in the liver and intestine with lower amounts in 
other major organs. The CYP3A enzymes are particularly important with regard to 
drug interactions as they comprise 30–50% of CYP content in the liver and metabo-
lize 50–60% of clinically used drugs [65, 67]. Relative to the CYPs, the effects of 
inflammatory stimuli on the phase II conjugation enzymes, N-acetlytransferases, 
UDP-glucuronosyltransferases, glutathione-s-transferases, sulfotransferases remain 
poorly defined.

Drug transporters are a collection of membrane proteins that exist in all major 
organs where they contribute to organ physiology and drug disposition. [68–70]. 
Intestinal transporters mediate dietary nutrient and drug absorption into the mes-
enteric circulation. Hepatic transporters are critical for cholesterol transport, 
bile secretion and biliary drug elimination. Renal tubule transporters mediate 
solute reabsorption and urinary drug elimination. Brain capillary endothelial 
transporters control the uptake of nutrients into the brain while simultaneously 
preventing harmful compounds from accumulating in the CNS. Transporters are 
grouped into the solute carrier (SLC) and the ATP-binding Cassette (ABC) 
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superfamilies [69, 70]. Drug uptake into cells is primarily mediated by the 
SLC22 family (organic cation transporters, OCTs and organic anion transport-
ers, OATs) and the SLC01 family (organic anion transporting polypeptides, 
OATPs) [71–73]. Additional nutrient transporters including SLC1 (amino acid 
transporters), SLC15 (oligopeptide transporters) and SLC16 (monocarboxylic 
acid transporters) mediate the cellular uptake of drugs that structurally resemble 
the natural transported ligands [74, 75]. The ABC transporters (Table 6.3) including 
p-glycoprotein (ABCB1), multidrug resistance proteins (ABCC1-4) and breast 
cancer resistant protein (ABCG2) are the primary mediators of drug transport 
out of cells (efflux) [76]. ABCB1 is the most well described ABC transporter. 
It exists in the apical membrane of intestinal enterocytes, the biliary membrane 
of hepatocytes and the luminal membrane of renal tubules, where it mediates 
drug efflux into the intestine, bile and urine respectively [77, 78]. Further, 
ABCB1 is an important blood-brain barrier efflux transporter that limits drug 
accumulation in CNS (Table 6.4) [79, 80].

Table 6.3 Drug-metabolizing CYP enzymes and representative substrates

Enzyme Drug class

CYP1A1/2 Analgesics: acetaminophen
Anticancer: erlotinib, tamoxifen
Methylxanthines: theophylline, caffeine

CYP2B6 Antidepressants: bupropion
Anticancer: cyclophosphamide, ifosfamide, tamoxifen

CYP2C9 Antiviral: ritonavir
Antiinflammatories: celecoxib, ibuprofen, indomethacin, naproxen
Anticancer: idarubicin, cyclophosphamide
Anticoagulants: warfarin
Antidiabetics: glipizide, glibenclamide

CYP2C19 Anticancer: cyclophosphamide
Proton pump inhibitors: omeprazole, pantoprazole, rabeprazole
Antiplatelet: clopidogrel

CYP2D6 Analgesics: codeine, fentanyl, hydrocodone, oxycodone
Anticancer: cyclophosphamide, idarubicin, tamoxifen

CYP2E1 Antibiotics: dapsone
Analgesics: acetaminophen
Other: chlorzoxazone, ethanol

CYP3A4 Antibiotics: clarithromycin, erythromycin, metronidazole
Antifungals: fluconazole, itraconazole, ketoconazole, miconazole
Antivirals: delavirdine, efavirenz, indinavir, nelfinavir, ritonavir, 

saquinavir
Antiinflammatories: cortisol, hydrocortisone, methylprednisolone, 

prednisolone, prednisone
Analgesics/sedatives: fentanyl, midazolam, triazolam
Anticancer: doxorubicin, etoposide, vinblastine, vincristine
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6.3  Cytokines and the Acute Inflammatory Response

Cytokines are a diverse superfamily of secreted proteins that function in immunity 
and metabolism [81–83]. These molecules are secreted from monocytes, mac-
rophages, T-cells, mast cells and nonhematopoietic cells such as adipocytes, fibro-
blasts, hepatocytes, epithelial cells and chondrocytes [84]. Cytokines are not 
normally produced constitutively, rather their expression and secretion occurs in 
response to infectious or injurious stimuli.

Drug-cytokine interactions have been commonly associated with acute inflam-
mation, a generalized immune response that provides a potent early defense against 
primary infection or tissue injury in order to counteract the source of the disturbance 

Table 6.4 Common ABC drug-efflux transporters and representative substrates

Transporter Tissues Substrates

ABCB1 (PGP) Intestine, kidney, liver, brain,  
placenta, cancer cells

Antibiotics: erythromycin, levofloxacin, 
rifampin, sparfloxacin

Antifungals: ketoconazole
Antivirals: amprenavir, indinavir, 

nelfinavir, ritonavir, saquinavir
Analgesics: morphine
Anticancer: anthracyclines, anthracenes, 

epipodophyllotoxins, taxanes, vinca 
alkaloids

Antiinflammatories: dexamethasone, 
prednisolone, cortisol

ABCC1 (MRP1) Ubiquitous, low in the liver Antivirals: indinavir, ritonavir, 
saquinavir

Anticancer: anthracenes, anthracyclines, 
cisplatin, epipodophyllotoxins, 
flutamide, methotrexate, vinca 
alkaloids

ABCC2 (MRP2) Liver, gut, kidney, brain,  
placenta, gall bladder

Antibiotics: ceftriaxone, rifampin
Antivirals: indinavir, ritonavir, 

saquinavir
Analgesics: acetaminophen, diclofenac
Anticancer: cisplatin, doxorubicin, 

etoposide, methotrexate, vinblastine, 
vincristine

ABCC3 (MRP3) Liver, gut, brain, kidney, lung, 
prostate, gall bladder,  
prostate, placenta

Analgesics: acetaminophen
Anticancer: etoposide, leucovorin, 

methotrexate, teniposide

ABCG2 (BCRP) Placenta, liver, kidney,  
intestine, brain

Antiviral: azidothymidine, lamivudine
Anticancer: adriamycin, daunorubicin, 

doxorubicin, etoposide, flavopiridol, 
irinotecan, methotrexate, mitoxantrone, 
topotecan

A complete list of abbreviations is provided in Table 6.1
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and restore homeostasis [85]. Stressors including infections, trauma and surgery 
activate the innate immune response leading to local inflammation and systemic 
responses, which can alter drug disposition in humans (Table 6.2). The primary 
immune sensors, host tissue macrophages and blood monocytes, contain pattern 
recognition receptors (PRRs), including the transmembrane toll-like receptors 
(TLRs) and cytosolic nucleotide-binding oligomerization domain-like receptors 
(NLRs), which bind conserved pathogen-associated molecular patterns present on 
infecting microorganisms (e.g. lipopolysaccharide, LPS), virulence factors, particulate 
irritants and endogenous molecular indicators of cell stress or cell death [86, 87]. 
This sets in motion a signaling cascade leading to enhanced expression and release 
of proinflammatory cytokines (e.g. TNFa, IL-1 and IL-6), chemoattractant molecules, 
prostaglandins, histamine, bradykinin, complement proteins, NO and proteolytic 
factors [85, 86]. Locally, these mediators enhance vascular permeability and recruit 
immune cells into the infected or injured tissue for removal of invading pathogens 
and/or damaged tissue and contribute to wound healing [85, 86]. With increased 
severity of tissue insult, greater quantities of inflammatory mediators are secreted 
into the circulation [85]. This allows for activation of their respective receptors in 
target organs, which produces physiologic changes that define the systemic inflam-
matory response; fever, appetite suppression, activation of the hypothalamic- 
pituitary adrenal axis, muscle protein catabolism, production of hepatic acute phase 
proteins and altered drug disposition [85, 88–91]. The pro-inflammatory cytokines 
IL-1b, IL-6, IFNa/b/g and TNFa appear to be particularly important mediators, 
which link the immune/inflammatory response with altered drug disposition in 
mammals. When applied individually to cells, cytokines regulate CYPs and trans-
porters with a certain amount of redundancy [32, 33, 92, 93]. Thus, in humans, the 
overall effects on drug disposition are likely due to the collective and redundant 
actions of the multiple cytokines that are released upon immune stimulation.

6.4  Drug-Cytokine Interactions and the Liver

The first step in hepatic drug elimination is SLC-mediated passage of the drug from 
the sinusoids into the hepatocyte where the drug may undergo metabolism by CYPs 
and conjugating enzymes (Fig. 6.2a). Canalicular ABC transporters then mediate 
drug or metabolite secretion into bile, whereas sinusoidal ABC transporters deliver 
drugs or metabolites back into circulation (Fig. 6.2a). Cytokine-mediated losses in 
hepatic CYP metabolism, drug uptake or efflux transporter function are established 
and may reduce drug clearance, increase plasma drug levels and enhance pharma-
cological or toxicological effects.

The pioneering work related to hepatic drug-cytokine interactions were carried 
out in the 1970s by several research groups. A seminal observation published in 
1972 identified that polyinosinic-polycytidylic acid (PolyIC), a molecule that mim-
ics double stranded viral RNA induces an interferon response and suppresses hepatic 
CYP metabolism in vitro and in vivo [94]. Morahan and Coworkers correctly 
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speculated that the reduction in hepatic metabolism involved the inhibition of RNA 
and protein synthesis but the connection between the immune response and reduced 
hepatic drug metabolism would have to wait for a quite unexpected observation by 
Drs. Renton and Mannering in 1975. Based on previously reported cell culture stud-
ies, these investigators had reason to believe that an interferon-inducing agent, 
tilorone, would potentiate the induction of hepatic CYP metabolism by barbiturates 
and polycyclic aromatic hydrocarbons [8, 95]. Instead, the opposite was observed; 
tilorone administered to rats transiently reduced their total hepatic CYP protein 
 content and microsomal CYP enzyme activity. The loss in hepatic metabolic  activity 
was pharmacologically relevant as it elevated plasma levels of hexobarbital and 
lengthened barbiturate-induced sleeping time. This pivotal finding led to the hypoth-
esis that interferon or some aspect of the interferon induction mechanism mediates 
the loss in CYP-mediated drug metabolism [8]. The hypothesis was quickly rein-
forced by a follow up study in which a diverse array of interferon-inducing agents 
including an RNA virus (Mengo), fungal mycophage (statolon), PolyIC, E. coli LPS 
and an attenuated bacteria (B. pertussis) vaccine similarly inhibited hepatic CYP 
metabolism [7]. At around the same time, investigations of Corynebacterium 
 parvum (C. parvum) and Bacillus Calmette-Guerin as immunotherapeutic agents for 
cancer therapy demonstrated similar immune-mediated reductions in hepatic drug 

Metabolism

Metabolism

Urine

Brain

Bile duct

Blood circulation

Intestinal lumen

Sinusoidal efflux,
ABCC3, ABCC4

Luminal uptake, SLC0,
SLC15A1, SLC16A

Luminal efflux,
ABCB1, ABCC2, ABCG2

Basolateral efflux, ABCC3

Luminal efflux, ABCB1, ABCC2,4
SLC22A4,5, SLC47A1,2Bile canalicular efflux, ABCB1, ABCC2,

ABCG2, ABCB11, SLC47A

Efflux, ABCB1,
ABCC1-5, ABCG2

Uptake,
SLCO1A2
SLCO2B1

Intestinal enterocytes

Brain capillary
endothelium

Liver, hepatocytes

Kidney,
proximal tubules

Basolateral uptake,
SLC0s, SLC22As

Sinusoidal uptake, SLC0s,
SLC22s, SLC10A1

Fig. 6.2 Role of drug transporters in human drug disposition. Drug transporters play an important 
role in mediating the transfer of drugs (black octagons) and metabolites (green pentagons) between 
the extracellular and intracellular environments. The blue ovals represent drug uptake transporters 
and the green squares represent drug efflux transporters. Drug transporters mediate drug elimination 
in the bile (a) drug absorption from the intestine (b), drug elimination in the urine (c) and serve a CNS 
protective function in the blood-brain barrier (d). Representative solute carrier (SLC) uptake trans-
porters and ATP-binding cassette (ABC) efflux carriers are shown for each anatomical location
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metabolism [5, 9]. These two studies extended the concept that immune stimulation 
alters drug pharmacokinetics and pharmacodynamics in animals and provided a 
potential explanation for enhanced toxicity of short-acting barbiturates and 
hematopoietic toxicity of chemotherapeutic agents in rodents treated with C. parvum 
[96, 97]. Subsequently, it was shown that irradiation or splenectomy could block the 
C. parvum-mediated reduction of hepatic drug-metabolizing activity  identifying for 
the first time that monocytes and macrophages, which release cytokines during the 
inflammatory response, are cellular mediators of the interaction [98].

In the 30 years hence, the effects of cytokines on hepatic CYP metabolism have 
been firmly established in animals [21, 55, 56]. The human situation is more  complicated, 
due to inherent variability in drug disposition, combinations of  multiple drug treat-
ments and underlying diseases. Nonetheless, the clinical reality of drug-cytokine 
interactions was recognized early on through observations that asthmatic children 
previously controlled on theophylline, demonstrated reduced clearance, higher steady-
state peak concentrations and toxicity of theophylline during febrile viral illness [30, 
31]. In addition to the theophylline interaction, many human  studies and/or case reports 
support the notion that specific hepatic drug-cytokine interactions arise in clinically 
applicable situations. These include: impaired theophylline elimination and attainment 
of toxic theophylline levels in recipients of influenza vaccine; increased half-life and 
decreased clearance of midazolam in critical illness; decreased clearance of cyclosporine, 
carbamazepine and omeprazole in patients  following allogenic bone marrow transplants, 
temporal lobectomy and spinal cord injuries respectively; decreased metabolism of 
omeprazole and erythromycin in advanced cancer; decreased dextromethorphan 
metabolism in patients with active HIV infection and decreased caffeine and mepheny-
toin metabolism in patients with heart failure [28, 35, 36, 49, 51, 99–101].

The question of whether alterations in drug disposition in humans are explained 
by hepatic drug-cytokine interactions has been addressed using primary hepatocytes 
or microsomes prepared from liver biopsies or surgically resected liver from 
 individuals with metastatic cancer, chronic viral hepatitis C or from donor livers that 
were unsuitable for transplant (Table 6.5) [32, 33, 60, 102–106]. The general effect 
of IL-6, TNFa, IFNg, IL-1b and IL-2, is to differentially reduce the basal levels of 
mRNA, protein and/or activities of hepatic CYP1A, CYP2B, CYP2C, CYP2E and 
CYP3A [32, 33, 60, 103–106]. One exception is a substantial IL-4-mediated 
 induction of CYP2E1 mRNA and protein in primary human hepatocytes or human 
hepatoma cells [33, 103]. The cytokine-mediated reductions in CYP mRNA,  protein 
and/or activity typically have ranged between 40 and 90% and occur 1–4 days after 
cytokine treatment. The degree of reduction depends on the cytokine and CYP in 
question and the effect may increase in magnitude upon simultaneous exposure to 
multiple cytokines, as would occur during a systemic inflammatory response [32, 102]. 
Reduced CYP mRNA levels and subsequent reductions in protein or enzyme  activity 
are usually observed indicating regulation at the level of gene transcription. Donato 
and Colleagues identified that NO contributes to a portion (50%) of the total loss of 
hepatic CYP1A1/2 activity after INFg stimulation [60]. The effect of NO is 
independent of transcriptional regulation and only affects specific CYP isoforms 
[102]. Binding of cytokines to their cognate hepatocyte receptors and activation of 
intracellular signaling mechanisms regulate CYPs, but there are cases of indirect 
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effects. IL-2, but not IL-1 or IL-6 reduction in hepatocyte CYP3A4 activity was of 
greater magnitude and sustained for a longer period of time when hepatocytes were 
 co-cultured with Kupffer cells [105]. This indirect effect could occur following 
IL-2-mediated release of IL-1 and IL-6 from Kupffer cells, which in turn activate 
their hepatocyte receptors. Overall the above studies generally support drug-cytokine 
interactions that involve reduced CYP levels in human hepatocytes.

Equally important is the consideration that inflammatory cytokines impair hepatic 
drug elimination through suppression of drug transporter function. Activation of the 
innate immune response in rats by the administration of LPS, inflammatory cytokines 
or the IL-6 inducer turpentine, reduced the hepatic mRNA, protein  expression and 
function of the canalicular ABCB1 drug efflux transporter [17, 115, 116]. In rodents, 
the loss of hepatic ABCB1 manifests as reduced biliary clearance and increased 
hepatic accumulation and/or plasma levels of its substrates, digoxin, doxorubicin, rho-
damine123 and 99m-Tc-sestamibi [14, 17, 117–119]. Further, inflammation and com-
petitive inhibitors of ABCB1 reduce biliary drug elimination in an additive fashion in 
rats indicating the combination of polypharmacy and inflammation is a situation of 
potential clinical concern [14]. Cytokine effects on hepatic drug transport are poten-
tially broad as reductions in sinusoidal bile salt (SLC10A1), organic anion (SLCO1A1 
and SLCO1A5) and organic cation (SLC22A1) uptake transporters, other bile canali-
cular efflux transporters including bile salt export protein (ABCB11) and multidrug 
resistant protein 2 (ABCC2) and sinusoidal efflux transporters (ABCC3) occur fol-
lowing treatment of rodents with LPS, turpentine, IL-6 and IL-1 [17, 120–125].

Initial evidence for human cytokine-hepatic drug transporter interactions stems 
from the finding that LPS decreased the expression of the bile salt uptake trans-
porter (SLC10A) and the canalicular efflux transporter ABCC2 in liver slices [107]. 
The reduction of SLC10A inversely correlated with IL-1b and TNFa production by 
the liver slices indicating the effect was likely cytokine mediated [107]. The regula-
tory link has been further evaluated in primary human hepatocytes isolated from 
hepatic tissue from individuals with primary and secondary tumors [92, 93]. IL-1b, 
IL-6 and TNFa globally reduced the expression of sinusoidal organic cation 
(SLC22A), organic anion (SLCO1B1, 1B3 and 2B1) and bile acid uptake transport-
ers (SLC10A) and differentially reduced drug (ABCC2, ABCC4 and ABCG2) or bile 
salt (ABCB11) efflux transporters (Table 6.5). The loss of drug transporter mRNA 
expression occurred 8–48 h after cytokine treatments. For select transporters, cor-
responding reductions in protein and transporter activity were shown. The limited 
data supports that cytokine effects on hepatic drug and bile acid transporters are 
probable in humans with a potential impact on impaired drug elimination and 
cholestasis caused by inflammation [126].

6.5  Drug-Cytokine Interactions in the Gastrointestinal System

The intestine is the primary site of absorption for orally administered drugs. Intestinal 
SLC transporters facilitate drug absorption whereas enterocyte CYP3A metabolism 
and ABCB1 and ABCC2 efflux transporters provide barriers against drug absorption 
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(Fig. 6.2b). Reductions in intestinal ABCB1 and ABCC2 mRNA, protein expression 
and/or function and CYP3A expression and metabolism occur in rodents with 
bacterial infection, colitis and chronic renal failure [16, 127–131]. Chronic treatment 
of mice with IL-2 lowered intestinal ABCB1 protein and increased oral bioavail-
ability of digoxin providing evidence of cytokine involvement [132]. Theoretically, 
such changes to intestinal CYP metabolism or efflux transport could induce vari-
ability in oral drug absorption. In humans many inflammatory conditions affect the 
gastrointestinal system and therefore have the potential to increase local cytokines 
and  modify drug absorption. Two relatively common gastrointestinal conditions in 
which the evidence supports the possibility of drug-cytokine interactions are inflam-
matory bowel disease (IBD) and Helicobacter pylori (H. pylori) infection.

IBD is a term used to encompass a group of autoimmune disorders affecting the 
GI tract, of which Crohn’s disease (CD) and ulcerative colitis (UC) are the most 
prevalent. In these diseases, the expression of IL-1b, IL-4, IL-5, IL-8, IL-10, IL-12, 
TNF-a and IFNg can be elevated [133, 134]. Several studies have documented 
 differential dysregulation of genes involved in intestinal drug detoxification and 
drug efflux in humans with IBD [43, 44, 108, 109]. Sizable reductions in ABCB1 
and ABCG2 mRNA and protein expression have been demonstrated in biopsies 
from inflamed intestinal regions of subjects newly diagnosed with UC compared to 
noninflamed sections, treatment refractory patients or healthy mucosa of control 
patients. A second study demonstrated an induction of IL-6 and IL-1b combined 
with a 70–80% reduction in ABCB1 and ABCG2 mRNAs and proteins in inflamed 
colons and rectums of subjects with active UC compared to those in remission or 
healthy controls [109]. Similarly, ABCB1 mRNA levels were strongly reduced in 
inflamed colons of subjects with active UC and CD compared to controls [108]. The 
depression of ABCB1 mRNA was recapitulated by treatment of intestinal biopsies 
with a cytokine cocktail containing TNFa, IL-1b and IFNg [108]. In comparison, 
Langmann reported that ABCB1 mRNA was reduced in the colons but not ileums of 
those with UC but not CD suggesting there could be disease and tissue-specific 
regulation of ABCB1 [44]. These studies generally support that a reduction of intes-
tinal ABCB1 and ABCG2 drug efflux transporters occurs during active IBD and 
that this effect is related to the inflammatory process (Table 6.5). A second observa-
tion was that ABCB1 and ABCG2 mRNA and protein levels in the colonic mucosa 
of UC subjects in remission were similar or higher than in healthy controls indicating 
that the intestinal barrier function afforded by these transporters returns to normal 
with resolution of the inflammatory process [43, 109]. While more pharmacokinetic 
studies are needed, some have hypothesized that reduced intestinal drug efflux may 
have implications for oral drug absorption, aggravate intestinal inflammation or 
contribute to increased rates of colorectal cancer in UC patients due to an accumu-
lation of carcinogens [43, 108, 109].

H. pylori infection is a second relevant condition in which drug-cytokine interac-
tions occur in the gastrointestinal tract. H. pylori colonizes the gastric mucosa of 
humans with relatively high prevalence, 25% in developed countries and up to 
80–95% in the developing world [12]. Infection with H. pylori causes chronic gastritis, 
which leads to gastric atrophy and metaplasia, a known risk factor for gastric cancer 
[25]. The current gold standard for H. pylori eradication is triple therapy with two 
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antibiotics (generally amoxicillin and clarithromycin) and a proton pump inhibitor 
(PPI). This combination therapy reaches eradication rates of 80–90% but individual 
success depends on many factors including host genetics, bacteria virulence factors, 
and level of gastric acid inhibition [12, 25, 26]. Gastric acid suppression is crucial 
as it decreases degradation of the acid sensitive antibiotics and increases antibiotic 
susceptibility of the bacteria [12, 25]. In this regard, a positive correlation between 
the level of gastric inflammation caused by H. pylori and the success of bacterial 
eradication using triple therapy has been shown. A possible explanation for this is 
that inflammatory mediators IL-1b and TNFa that are produced in the gastric 
mucosa are also potent inhibitors of gastric acid secretion [12, 25]. Further insight 
into this relationship stems from studies of H. pylori virulence factors and naturally 
occurring genetic polymorphisms in human IL-1b, IL-1 receptor antagonist and 
TNFa. Of these, an IL-1b polymorphism (IL-1b -511) is associated with differ-
ences in acid inhibition in response to H. pylori infection [25]. H pylori infected 
individuals with the IL1b -511T/T and T/C genotypes have significantly higher 
IL-1b production and elevated median intragastric pH levels compared to those with 
the IL-1b -511C/C allele [135]. Correspondingly, the IL-1b-511C/C allele is associ-
ated with reduced clinical effectiveness of PPI/amoxicillin/clarithromycin triple 
therapy in CYP2C19 extensive metabolizers [25, 27]. A second group of polymor-
phisms concerns the cagA and vacA H. pylori virulence factors. The cagA-positive 
H. pylori strains are associated with severe gastric inflammation and produce 
significantly higher levels of IL-1b [12]. Although there have been conflicting 
results, the most recent publication by Sugimoto et al. concluded that the cure rates 
of patients with the cagA-positive/vacA s1 H. pylori strains were significantly higher 
than those with cagA-negative/vacA s2 strains [12, 26]. This elevated cure rate is 
considered to be the result of higher cytokine levels in the gastric mucosa. These 
interesting relationships suggest a previously unrecognized and beneficial drug-
cytokine interaction in which the degree of inflammation produced by infection 
enhances antibiotic effectiveness. This could occur by reducing antibiotic degrada-
tion and increasing bacterial susceptibility to antibiotic action as compared to what 
would occur in a more acidic environment. The notion that the pharmacodynamic 
response involves inflammation-mediated reductions in CYP metabolism and/or 
drug efflux transport of drugs (PPIs, macrolides and amoxicillin) used in the triple 
therapy regimen is unknown but is an intriguing possibility.

6.6  Drug-Cytokine Interactions and the Kidney

The kidney proximal tubules are home to a variety of drug transporters that facilitate 
the secretion of potentially harmful drugs, endogenous compounds and metabolic 
wastes into the urinary ultrafiltrate [76]. The first step in drug secretion is SLC22A- 
and SLCO-mediated drug transfer from the peritubular capillaries into the proximal 
tubule cells (Fig. 6.2c). The second step is ABC- and SLC-mediated drug transfer 
from the proximal tubule cells into the nephron lumen. As commonly seen in acute 
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renal failure, inflammatory cytokines alter the renal tubule expression of glucose, 
sodium and urea transporters [136–138], decrease glucose reabsorption, urine 
osmolarity and the urine-to plasma urea quotient [136–138]. In a similar fashion, 
alteration of renal tubule drug transporters by inflammatory cytokines would be 
expected to impact urinary drug elimination.

In rats, E. coli LPS treatment reduced the mRNA, protein and function of the 
proximal tubule basolateral membrane organic cation uptake transporters SLC22A1 
and SLC22A2 [110]. Contrasting that result and the response to inflammation seen 
in the liver and intestine, the expression and function of the proximal tubule apical 
efflux ABCB1 transporter is enhanced in rodent models of E. coli endotoxemia and 
ischemia reperfusion injury [17, 111, 112]. In one study, enhanced ABCB1 levels 
were associated with increased renal clearance of doxorubicin [17]. In another, 
Klebsiella pneumoniae endotoxin transiently reduced the renal tubule secretion of 
rhodamine123 [117]. This discrepancy could be attributed to the fact that the rate-
limiting step in rhodamine123 renal elimination is tubule uptake by the SLC22A1 
and SLC22A2 transporters. Therefore, the suppression of the basolateral membrane 
organic cation transporters and not a loss in ABCB1 is the most likely explanation 
for the reduction in rhodamine123 renal clearance [110, 139]. The reduction of 
proximal tubule drug uptake combined with enhanced efflux are particularly inter-
esting observations, which could indicate that changes in kidney drug transport 
occur to diminish the renal proximal tubule accumulation of harmful metabolites or 
cytokines thereby counteracting the extent of proximal tubule damage created by 
endotoxemia or ischemic injury [110–112].

The effect of endotoxemia or ischemia/reperfusion on renal tubule ABCB1 expres-
sion and function could be recapitulated by treatment of spontaneously immortalized 
rat kidney proximal tubule cells with TNFa indicating direct cytokine involvement 
[18]. The study by Heemskerk et al. also evaluated the process by which this upregu-
lation occurs, suspecting NO produced by renal inducible NO-synthase (iNOS) plays 
a central role [18, 111]. Interestingly the induction of renal ABCB1 by LPS occurred 
via a NO-dependent mechanism whereas TNFa increased ABCB1 de novo synthesis 
via TLR4 activation and NF-kB signaling without NO involvement.

Despite the known importance of renal elimination of many commonly used drugs 
and of the role of cytokines in drug disposition, only recently have studies begun to 
look at local drug-cytokine interactions in the kidney. Overall, the preliminary results 
in animal models are intriguing, some showing opposing effects of inflammatory 
stimuli on Abcb1 compared to other tissues. This is an area that requires further 
investigation including clinical studies in human participants (Table 6.5).

6.7  Drug-Cytokine Interactions at the Blood-Brain Barrier

The blood-brain barrier formed by brain capillary endothelial cells limits paracellular 
and transcellular diffusion of macromolecules and hydrophilic drugs into the brain 
[140, 141]. Uptake transporters that facilitate passage of nutrients, hormones and 
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some drugs into the brain are integral components of the blood-brain barrier (Fig. 6.2d). 
Energy-dependent efflux transporter systems simultaneously limit the passage of 
potentially harmful and therapeutic substances into the CNS [141, 142]. Neuroin-
flammatory conditions, including meningitis, acute traumatic brain injury, multiple 
sclerosis, Parkinson’s and Alzheimer’s diseases and HIV-related encephalopathy 
are associated with altered blood-brain permeability [143–146]. Investigation into 
whether these inflammatory conditions affect drug transporter function at the blood-
brain barrier interface and impact brain accumulation and pharmacological effects of 
CNS drugs has garnered particular interest of late [13, 29, 45–48, 58, 147].

The primary focus has been on ABCB1, a CNS-protecting blood-brain barrier 
efflux transporter [148–150]. The CNS-protective function of ABCB1 is exempli-
fied by animal studies in which its absence, mutation or blockade is associated with 
increased CNS accumulation and/or toxicity of anticonvulsants, antidepressants, 
antineoplastics, antiretrovirals, antipsychotics, calcineurin inhibitors, calcium 
channel blockers, glucocorticoids and opioids, among others medications [79, 80, 
151–162]. Similarly, humans with polymorphisms in ABCB1, or those receiving 
ABCB1 inhibitors, may exhibit significantly altered CNS pharmacological 
responses. [155, 163–165].

Expression and/or function of blood-brain barrier ABCB1 is decreased in animals 
with CNS bacterial and/or fungal infections and following stroke or neuronal injury 
[14, 55, 166–168]. Decreased activity of this transporter promotes enhanced accu-
mulation of ABCB1 substrates in the CNS, which may alter pharmacological or 
toxicological responses [14, 166–168]. Similarly, some have reported that blood-
brain barrier ABCB1 function is reduced by inflammatory and infectious stimuli 
that originate in compartments peripheral to the CNS such as in the circulation or 
the highly vascular peritoneal cavity [119, 169, 170]. In contrast, others found 
increased ABCB1 expression and function in cerebral capillaries isolated from rats 
exposed to a painful peripheral inflammatory stimulus or to particulate irritants 
[171, 172]. These contrasting results most likely indicate that the direction and 
degree of change in ABCB1 activity depends upon the particular inflammatory 
stimulus studied, the anatomical site in which the inflammatory response was gener-
ated and the particular drug substrate [13]. Differential effects could also relate to 
short versus long-term exposure to an inflammatory stimuli such as would be 
observed during an acute versus chronic inflammatory response. In support of this 
idea, ABCB1 activity in isolated rat brain capillaries was decreased after short-term 
exposure to LPS, TNFa, and endothelin-1 (ET-1) whereas prolonged exposure to 
TNFa and ET-1 produced a biphasic response with an initial decrease in ABCB1 
function, and then an increase in both ABCB1 expression and activity [61, 62, 173, 
174]. The effects of inflammatory stimuli on blood-brain barrier transport are not 
restricted to ABCB1. There are reports of differential regulation of ABCB1, ABCC2, 
ABCC4 and ABCG2 by multiple inflammatory mediators including TNFa, IL-6 
and IL-b in human or rodent capillary endothelial and glial cells [59, 62, 113, 171, 
175–178]. These collective findings indicate modified CNS drug accumulation 
through an alteration in blood-brain barrier efflux transport processes during 
 episodes of infection and inflammation is probable.
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Altered ABCB1 expression and/or activity or enhanced CNS drug levels during 
meningitis, HIV infection, Parkinson’s disease, epilepsy and after acute traumatic 
brain injury suggests that a regulatory link exists between inflammation and blood-
brain barrier transport in humans (Table 6.5) [2, 3, 29, 45, 46, 179, 180]. Further 
investigations are needed, however, to delineate if drug-cytokine interactions 
involving blood-brain barrier transporters impact CNS drug efficacy and toxicity in 
humans. In this regard, it should be recognized that alterations in blood-brain barrier 
ABCB1 activity during inflammatory or infectious conditions may have either posi-
tive or negative consequences depending on the drug in question and the therapeutic 
goals for the patient. For example, a transient reduction in blood-brain barrier 
ABCB1 activity could improve the CNS delivery of neuroprotectant agents in 
diseases such as ischemic or hemorrhagic stroke or antibiotics in meningitis with 
the potential for enhanced therapeutic efficacy. This is a plausible explanation for 
the historical observations that patients with meningitis had higher cerebrospinal 
fluid concentrations of the anti-tuberculosis agents, ethambutal and rifampin [2, 3, 
181]. In contrast, chronic diseases such as epilepsy appear to increase levels of 
blood-brain barrier ABCB1 that may reduce CNS drug levels resulting in drug 
resistance and even pharmacotherapeutic failure.

A second finding of note is competitive drug interactions at the blood-brain 
barrier may amplify the pharmacological effects of ABCB1 substrate drugs during 
episodes of CNS inflammation. [168, 178, 182]. In animals with CNS infection or 
ischemia, the administration of competitive inhibitors of ABCB1 enhances the CNS 
concentration and efficacy of itraconazole, rifampin, and FK506 above that of the 
disease process alone, suggesting a beneficial drug-immune system interaction 
[168, 182]. Conversely, near-maximal inhibition of ABCB1 activity during CNS 
inflammation could contribute to neurotoxicity. A novel clinical example of such a 
situation is implied from data derived from critically ill patients with acute inflam-
matory brain injury. These patients receive upwards of 30 drugs concomitantly, 
including ABCB1 substrates (e.g., dexamethasone, morphine, and ranitidine) and 
inhibitors (e.g., amiodarone and diltiazem) as part of their routine care. Such polyp-
harmacy during an acute neuroinflammatory reaction could place these patients at 
risk for drug interactions involving blood-brain barrier ABCB1 [29].

6.8  Drug-Cytokine Interactions During Pregnancy

In pregnancy, the placenta is an additional location of many drug transporters [183]. 
Placental transporters are expressed on the apical (facing maternal blood) and 
basolateral (facing fetal capillaries) surfaces of syncytiotrophoblasts and facilitate 
the exchange of drugs and endogenous compounds between the maternal and fetal 
circulations (Fig. 6.3) [184–187]. On the apical surface of the syncytiotrophoblasts, 
ABCB1 and ABCG2 are the most abundant of the ABC transporters and are promi-
nent contributors to the efflux of drugs and metabolites from the fetoplacental space 
[114]. This is exemplified by several-fold increases in the fetal exposure to digoxin, 
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saquinavir and taxol in mice with complete deficiency in ABCB1, and nitrofurantoin 
and glyburide in ABCG2-deficient mice [188–190]. There are similar relevant 
examples of human placental drug transport of clinically used medications. In term 
human placentas ex vivo, inhibition of ABCB1 led to enhanced maternal-placental 
transfer of indinavir, vinblastine and saquinavir, whereas inhibition of ABCG2 
enhanced the maternal-placental transfer of glyburide [191–194]. Opposing the 
actions of the apical transporters are the transporters located on the basolateral side 
of the syncytiotrophoblasts including MDR3 (ABCB4) ABCC1 and ABCC3 [114]. 
While the human data remains limited, the above studies identify that placental drug 
transporters are likely to be important determinants of fetal drug exposure and fetal 
development and safety (Table 6.5).

The role of cytokines in the regulation of placental drug transport has gained 
considerable attention as the placenta is a source of TNFa, IL-1b and Il-6 produc-
tion and there are reports that the circulating levels of these cytokines are aberrantly 
increased in common complications of pregnancy such as placental insufficiency/
fetal growth restriction, preeclampsia and gestational diabetes as well as a number 
of unrelated comorbid conditions [195–197]. Evseenko et al. evaluated the effect of 
TNFa, IL-1b, IL-6 on the prominent ABC transporters in primary trophoblasts 
from term human placentas [114]. TNFa and IL-1b but not Il-6 significantly 
decreased ABCB1 and ABCG2 mRNA by >40% after 12 h and corresponding 
ABCB1 and ABCG2 protein levels by 50% after 48 h. With respect to the basolat-
eral transporters, ABCB4 mRNA and protein was specifically and significantly 
increased following IL-6 but not TNFa and IL-1b. Comparatively, TNFa, IL-6 and 
IL-1b significantly increased the expression of ABCC1 mRNA but not ABCC1 protein. 
The combined depression of the maternal facing ABCB1 and ABCG2 apical trans-
porters and increased or static expression of the fetal circulation facing ABCC1 and 
ABCB4 basolateral transporters indicate that placental exposure to inflammatory 

Maternal blood circulation

Placenta, syncytiotrophoblast

Apical efflux, ABCB1,
ABCC2, ABCG2

Basolateral efflux, ABCB4,
ABCC1, ABCC3

Capillary endothelium

Fetal blood circulation

Metabolism

Fig. 6.3 Select drug efflux transporters in the human placenta at term. ATP-binding cassette 
transporters (ABC) exist in the apical and basolateral membranes of the syncytiotrophoblast where 
they mediate drug (black octagons) or metabolite (green pentagons) efflux into the maternal blood 
circulation or in the direction of the fetal circulation. The green squares represent drug efflux transport-
ers. For simplicity only those transporters that are discussed in this chapter are shown on the diagram
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cytokines may decrease fetal protection from drugs and enhance active transport of 
drugs to the fetus in conditions in which those cytokines are aberrantly elevated. 
Both of these alterations could be potentially detrimental to the fetus. While there is 
presently no human data to substantiate this claim, animal studies do provide some 
evidence that it occurs [10, 119, 198]. For instance, treatment of near term rats with 
LPS, dose-dependently increased plasma TNFa and IL-6 levels while reducing the 
placental mRNA and protein expression of ABCB1 and ABCG2 among other 
uptake and efflux transporters [20]. The functional outcome was an increase in the 
fetal to maternal concentration of glyburide, an agent that is used for treating gesta-
tional diabetes in humans and is primarily restricted from accessing the fetal circu-
lation by ABCG2 [20, 199].

6.9  Drug-Cytokine Interactions and Cancer

The role of inflammation in the pathophysiology of cancer is becoming increasingly 
accepted. It is now thought that inflammatory components are present in the microen-
vironment of most, if not all, tumors and the level of inflammation appears to 
correlate with the severity of the cancer [200]. An interesting connection is that IL-6, 
a potent regulator of drug disposition is produced by tumor cells and its circulation 
concentration increases with many cancers [19, 37, 38, 55, 201, 202]. Increasing 
evidence indicates that the elevated IL-6 levels that occur in malignancy affect phar-
macological responses to chemotherapy drugs by activating multi-drug resistance 
mechanisms in tumor cells and/or through alteration of host drug disposition.

Multidrug resistance occurs when tumors develop cross-resistance to a number 
of structurally and mechanistically unrelated drugs. This has become an increasing 
problem in the field of oncology [203]. It can arise through tumor cell modifications 
including the inhibition of apoptosis, activation of DNA repair mechanisms and 
decreased intracellular chemotherapeutic drug accumulation due to suppression of 
SLC drug uptake transporters or increased levels of the ABC drug efflux transporters 
[203–207]. Autocrine production of IL-6 by breast, osteosarcoma and ovarian 
cancer cells caused the cells to develop resistance to the cytotoxic effects of doxo-
rubicin, paclitaxel or cisplatin [37, 39, 201]. Depending on the cell, different mecha-
nisms were implicated. These included IL-6 induction of ABCB1 efflux (breast and 
ovarian cancer), inhibition of apoptosis (osteosarcoma and ovarian cancer) and 
increased glutathione-s-transferase (ovarian cancer)[37, 39, 201]. In mice inocu-
lated with Englebreth-Holm-Swarm (EHS) sarcoma, ABCB1a, but not ABCG2, 
ABCC2, ABCC3 and ABCB4 mRNA increased significantly in the developing tumor 
in association with increasing levels plasma IL-6 and intratumoral IL-6 [19]. 
Contrary to the effects observed in tumor cells, mice bearing extra-hepatic tumors 
displayed widespread repression hepatic uptake (SLC10A1, SLCO1B1), sinusoidal 
efflux (ABCC3) and biliary efflux (ABCB4, ABCC2, ABCG2 and ABCB11) trans-
porters [19]. This indicates the possibility of drug-cytokine interactions involving 
IL-6-mediated induction of multidrug resistant efflux transport in tumors in vivo 
and/or reduction in hepatic drug transport capacity. However, the effects of these 
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drug transporter gene expression changes on chemotherapy resistance or biliary 
drug elimination were not investigated. Although IL-6 is a predominantly elevated 
inflammatory cytokine in cancer, this does not imply other cytokines are not involved 
in regulation of specific transporters. For example, Mosaffa et al. demonstrated that 
IL-1b and TNFa increased ABCG2 efflux transport of mitoxantrone to a greater 
degree in mitoxantrone-sensitive versus mitoxantrone-resistant MCF7 breast cancer 
cells [208]. Consistent with the study by Sharma et al., IL-6 did not regulate ABCG2 
mRNA or function in human breast cancer cells [19, 208].

In humans, the main enzyme responsible for inter-patient variability in anticancer 
drug metabolism is CYP3A4 as it metabolizes many important classes of chemo-
therapeutic drugs including the taxanes, vinca alkaloids, camptothecins, cyclophos-
phamide, etoposide, tamoxifen, imatinib and gefitinib [55, 209]. The reported 
inverse associations between CYP3A4 metabolic activity and the inflammatory 
mediators IL-6 and CRP in patients with advanced cancer suggest that cytokine-
CYP interactions may contribute to the clinically observed variations [19, 36, 209]. 
Supporting this, when breast, melanoma and EHS sarcoma tumors were introduced 
into in mice, circulating levels of IL-6 increased, but IL-1b and TNFa levels were 
unchanged. With the three tumors, the increased plasma IL-6 concentration corre-
sponded with activation of the hepatic acute phase response, a precipitous drop in 
hepatic CYP3A11 (mouse equivalent of human CYP3A4) mRNA and protein levels 
and extended sedation by midazolam, a CYP3A11-specific substrate [19, 209]. 
Direct evidence that cytokines mechanistically link malignancy and human CYP3A4 
metabolism stems from the demonstration of reduced expression of a human 
CYP3A4 transgene in the livers of mice with extrahepatic tumors [209]. Further, the 
similar reduction in CYP3A11 mRNA using several cancer models would argue that 
the tumor-derived inflammation and suppressed hepatic drug metabolism is a 
common occurrence among malignancies [19, 38]. Less is known regarding the 
effect of malignancy on other hepatic CYPs. Two studies have reported that a 
proportion of patients with advanced cancer displayed a CYP2C19 poor metabolizer 
phenotype despite having a rapid metabolizer genotype [35, 210]. However, an 
association between the reduced CYP2C19 metabolism and circulating levels of 
IL-1a/b, IL-6, TNFa/b or CRP was not demonstrated [210]. While some individu-
als with advanced cancer may have decreased ability to metabolize CYP2C19 sub-
strates like cyclophosphamide, the involvement of cytokines in this interaction 
remains inconclusive.

It is worth reflecting upon the apparent differential activation of multidrug resis-
tance in cancer cells versus a loss of drug metabolism and transport capacity in the 
liver caused by inflammatory cytokines. This presents a potential situation of dou-
ble jeopardy, whereby reduced hepatic elimination of chemotherapeutic agents 
could pose problems for host toxicity at the same time that the drugs are becoming 
less effective against the tumors because of activation of cellular multidrug resis-
tance. As chemotherapeutic drugs have a very narrow therapeutic window and 
individual variability in response is so vast, a comprehensive understanding of how 
inflammatory cytokines alter the disposition of these agents at the level of the 
 cancer cell and in the host is an essential area for continued study.



1876 Drug-Cytokine Interactions

6.10  Drug-Cytokine Interactions and Interferon Therapy

A clinical situation in which cytokine-drug interactions may occur is during use of 
recombinant IFN preparations for treatment of chronic hepatitis B and C and meta-
static diseases. Two studies of human subjects with chronic active hepatitis B indi-
cated variable (5–63%) reductions in hepatic CYP-mediated drug metabolism after a 
single high dose (4.5–18 × 106 units) of IFNa and after chronic IFNa (6 × 106 units 
for 4 weeks) treatment [211, 212]. The effects of IFN appeared dose-dependent as 
treatment of subjects with chronic active hepatitis C for 1-month with a lower IFNa 
dose (3 × 106 units/3 times/week) did not reduce metabolism of CYP1A2 or CYP3A 
substrates [213]. A fourth study showed a trend towards higher CYP2D6 and CYP3A4 
enzyme activities in individuals with chronic active hepatitis C who responded to 
1 month of IFNa (3 × 106 units/3 times/week)/ribavarin (600 mg/BID) combination 
therapy compared to nonresponders [22]. While the effect of IFN on CYP2D6 and 
CYP3A4 appears to be opposite of what would be expected, a possible explanation is 
that the active hepatitis C infection reduces the activity of certain CYPs followed by 
an improvement of liver metabolic function with successful antiviral therapy.

A particularly informative study has examined the effect of high-dose IFN2a-2b 
therapy on the ability of individuals with high-risk melanoma to metabolize a drug 
cocktail containing substrates for CYP1A2 (caffeine), CYP2C19 (mephenytoin), 
CYP2D6 (debrisoquine), CYP2E1 (chlorzoxazone) and CYP2C8/9, CYP3A4/5, 
CYP2E1 and N-acetyltransferase (dapsone) [214]. One-day after a single IFN2a-2b 
dose, the metabolism of the CYP1A2 and CYP2D6 probe substrates was lowered 
by 20% and 10%, respectively. After 4 weeks of chronic IFN2a-2b treatment, the 
magnitudes of the reductions in CYP1A2 (53%) and CYP2D6 (25%) metabolism 
increased. Further, metabolism of the CYP2C19 substrate mephenytoin was now 
reduced by 25%. The metabolism of the CYP2E1 substrate, chlorzoxazone and the 
CYP2C8/9, CYP3A4/5, CYP2E1 and N-acetyltransferase substrate dapsone was 
not altered indicating that IFN differently effects CYP metabolism in humans. Since 
IFN’s effects on drug metabolism range from no effect to moderate reductions in 
CYP metabolism, reduced metabolism should not be of consequence in all individu-
als treated with this cytokine. If impairment of metabolism does occur it would be 
most likely following administration of higher IFN doses used for treatment of 
metastatic cancer opposed to lower IFN doses used for hepatitis treatment. A further 
consideration is that IFN treatment may not produce a large reduction in drug meta-
bolic activity in all individuals with metastasis or chronic viral hepatitis because 
inflammation associated with those conditions may have already reduced baseline 
metabolic capacity [22, 38, 215].

The clinical demonstration of harmful drug interactions that could be related to 
metabolic changes caused by IFN therapies is limited. Two case reports of acute 
severe gastrointestinal symptoms and hepatitis have been reported when individuals 
were started on gemfibrozil to treat hypertriglyceridemia that developed during 
IFNa treatment [216, 217]. In one case, where INFa was continued but the gemfi-
brozil dose was reduced, the symptoms of toxicity subsided [217]. It was inferred 
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that inhibition of hepatic CYP1A2 and CYP2C19 metabolism was a plausible 
mechanism for this drug-cytokine interaction.

6.11  Drug-Cytokine Interactions  
and Immunosuppression Therapy

An untoward effect of immunosuppression therapy is increased susceptibility to 
opportunistic viral (e.g. cytomegalovirus, polyoma virus and influenza) and bacte-
rial (e.g. pneumonia, urinary tract infection, sepsis etc.) infections [218–222]. A 
number of human studies and case reports support a potential interaction between 
opportunistic infections and the disposition of the low therapeutic index calcineu-
rin inhibitors, cyclosporine and tacrolimus. For instance, higher blood cyclosporine 
levels have been reported in lung transplant recipients with cytomegalovirus infec-
tion compared to uninfected patients [223]. Tacrolimus blood levels over time 
(AUC, area under the curve) were higher in adult renal transplant patients present-
ing with infections compared to those without [224]. In a third example, adult 
renal transplant patients with hepatitis C infection required 25% lower daily doses 
of cyclosporine or tacrolimus to maintain target blood levels of these drugs com-
pared to uninfected patients [225]. In addition to a potential pharmacokinetic 
interaction, clinical findings of renal impairment after low-dose cyclosporine ther-
apy in patients with human immunodeficiency virus and autoimmune diseases 
[226, 227] suggests a potential interaction between immune responses and cal-
cineurin inhibitors that may augment nephrotoxicity produced by lower doses of 
those drugs. Presumably, these pharmacokinetic changes could be due to altered 
intestinal, hepatic and/or renal CYP metabolism and transport; however, this 
remains to be determined.

6.12  Drug-Cytokine Interactions and Rheumatic  
Diseases and Anticytokine Therapy

Immune mediated inflammatory diseases (IMID) are a broad array of conditions 
with diverse clinical presentations that share common inflammatory pathways and 
therapeutic goals: gain control of the inflammation, prevent tissue damage, improve 
quality of life and if possible, achieve long term remission [228]. Common exam-
ples of these diverse diseases are rheumatoid arthritis, IBD and psoriasis. The etiol-
ogy of these diseases remains unknown but substantial advances have been made in 
identification of many cytokines involved in the underlying pathophysiology [228]. 
This has lead to the development of anti-cytokine therapy, the latest evolution in 
treatment options for patients with IMID.

The initial and most common class of biologic agents for inflammatory diseases 
are the TNFa inhibitors; infliximab, etanercept, adalimumab, golimumab and 
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certolizumab pegol. With the emergence of this new class of anti-cytokine drugs 
comes the potential of new drug interactions. As proinflammatory cytokines reduce 
the extent of drug metabolism and elimination through suppression of hepatic CYPs 
and drug transporters it is reasonable to hypothesize that when anti-cytokine agents 
are administered to patients experiencing chronic inflammation a relative induction 
in these same enzymes should initially occur [229]. This induction would increase 
the clearance of medications and may be clinically relevant for pre-existing low 
therapeutic index drugs. Arguing against this hypothesis, two clinical studies found 
no effect of etanercept on the pharmacokinetics or pharmacodynamics of digoxin, 
an ABCB1 substrate nor warfarin, a CYP2C9-metabolized drug [230, 231]. 
However, these studies were completed in healthy volunteers whom would not have 
had preexisting inflammation. Thus, whether or not anti-cytokine therapy alters 
metabolism and drug transport in a clinical setting in those individuals with rheu-
matic diseases is unknown at present.

Although the current understanding of interactions between anti-cytokine  therapy 
and drug disposition is limited, a novel interaction being investigated is between 
TNFa and insulin resistance. Compared to the typical drug-cytokine interactions 
discussed in this chapter this one is unique because it involves a receptor mecha-
nism. TNFa is increased during times of chronic hyperglycemia, has detrimental 
effects on insulin sensitivity and induces insulin resistance when administered to 
healthy volunteers [232, 233]. TNFa is thought to exert these insulin-resistance 
effects by decreasing tyrosine kinase activity at the insulin receptor, which in turn 
impairs insulin-mediated glucose uptake in skeletal muscle [11]. In patients with 
chronic inflammatory rheumatic diseases the degree of insulin resistance has been 
correlated with the level of inflammation and severity of the disease [11]. A limited 
number of studies have examined the effect of TNFa inhibitors and reversal of 
insulin resistance in patients with co-morbid rheumatic diseases [232, 233]. The 
results are not conclusive, but there is suggestion of substantial improvement in 
insulin sensitivity in those patients with the most severe insulin resistance. This 
provides an example of where anti-cytokine therapy may reverse the negative effects 
of a preexisting receptor-mediated drug-cytokine interaction involving insulin 
action and TNFa.

6.13  Drug-Cytokine Interactions and Vaccines

There is some evidence to support that the known interactions between drugs and 
cytokines may be utilized to enhance the effectiveness of vaccine adjuvants. The 
particular situation applies to the CYP-mediated production of calcitriol, a known 
immune adjuvant. Calcitriol produced and secreted by myeloid dendritic cells 
causes those cells to migrate from cutaneous vaccination sites into multiple secondary 
lymphoid organs where they stimulate B and T lymphocyte cell responses [234]. 
Enioutina et al. recently showed that monphosphoryl lipid A, an LPS derivative 
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elicited a similar immune response. Interestingly, it was found that the mucosal 
adjuvant properties monophosphory A directly correlated with its capacity to induce 
in dendritic cells, the expression of CYP27B1 the enzyme that converts vitamin D 
to its active form (calcitiol) [234]. Further, monophosphoryl A was unable to upreg-
ulate CYP27B1 in interferon receptor deficient (IFNR−/−) dendritic cells, nor stimulate 
the migration of IFNR−/− dendritic cells to secondary lymphoid organs confirming 
that it was an interferon-CYP interaction.

6.14  Concluding Remarks

The ability of infectious and inflammatory stimuli to alter the disposition of commonly 
used drugs through cytokine-mediated reductions in hepatic CYP metabolism has 
been recognized for some time. Based on recent discoveries it is likely that some of 
the historical reports of altered drug disposition during infectious diseases also 
involved cytokine-mediated reductions in hepatic drug transporters.

There is an immediate need for human studies to determine the broader clinical 
importance of drug-cytokine interactions involving extrahepatic tissues. For example, 
do reduced intestinal ABCB1 and ABCG2 in IBD increase oral drug absorption or 
serve as risk factors for colorectal cancer? Is human kidney ABCB1 upregulated in 
inflammatory diseases and does this compensate for an inflammation-mediated 
loss in intestinal and hepatic drug elimination? When infectious or inflammatory 
complications arise in pregnancy, does altered placental drug transport increase 
fetal exposure to medications? Do HIV-encephalitis, Alzheimer’s and Parkinson’s 
diseases or acute brain injuries impart cytokine-mediated changes to blood-brain 
barrier ABCB1 such that drug efficacy or disease progression is affected? Answering 
these questions will help address the primary challenges, which are to identify: the 
situations in which drug-cytokine interactions are most likely to occur, the pharma-
cological outcomes of the interactions and who is most at risk. With this informa-
tion, it will then be possible to appropriately inform and caution physicians and 
pharmacists about the potential positive and negative impact of infectious and 
inflammatory diseases on safe and effective use of medications. Until this informa-
tion becomes available it would be correct to assume that hepatic drug elimination 
will be impaired in any disease state that has an inflammatory component or one 
that activates host defense. This especially applies to the elderly and critically ill, 
who may be more susceptible because they have a reduced capacity to eliminate 
drugs and tend to receive multiple medications concurrently. In order to circumvent 
aberrant drug-cytokine interactions in these situations, empirical dose reductions 
and/or more rigorous patient monitoring may be warranted until the infectious or 
inflammatory condition is resolved.
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Abstract This chapter describes the drug–drug interactions of the beta-lactam 
antibiotics: penicillins, cephalosporins, carbapenems, and monobactams. The beta-
lactam antibiotics are a large class of diverse compounds used clinically in oral, 
parenteral, and inhaled dosage formulations. The beta-lactam antibiotic agents have 
become the most widely used therapeutic class of antimicrobials because of their 
broad antibacterial spectrum and excellent safety profile. Reports of drug–drug 
interactions with the beta-lactam antimicrobials are a relatively rare phenomenon, 
and when they do occur they are generally of minor significance.

In this chapter each beta-lactam drug interaction has been categorized as major, 
moderate or minor and is presented in Table 7.1. Interactions classified as major are 
considered well documented and have the potential to be life threatening or dangerous. 
Moderate interactions are those for which more documentation is needed and/or 
potential harm to the patient is less. Minor interactions are either poorly documented, 
present minimal potential harm to the patient, or occur with a low incidence.

The drug interactions of most concern with the beta-lactam antibiotics are those 
with oral contraceptive products, methotrexate and valproic acid. In the case oral 
contraceptives, even though a small percentage of women may potentially experience 
decreased effectiveness of these birth control products while taking beta-lactam 
antibiotic, alternative birth control methods should be considered while taking these 
antibiotics. Weak organic acids such as penicillins and cephalosporins can compete 
with methotrexate for renal tubular secretion which may increase the risk of adverse 
effects of methotrexate. Lastly, decreased plasma concentrations to subtherapeutic 
ranges have been reported in patients taking the carbapenems and valproic acid 
concomitantly.
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7.1  Beta-Lactam Antibiotics

The beta-lactam antibiotics are a large class of diverse compounds used clinically in 
oral, parenteral, and inhaled dosage formulations. The beta-lactam antibiotic agents 
have become the most widely used therapeutic class of antimicrobials because of 
their broad antibacterial spectrum and excellent safety profile. Reports of drug–drug 
interactions with the beta-lactam antimicrobials are a relatively rare phenomenon, 
and when they do occur they are generally of minor significance. This chapter 
describes the drug–drug interactions of the beta-lactam antibiotics: penicillins, 
cephalosporins, carbapenems, and monobactams.

As an overview, each beta-lactam drug interaction has been categorized as major, 
moderate or minor and is presented in Table 7.1. Interactions classified as major are 
considered well documented and have the potential to be life threatening or dangerous. 
Moderate interactions are those for which more documentation is needed and/or 
potential harm to the patient is less. Minor interactions are either poorly documented, 
present minimal potential harm to the patient, or occur with a low incidence.

After reading this chapter the reader will recognize the clinical significance of 
drug–drug interactions associated with the beta-lactam antibiotics and understand 
the management of these drug–drug interactions.

7.2  Penicillin Drug Interactions

7.2.1  Acid-Suppressive Agents

The combination of various penicillins (ampicillin, amoxicillin, bacampicillin, and 
amoxicillin/clavulanate) and H

2
-receptor antagonists (cimetidine and ranitidine) or 

omeprazole have been evaluated for effects on the bioavailability of the specific 
penicillin investigated [1–5]. With the exception of bacampicillin, the bioavailability 
of the penicillins was unaffected. The area under of the curve (AUC) of bacampicil-
lin was reduced in the presence of food, ranitidine, and sodium bicarbonate [5]; 
however, another study did not demonstrate a difference in AUC with coadministra-
tion of omeprazole and bacampicillin [2].The concurrent administration of most 
penicillins and acid-suppressive agents poses no problems except possibly with 
bacampicillin.

7.2.2  Allopurinol

An increased incidence of skin rash has been reported in patients receiving either 
ampicillin or amoxicillin concomitantly with allopurinol. In an analysis of data 
collected in 4,686 patients receiving ampicillin, 252 of which were also receiving 
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Table 7.1 Significance of beta-lactam drug interactions

Penicillins Cephalosporins Carbapenems Monobactam

Major

Moderate

Minor

– In vitro amino- 
glycoside  
inactivation

– Contraceptives,  
oral estrogen

– Methotrexate

Valproic acid

– Contraceptives,  
oral estrogen

– Methotrexate

– In vivo amino- 
glycoside  
inactivation

– Acid suppressive  
agents

– Antacids
– Iron
– Ethanol
– Probenecid
– Ranitidine
– Warfarin

– Probenecid
– Ganciclovir

– Probenecid

– Aminoglycoside  
inactivation in  
sampling serum 
concentrations

– Neomycin (oral)
– Probenecid
– Warfarin

– Acid suppressive  
agents

– Allopurinol
– Aspirin
– Beta-adrenergic  

blockers
– Calcium channel  

blockers
– Chloramphenicol
– Chloroquine
– Ciprofloxacin
– Cyclosporine
– Heparin
– Interferon-gamma
– Guar gum
– Khat
– Metformin
– Phenytoin
– Proguanil
– Tetracyclines
– Vecuronium

– Aminoglycoside  
nephrotoxicity

– Calcium channel  
blocker

– Colistin
– Furosemide
– Metoclopramide
– Nonsteroidal  

anti-inflammatory  
drugs

– Phenytoin
– Propantheline
– Theophylline

– Cyclosporine
– Theophylline

allopurinol, rash was reported in 5.7% of the patients receiving ampicillin compared 
to 13.9% of patient’s receiving both ampicillin and allopurinol (p = 0.0000001) [6]. 
There were no differences of age, sex, diagnosis, or admission laboratory value of 
blood urea nitrogen (BUN) that could be identified between the two groups. Similar 
results of an increased incidence of a rash have also been reported in patients receiving 
both amoxicillin and allopurinol (22%) versus amoxicillin alone (5.9%) [6].

Fessel and colleagues attempted to determine the possible reasons for the higher 
incidence of rash in patients receiving allopurinol and ampicillin [7]. They compared 
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the history of allergies to penicillin, allergies to other antibiotics, presence of hay 
fever, use of antihistamine medications, and the prevalence of asthma in 124 asymp-
tomatic hyperuricemic individuals compared to 224 matched normouricemic con-
trols. The following results were considered significant in asymptomatic 
hyperuricemic subjects versus the control subjects: history of penicillin allergy 
(14.1% versus 4.9%), hay fever (18.8% versus 8.0%), and use of antihistamine med-
ications (9.9% versus 2.7%). The incidence of allergies to antibiotics excluding 
penicillin and prevalence of asthma were not significant between groups. The authors 
hypothesized that hyperuricemic individuals tend to have a higher frequency of aller-
gic reactions; therefore, this altered immunologic state may explain the increased 
incidence of ampicillin rashes rather than an ampicillin–allopurinol interaction.

The significance of this pharmacodynamic interaction tends to be minor. 
Clinicians may continue to prescribe these agents concomitantly. Patients should be 
monitored and counseled regarding this potential increased incidence of skin rashes 
when these two agents are prescribed concurrently.

7.2.3  Aminoglycosides

Penicillins and aminoglycosides are commonly used in combination together to treat 
a variety of infections. However, concomitant use of the extended-spectrum penicillin 
antimicrobials may result in inactivation of the aminoglycosides. Although the 
majority of interactions are reported in vitro, the potential for in vivo interactions are 
of concern, especially in those patients with end-stage renal failure [8–15].

7.2.3.1  In Vivo Aminoglycoside Inactivation

McLaughlin and Reeves reported a case report of a patient undergoing hemodialysis 
and receiving gentamicin for 8 days for the treatment of a soft tissue infection [9]. 
Carbenicillin therapy was added on day 8. The authors reported that therapeutic 
serum concentrations for gentamicin could not be achieved despite administration 
of high doses following the addition of carbenicillin. Of note, the patient received 
more frequent dialysis sessions during this period, which may have also contributed 
to subtherapeutic gentamicin concentrations. Uber et al. noted similar pharmacoki-
netic findings when tobramycin and piperacillin where administered concomitantly 
in a chronic hemodialysis patient [10]. McLauglin and Reeves also studied this 
interaction in an animal model [9]. Rabbits that received only gentamicin were 
reported to have normal gentamicin concentrations (n = 2), while rabbits receiving 
carbenicillin and gentamicin had undetectable levels at 30 h (n = 3).

Other investigators have described a reduction in aminoglycoside concentration 
when co-administered with extended-spectrum penicillins particularly in patients 
with end-stage renal failure [11–16]. Davies et al. evaluated gentamicin half-lives 
in the presence of therapeutic doses of ticarcillin or carbenicillin in eight patients 
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with  end-stage renal failure [12]. In patients receiving gentamicin concomitantly 
with ticarcillin, the gentamicin half-life was reduced from 31 to 22 h whereas gen-
tamicin half-life was reduced from 50 to 8 h in patients receiving carbenicillin and 
gentamicin.

Halstenson et al. assessed the effect of piperacillin administration on the disposi-
tion of netilmicin and tobramycin in 12 chronic hemodialysis patients [11]. The 
half-life of netilmicin was not significantly altered when netilmicin was given con-
currently with piperacillin. In comparison, the half-life of tobramycin was consider-
ably reduced in the presence of piperacillin (59.62 ± 25.18 versus 24.71 ± 5.41 h). 
Lau et al. were unable to document any such drug–drug interaction between pipera-
cillin and tobramycin in subjects with normal renal function (defined as creatinine 
clearances of greater than or equal to 60 mL/min) [17]. Hitt and colleagues reported 
no differences in pharmacokinetic parameters of once-daily gentamicin with the 
co-administration of several piperacillin-tazobactam regimens in subjects with nor-
mal renal function [18]. Similarly, Dowell et al. were unable to demonstrate differ-
ences in the pharmacokinetic parameters of tobramycin when administered alone or 
with piperacillin/tazobactam in subjects with moderate renal impairment (creatinine 
clearance between 40 and 59 mL/min), mild renal impairment (creatinine clearance 
between 20 and 39 mL/min) or normal renal function (creatinine clearance greater 
than 90 mL/min) [19].

It has been suggested that the extended spectrum penicillins interact chemically 
with the aminoglycosides to form biologically inactive amides. The degree of inac-
tivation is dependent on the specific aminoglycoside and beta-lactam used [12, 20]. 
In vivo inactivation of aminoglycosides occurs at such a slow rate that it appears to 
be clinically insignificant in patients with normal renal function [17, 20]. Some 
investigators have stated that this interaction could possibly be relevant for patients 
with renal failure who have high serum concentrations of penicillins [11, 12, 21]; 
therefore, close therapeutic monitoring of aminoglycosides is warranted in this spe-
cific clinical situation.

7.2.3.2  Neomycin

Concomitant administration of oral neomycin and penicillin V has been reported to 
reduce serum concentrations of penicillin [22]. In healthy volunteers, penicillin V 
concentrations decreased by over 50% following the administration of oral neomy-
cin concomitantly with penicillin V [22]. Due to the significant decrease in penicil-
lin exposure, oral neomycin should not be coadministered with penicillin V.

 In Vitro Aminoglycoside Inactivation

McLaughlin and Reeves described undetectable gentamicin concentrations and 
clinical failure in a patient who received an infusion of carbenicillin and gentamicin 
for Pseudomonas bacteremia [9]. In vitro inactivation of aminoglycosides can be 
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significant when these agents are prepared in the same intravenous mixture for 
administration [20]. Within 2 h of admixing at room temperature, an intravenous 
fluid mixture containing ampicillin (concentration equivalent to 12 g/day) and gen-
tamicin resulted in a 50% decline in the gentamicin activity. After 24 h, no measur-
able gentamicin activity was noted [20]. An intravenous fluid mixture containing 
gentamicin and carbenicillin demonstrated a 50% reduction in activity between 
8 and 12 h after admixing at room temperature. Aminoglycosides and penicillins 
should not be mixed together prior to infusion

7.2.3.3  In Vitro Inactivation Aminoglycoside in Sampling  
Serum Concentrations

If high concentrations of penicillins are present in serum samples that are to be 
assayed for aminoglycoside concentrations, inactivation of the aminoglycosides by 
the penicillins can result in falsely decreased aminoglycoside concentrations [8]. 
Penicillin concentration, period of time prior to sampling, and storage temperature 
of the sample are factors that affect the extent of inactivation [8]. When measuring 
aminoglycoside serum concentrations through intravenous tubing, one should flush 
5–10 mL of either normal saline or 5% dextrose in water (based on drug compati-
bilities) through the tubing before withdrawing blood to minimize the amount of 
beta-lactam present in the intravenous tubing prior to sampling.

7.2.3.4  Aminoglycosides—Synergy

The concomitant use of beta-lactam and aminoglycoside antimicrobials has been 
described as synergistic for several Gram-positive and Gram-negative organisms 
[23–26]. By inhibiting the cell-wall synthesis, beta-lactams increase the porosity of 
the bacterial cell wall resulting in greater aminoglycoside penetration and access to 
target ribosomes [27].

The use of penicillin or ampicillin in combination with an aminoglycoside has 
been documented to be advantageous in the treatment of enterococcal infections 
[28]. Moellering also noted that whereas penicillin exhibits only bacteriostatic 
activity against enterococci; the combination of penicillin and streptomycin pos-
sesses bactericidal activity [23]. As a result, most severe enterococcal infections are 
routinely treated with penicillin or ampicillin plus an aminoglycoside.

Despite the well-documented in vitro synergy between beta-lactams and amino-
glycosides, limited clinical data are available supporting superior efficacy of synergis-
tic versus nonsynergistic combinations for the treatment of Gram-negative infections. 
Anderson et al. retrospectively evaluated Gram-negative bacteremias to determine 
if the treatment with one or two antimicrobials effected outcome and whether 
in vitro synergy correlated with superior efficacy [29]. Of the 173 patients treated 
with two drugs, the clinical response rate was 83% in patients who received syner-
gistic versus 64% with nonsynergistic antimicrobial regimens (p < 0.05). The use of 
synergistic antimicrobial combinations (aminoglycoside plus ampicillin or carbenicillin) 
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were associated with better clinical response in patients with neutropenia (p < 0.001), 
shock (p < 0.001), Pseudomonas aeruginosa bacteremias (p < 0.05), and “rapidly or 
ultimately fatal” conditions (p < 0.005). In critically ill patients with Gram-negative 
bacteremia, the combination of an extended spectrum penicillin and aminoglyco-
side is a reasonable therapeutic approach.

7.2.4  Anticoagulants

7.2.4.1  Heparin

A number of case reports have suggested that parenteral penicillins in combination 
with heparin have caused coagulopathies [30–36], and may predispose patients to clini-
cally significant bleeding [33–35, 37]. The exact mechanism of this interaction is 
unknown but may be a result of a direct effect on platelet function by penicillins, which 
may have an additive anticoagulant effect when combined with heparin [31, 32, 37].

Wisloff et al. evaluated the bleeding time of patients receiving heparin and peni-
cillins compared to heparin alone [36]. Fifty patients were placed on heparin 
(5,000 IU subcutaneously for 7 days) following an elective vascular surgery proce-
dure and were also randomized to receive a combination of ampicillin and cloxacil-
lin or no antibiotics. The patients that were receiving heparin along with the 
penicillins had a slightly longer bleeding time; however, this was still within an 
acceptable range in most cases.

Since patients receiving heparin are routinely monitored closely for coagulopa-
thies and clinically significant bleeding, the potential interaction between these two 
drugs does not warrant further precautions.

7.2.4.2  Warfarin

A decreased anticoagulant effect for warfarin has been documented when given 
concomitantly with nafcillin [38–42] or dicloxacillin [38, 42–44]. It has been pos-
tulated that these antibiotics induce the cytochrome P450 system and may increase 
the metabolism of warfarin [40, 45–47]. Another possible explanation may involve 
the ability of these highly protein-bound agents to displace warfarin. However, 
Qureshi et al. performed an in vitro study and demonstrated that nafcillin did not 
effect the protein binding of warfarin [40]. Cropp and Busey reported that the usual 
onset of this interaction between nafcillin and warfarin was seen within 1 week after 
initiation of nafcillin therapy and with warfarin requirements returning to baseline 
usually within 4 weeks after the discontinuation of the nafcillin [48].

Krstenansky et al. studied the effect of dicloxacillin in seven patients stabilized on 
warfarin therapy [43]. Prothrombin times (PTs) were obtained prior to treatment and on 
days 1, 3, 6, and 7 of dicloxacillin administration. A decrease in the PT was observed in 
all patients on day 6 or 7 compared to baseline PT values. The decrease in PT ranged 
from 0.3 to 5.6 s (mean ± SD of −1.9 ± 1.8 s) and was statistically significant (p < 0.05).
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Brown et al. presented a case report of a patient on warfarin 2.5 mg daily who 
developed an increased hypoprothrombinemic response after receiving high-dose 
intravenous penicillin (24 million units/day). Upon withdrawal of the penicillin, the 
patient’s prothrombin time subsequently returned to his baseline [49]. More recently, 
Davydov et al. reported a case of a 58 year old woman, in which warfarin interacted 
with amoxicillin/clavulanate resulting in an elevated international normalized ratio 
(INR) and hematuria. [50] Although the exact mechanism of this interaction remains 
unknown, it has been proposed that broad spectrum antibiotic use may lead to a 
decrease in vitamin K producing bacteria within the gastrointestinal tract. This may 
then result in a vitamin K deficient state (especially in patients with low dietary 
intake of vitamin K) potentially leading to an increased effect of warfarin. Clinicians 
should be aware of the potential interaction between penicillins and oral anticoagu-
lants and monitor the PT and INR in patients receiving these agents concurrently.

7.2.4.3  Aspirin

Large doses of aspirin may increase the serum concentrations and half-lives of peni-
cillin, oxacillin, nafcillin, cloxacillin, and dicloxacillin when administered concur-
rently [51, 52]. Eleven patients with arteriosclerotic disorders received penicillin G 
before and after high doses of aspirin (3 g/day) [51]. During aspirin administration, 
penicillin half-life increased from 44.5 ± 15.8 m to 72.4 ± 35.9 m (p < 0.05) [51]. The 
mechanism of this interaction remains unknown. Some have speculated that this 
interaction may occur as a result of aspirin displacing penicillin from protein-bind-
ing sites or of aspirin competing with penicillins for the renal tubular secretory 
proteins [51–55]. Avoidance of this combination is unnecessary.

7.2.5  Beta-Adrenergic Blockers

Coadministration of ampicillin and atenolol may lead to a decrease in the serum 
concentration of atenolol. In a crossover study, six healthy subjects were orally 
administered 100 mg atenolol alone and with 1 g ampicillin. Atenolol pharmacoki-
netics was assessed after a single dose, and after reaching steady state. These sub-
jects previously received intravenous atenolol in another study, which was utilized 
to determine oral bioavailability in the present study. The bioavailability of atenolol 
was reduced from 60% (atenolol alone) to 36% (single dose atenolol and ampicillin, 
p < 0.01) to 24% (steady-state concentrations of atenolol and ampicillin, p < 0.01) 
[56]. Other atenolol pharmacokinetic parameter values for AUC, C

max
, and mean 

steady-state concentrations were also significantly reduced (p < 0.01). Despite the 
differences in atenolol serum concentration, blood pressure measurements did not 
differ between the groups over a 4-week treatment period.

McLean and colleagues also performed a crossover study administering oral 
atenolol and ampicillin to six volunteers [57]. Unlike the previous study, these 
investigators dosed ampicillin at clinically applicable doses of 250 mg 4 times a 
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day, as well as higher doses of 1 g. The mean reduction of AUC was lower in the 
former dosing regimen compared to the latter one (18.2% versus 51.5%).

Although the clinical significance of this interaction is questionable, it would 
seem reasonable that patients should be monitored for this interaction when higher 
doses of ampicillin are used, especially in the presence of renal dysfunction; how-
ever, no empiric dosage alterations are recommended at this time.

7.2.6  Calcium Channel Blockers

Nifedipine appears to increase the bioavailability of amoxicillin by facilitating its 
active transport mechanism within the gastrointestinal tract [58]. In a randomized 
cross-over study conducted in eight healthy volunteers, each subject received 1 g 
oral amoxicillin with 20 mg nifedipine or placebo. The absolute bioavailability of 
amoxicillin was noted to increase from 65.25% to 79.2% with the addition of nife-
dipine (p < 0.01) [58]. The AUC also increased from 29.7 ± 5.3 mg · h/L (amoxicillin 
alone) compared to 36.26 ± 6.9 mg · h/L (amoxicillin and nifedipine) (p < 0.01). 
Since no adverse events were associated with the alterations of these pharmacoki-
netic parameters, no dosage adjustments are recommended.

Nafcillin has been postulated to enhance the elimination of agents metabolized 
through the cytochrome P450 system [45, 46]. A cross-over study was conducted to 
evaluate the induction potential of nafcillin on nifedipine, a substrate of the cytochrome 
P450 3A4 enzyme [59]. Healthy volunteers were randomized to receive 5 days of 
oral nafcillin (500 mg 4 times daily) or placebo, which was followed by a single dose 
of nifedipine. The subjects who received nafcillin along with nifedipine were found 
to have a significant reduction in the nifedipine AUC

0–∞ (80.9 ± 32.9 mg · h/L versus 
216.4 ±93.2 mg·h/L; p < 0.001) and enhanced plasma clearance (138.5 ± 42.0 L/h 
versus 56.5 ± 32.0 L/h; p < 0.002) compared to the nifedipine-placebo group. Due to 
the limited available data, the clinical significance of this interaction is unknown.

7.2.7  Chloramphenicol

The administration of a bacteriostatic agent such as chloramphenicol may antago-
nize the bactericidal activity of beta-lactam antimicrobials [60, 61]. Beta-lactam 
antimicrobials exhibit their bactericidal effect by binding to penicillin-binding pro-
teins and inhibiting bacterial cell wall synthesis. For beta-lactams to exert optimal 
bactericidal effects, bacteria should be actively growing and dividing. However, 
bacteriostatic agents such as chloramphenicol, which may inhibit protein synthesis, 
may interfere with the bactericidal activity of penicillins.

In vitro studies have demonstrated the concomitant of penicillin and chloram-
phenicol to be antagonistic [60, 62]. However, human data do not support these 
findings [63, 64]. Patients with gonococcal infections who were treated with a com-
bination of penicillin and chloramphenicol had better clinical outcomes than patients 
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treated with penicillin alone [63]. Superior outcomes were also reported among 
patients infected with typhoid fever who were treated with chloramphenicol plus 
ampicillin compared to chloramphenicol alone [64].

Relevant clinical information is limited for this drug–drug interaction. Since the 
in vivo and in vitro data concerning this interaction are contradictory, it is unneces-
sary to avoid the concurrent use of these antimicrobials.

7.2.8  Chloroquine

Investigators conducted a study in healthy volunteers to evaluate the coadministra-
tion of chloroquine and ampicillin on the pharmacokinetics of ampicillin [65]. 
Ampicillin pharmacokinetics alone or in the presence of chloroquine was deter-
mined by characterizing the drug’s renal elimination. The mean percent of dose 
excreted was 29% for ampicillin alone versus 19% for the ampicillin/chloro-
quine combination (p < 0.005). The coadministration of ampicillin and chloroquine 
resulted in a significant reduction in ampicillin bioavailability, but not in time of 
maximal excretion [65]. Based on limited data, coadministration of these agents 
may lead to a reduction in ampicillin concentrations. Although the clinical signifi-
cance of this interaction remains unknown, concomitant administration of chloro-
quine and ampicillin should be avoided.

7.2.9  Ciprofloxacin

Interactions between the penicillins and fluoroquinolones have been rarely docu-
mented [66, 67]. Barriere et al. assessed the effect of the concurrent administration 
of ciprofloxacin and azlocillin in a crossover trial [66]. Six subjects were adminis-
tered single doses of ciprofloxacin and azlocillin alone and in combination. Similar 
pharmacokinetic profiles were noted with azlocillin; however, when coadministered 
with azlocillin, a statistically significant reduction in total clearance and renal clear-
ance of ciprofloxacin was noted. Based on limited data, coadministration of these 
agents need not be avoided.

7.2.10  Contraceptives, Oral Estrogen

Several case reports of breakthrough bleeding and pregnancies have been reported in 
patients receiving oral contraceptives and antibiotics concomitantly [68–72]. It has 
been postulated that antibiotics interfere with the enterohepatic circulation of oral 
estrogens, resulting in subtherapeutic estrogen concentrations [70–72]. After oral 
estrogens are absorbed, they undergo hepatic metabolism to glucuronide and sulfate 
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conjugates and are excreted into the bile. Bacteria residing in the gut hydrolyze 
the conjugates to active drug, which is then reabsorbed by the body [70]. The proposed 
mechanism of this interaction involves the ability of antibiotics to destroy the gut bac-
teria that are required to hydrolyze the conjugated estrogen to their active form.

Studies in animal models assessing this interaction have shown mixed results 
[73, 74]. One investigation demonstrated no alterations in the pharmacokinetics of 
ethinylestradiol when administered with ampicillin [73]. Another study found dif-
ferences in both AUC and plasma clearance in the group that received antibiotics 
compared to ethinylestradiol alone [74].

Several studies have been performed in humans to determine if the case reports 
and animal data represent significant findings [75–77]. Freidman and colleagues 
prospectively evaluated the serum concentrations of gonadotropins and other hor-
mones in 11 volunteers receiving Demulen® (50 mg of ethinylestradiol and 1 mg of 
ethynodiol diacetate) plus ampicillin or placebo during two consecutive menstrual 
cycles [76]. Progesterone concentrations were similar between the Demulen-
ampicillin and Demulen–placebo groups. Follicle-stimulating hormone and luteiniz-
ing hormone appeared to be similar between the two groups. None of the 11 patients 
underwent ovulation. Freidman and colleagues concluded that ampicillin should not 
reduce the effectiveness of Demulen. Other researchers have criticized the results of 
this study because of its study design which included a small number of subjects, a 
short duration of antimicrobial therapy, and a relatively high dose of estrogens 
(present in Demulen) [71].

Back and colleagues evaluated seven women receiving oral contraceptives for at 
least 3 months (all containing ³ 30 mg of ethinyloestradiol) who presented to their 
clinic with an infection that required the administration of ampicillin of 8 days dura-
tion [75]. Blood samples were taken during concomitant oral estrogen and ampicil-
lin therapy and during the next menstrual cycle without ampicillin. Six female 
volunteers receiving only oral contraceptives for at least 3 months were similarly 
evaluated for the potential drug interaction. Plasma concentrations of ethinyloestra-
diol, levonorgestrel, follicle-stimulating hormone, and progesterone were not sig-
nificantly different between the two groups (oral contraceptive-ampicillin versus 
oral contraceptive alone). Despite the fact that a lower concentration of ethiny-
loestradiol was seen with two women on ampicillin, the authors concluded that 
alternative methods of protection are not necessary in most women [75].

Another study in volunteers analyzed the effect of administering ampicillin or 
metronidazole with an oral contraceptive preparation [77]. This summary will be 
limited to the group using ampicillin (n = 6). Subjects initially received a low-dose 
oral contraceptive (1 mg norethisterone acetate and 30 mg ethinyl estradiol). On 
days 6 and 7, plasma concentrations of ethinylestradiol and norethisterone were 
obtained. Subsequently, subjects were administered ampicillin (500 mg twice daily 
orally for 5–7 days) and the contraceptive steroid. Following antibiotic treatment, 
serum hormones, ampicillin, and progesterone concentrations were measured in the 
subjects. The concentrations of norethisterone and ethinylestradiol were not altered 
in the presence of ampicillin, and progesterone concentrations were in the appropri-
ate range to suppress ovulation [77].
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It is difficult to determine the clinical significance of this interaction because of 
the small number of clinical trials, small numbers of patients, minimal number of 
case reports, and the limited number of oral contraceptives studied. A review article 
by Weisberg suggests that the possibility of a clinically significant interaction 
between antibiotics and oral contraceptives is likely less than 1% [78]. The author 
states that women with a greater extent of enterohepatic circulation, previous break-
through bleeding, or contraceptive failure may have a higher risk for this interaction 
[78]. More recently, Dickinson et al. reviewed this literature from 1969 through 
1999. They concluded that although a rare occurrence certain penicillins may affect 
plasma ethinyl estradiol concentration in some women. Given the serious nature of 
an unexpected pregnancy they advised that women should consider other protective 
measures while taking these antibiotics [79].

Although clinical trials have not been able to demonstrate any consistent interac-
tion between oral contraceptives and antibiotics due to the potential risk of contra-
ceptive failure, clinicians should still counsel patients on this potential interaction 
and suggest alternative method(s) of contraception if antimicrobial therapy is 
necessary.

7.2.11  Cyclosporine

Although nafcillin is not well-established as an inducer of the cytochrome P450 
system, the following case report suggests that nafcillin may reduce the serum 
concentrations of cyclosporine via induction of the cytochrome P450 system [80]. 
On two separate occasions, a 34-year-old woman, status post-renal transplant, 
experienced a reduction in cyclosporine serum concentration following nafcillin 
administration [80]. The patient received 2 g nafcillin intravenously every 6 h for 
a positive culture of methicillin-susceptible Staphylococcus aureus from a peri-
nephric abscess. Upon admission, the patient was receiving 400 mg cyclosporine 
daily with a corresponding trough serum concentration of 229 ng/mL. After initia-
tion of nafcillin, her cyclosporine concentrations decreased to 119 and 68 ng/mL 
on days 3 and 7 of nafcillin, respectively, despite stable daily doses of 400 mg of 
cyclosporine. Upon discontinuation of nafcillin, trough serum concentrations 
of cyclosporine increased to 141 and 205 ng/mL on days 2 and 4 without nafcillin 
therapy, respectively. No change in renal or hepatic function was noted throughout 
this entire treatment period. The second cyclosporine–nafcillin interaction occurred 
when the patient was later readmitted for drainage of retroperitoneal fluid collec-
tion. The patient experienced a similar decline in cyclosporine concentrations dur-
ing concomitant therapy, and subsequent increases in cyclosporine concentrations 
following discontinuation of nafcillin. Based on the findings of this case report, 
cyclosporine concentrations should be closely monitored during concomitant naf-
cillin administration.
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7.2.12  Erythromycin

The concurrent administration of erythromycin and penicillin may result in 
antagonism, synergy or no effect (indifference) on the antibacterial activity of peni-
cillin. Beta-lactams exert their cidal effects on bacteria by binding to penicillin-
binding proteins and inhibiting cell-wall synthesis. For beta-lactams to exercise their 
optimal bactericidal activity, bacteria should be actively growing and dividing; 
therefore, erythromycin can interfere with the bactericidal activity of penicillin by 
inhibiting protein synthesis.

In vitro studies have demonstrated the concomitant administration of penicillin 
and erythromycin to be synergistic, antagonistic, additive, or indifferent [81–89]. 
These differences may be due to such factors as the specific microorganism involved, 
susceptibility patterns to both agents, antibiotic concentrations, the inoculum 
effect, and time of incubation [81, 83, 85, 87, 88, 90]. Similar to the disparate results 
demonstrated in vitro, case reports have shown penicillin and erythromycin antago-
nism in the treatment of scarlatina [91] and Streptococcus bovis septicemia [92], 
whereas clinical improvement has been reported with the concurrent use of 
ampicillin and erythromycin in the treatment of pulmonary nocardiosis [93].

Although there has been concern about the use of the combination of beta-lactams 
and macrolides because of the possibility of antagonism, they have recently gained 
favor for the treatment of community-acquired pneumonia in the hospitalized 
patient. Several recently published studies found that patients with bacteremic pneu-
mococcal pneumonia treated with a beta-lactam plus a macrolide had a lower mor-
tality rate compared to those treated with a single agent [94–96]. As such, treatment 
guidelines for community-acquired pneumonia recommend a beta-lactam and mac-
rolide as a preferred treatment option for hospitalized patients [97]. As evident from 
these clinical reports and in vitro testing, the antagonism risk between beta-lactams 
and macrolides appears to be minimal.

7.2.13  Guar Gum

Guar gum, which may be utilized as a food additive, has been reported to reduce 
serum concentrations of phenoxymethyl penicillin [98]. In a double-blind study, ten 
healthy volunteers received guar gum or placebo granules along with 3 MU of  
phenoxymethyl penicillin. The peak penicillin concentration decreased significantly 
from 7,560 ± 1,720 to 5,680 ± 1,390 ng/mL (p < 0.01) when administered with pla-
cebo compared to guar gum. The AUC

0–6 h
 of penicillin decreased significantly from 

14,500 ± 1,860 to 10,380 ± 2,720 ng · h/mL (p < 0.001) when administered with guar 
gum. The time to peak concentration was not altered significantly. As a result of the 
significant decrease in the peak serum concentrations and AUC

0–6 h
, phenoxymethyl 

penicillin should not be administered concomitantly with guar gum.
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7.2.14  Interferon-Gamma

Recent data suggest that penicillin may interact with a variety of cytokines by 
conjugating these biological proteins [99–100]. Benzylpenicillin has been shown to 
conjugate IFN-gamma, IL-1beta, IL-2, IL-5, IL-13, and TNF-alpha; however, based 
on a series of in vitro experiments, benzylpenicillin only appears to alter the bio-
logic activity of IFN-gamma [99]. Using an in vitro bioassay, Brooks et al. noted 
that benzylpenicillin inhibited the ability of IFN-gamma to induce CD54 expression 
on epithelial cells. Additional preclinical studies suggest that other regulatory func-
tions of IFN-gamma may also be modulated by benzylpenicillin [100]. Because 
IFN-gamma promotes Th1 responses and inhibits Th2 and IgE-mediated responses, 
disruption of IFN-gamma activity by benzylpenicillin may result in clinically sig-
nificant immunomodulatory effects, which promote allergy. The reader is referred 
to Chap. 6 for additional information on drug-cytokine interactions.

7.2.15  Khat

The chewing of khat (a natural substance that obtained from shrubs grown in East 
Africa and Yemen) may reduce the bioavailability of ampicillin and amoxicillin 
[101]. In a crossover design, eight healthy adult male Yemeni subjects received 
ampicillin or amoxicillin under various conditions of khat chewing [101]. The uri-
nary excretion method was utilized to determine the bioavailabilities of ampicillin 
and amoxicillin under the following conditions: antibiotic alone, 2 h before khat 
chewing, immediately prior to khat chewing, immediately prior to khat chewing 
with a meal, midway through khat chewing, and 2 h after khat chewing. The bio-
availability of ampicillin (measured by percentage of ampicillin excreted unchanged 
in the urine, peak excretion, and time to peak excretion) was significantly decreased 
during all conditions except when administered 2 h after khat chewing. In contrast, 
amoxicillin’s bioavailability was only affected when amoxicillin was taken midway 
through khat chewing. Considering the limited use of khat in the developed coun-
tries, this should not be considered a clinically relevant drug–drug interaction. 
However, if ampicillin and amoxicillin are administered to an individual using khat, 
these agents should be taken at least 2 h following khat chewing.

7.2.16  Metformin

In a crossover study, healthy volunteers were randomized to receive metformin 
alone or metformin along with cephalexin [102]. The coadministration of metformin 
and cephalexin led to an increase in C

max
 and AUC of metformin by approximately 

30%. It appears that cephalexin interferes with renal clearance of metformin, which 
may be due to competition for renal transport proteins such as organic anion or 
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cation transporter (OAT or OCT, respectively) [102, 103]. Limited data are available 
on the clinical significance of this interaction. Clinicians should exercise caution 
when using these two agents together.

7.2.17  Methotrexate

Weak organic acids such as penicillins can compete with methotrexate for renal 
tubular secretion [104, 105] and reduce the renal elimination of methotrexate. 
Various studies in rabbits have demonstrated a reduction in the renal clearance of 
methotrexate and 7-hydroxymethotrexate [104–107]. One of the studies demon-
strated nearly 50% reduction in methotrexate (MTX) clearance when piperacillin 
was administered 10 min before and 4 h after a single dose of MTX (p £ 0.05) [106]. 
The AUC of MTX and its 7-hydroxy-methotrexate metabolite also differed signifi-
cantly from the control (p £ 0.05).

Despite the rather significant results reported from animal studies, few case 
reports have documented this potential interaction [108–113]. Bloom and colleagues 
reported four cases in which the administration of various penicillins concomitantly 
with MTX resulted in the decreased clearance of methotrexate [109]. Methotrexate 
clearance before and after the addition of the following antimicrobials agents are as 
follows: penicillin, 2.8 L/h versus 1.8 L/h; piperacillin, 11 L/h versus 3.6 L/h; ticar-
cillin, 5.8 L/h versus 2.3 L/h; and dicloxacillin/indomethacin, 6.4 L/h versus 
0.45 L/h, respectively. Due to reduction in clearance, these patients required an 
extended leucovorin rescue. Titier et al., published a case report describing severe 
methotrexate toxicity following the concomitant administration of high-dose meth-
otrexate and oxacillin, which lead to a series of complications and ultimately the 
death of the patient [113]. More recently, Zarychanski and colleagues reported the 
interaction of piperacillin/tazobactam with methotrexate resulting in prolonged 
toxic concentrations of methotrexate [114]. In contrast, Herrick and colleagues 
reported no differences in renal clearance of methotrexate administered alone or 
with flucloxacillin in ten patients [115].

Avoiding the concomitant use of penicillins and methotrexate is justified to avoid 
potential toxicity. If the concomitant administration of penicillins and methotrexate 
is necessary, close monitoring of methotrexate concentrations and signs of toxicity 
are warranted.

7.2.18  Oseltamivir

A pharmacokinetic study conducted in healthy volunteers evaluated the concurrent 
administration of oseltamivir (a prodrug) and amoxicillin [116]. No differences in 
the pharmacokinetic parameters of oseltamivir’s active metabolite, Ro 64-0802, 
were noted when administered alone compared to coadministration with amoxicillin. 
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Also, no pharmacokinetic differences were noted for amoxicillin with or without 
the administration of oseltamivir [116]. Based upon these finding, oseltamivir may 
be prescribed with amoxicillin.

7.2.19  Phenytoin

Highly protein-bound antibiotics such as nafcillin and oxacillin (both approximately 
90% bound to plasma proteins) [117] have the potential to interact with other highly 
protein-bound agents such as phenytoin [118, 119]. Due to drug displacement from 
protein binding sites, high doses of nafcillin or oxacillin may increase unbound 
concentrations of phenytoin in certain patient populations [118, 119].

Dasgupta et al. conducted an in vitro study to determine the potential drug inter-
action between oxacillin and phenytoin [118]. Serum was collected from three sepa-
rate patient populations (A, B, and C). Serum for group A was collected from 
healthy patients receiving phenytoin. Serums for group B and C were obtained from 
hypoalbuminemic and hyperuremic individuals, respectively. Subjects in these lat-
ter two groups were not receiving phenytoin; therefore, the serum was supplemented 
with phenytoin. Each group was tested for total and unbound phenytoin concentra-
tions with and without 15 mg/mL or 50 mg/mL of oxacillin, which represented esti-
mated peak oxacillin concentrations following a 500 mg oral dose and a 1 g 
intravenous dose, respectively. Serum from group A showed no statistical difference 
in unbound phenytoin concentrations with 15 mg/mL oxacillin; however, a signifi-
cantly higher unbound phenytoin concentration with 50 mg/mL of oxacillin was 
observed when compared to serum not containing oxacillin (1.67 mg/mL versus 
1.47 mg/mL) (p < 0.05). Serum from subjects in groups B and C also demonstrated 
a statistically significant increase in unbound phenytoin concentrations for both 
oxacillin concentrations compared to the group without oxacillin.

Dasgupta and colleagues performed another study to determine the potential 
effect of nafcillin on unbound phenytoin concentrations [119]. The study consisted 
of both in vitro and in vivo components. The authors observed both in vitro and 
in vivo displacement of phenytoin with the addition of nafcillin to serum. Although 
increases in unbound phenytoin appeared to be minor for the in vitro portion of the 
experiment, a significant increase in unbound phenytoin concentrations was noted 
in all groups compared to the control group (p < 0.05). Unbound phenytoin concen-
trations were also measured in four patients receiving phenytoin and nafcillin con-
currently [119]. The investigators obtained unbound phenytoin concentrations 
during and after nafcillin therapy. Unbound phenytoin concentrations decreased fol-
lowing the discontinuation of nafcillin, although baseline phenytoin concentrations 
were not obtained.

Patients receiving antimicrobials with a high percentage of protein binding (90% 
or greater) and concomitant phenytoin should be monitored closely for signs of phe-
nytoin toxicity. Furthermore, patients receiving high doses of any penicillin should 
have their unbound and total phenytoin concentrations monitored closely. Phenytoin 
dosage adjustments should be made according to extent of the interaction.
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7.2.20  Probenecid

The interaction of probenecid and penicillins (weak organic acids) occurs primarily 
as a result of the inhibition of the tubular secretion of penicillin, although other 
mechanisms may be possible as well [120, 121]. The decrease in renal elimination 
results in increased penicillin serum concentrations. Studies have shown that the 
AUCs of amoxicillin, ampicillin, ticarcillin and nafcillin may increase by approxi-
mately 50–100% when coadministered with probenecid [51, 121–124]. Other beta-
lactams such penicillin and dicloxacillin have also demonstrated increased serum 
concentrations in the presence of probenecid [51, 124–128]. Although probenecid 
significantly effects renal clearance of piperacillin/tazobactam, it does not signifi-
cantly effect area under the curve or half-life of piperacillin/tazobactam [129].

This drug–drug interaction may be clinically beneficial in certain situations in 
which higher penicillin serum concentrations are necessary especially when using 
oral agents. However, careful monitoring or avoidance of this combination should 
be considered in certain patient populations in whom drug accumulation may occur 
(e.g., elderly patients or patients with impaired renal function).

7.2.21  Proguanil

Babalola et al. conducted a study in healthy volunteers to evaluate the coadministra-
tion of proguanil and cloxacillin on the pharmacokinetics of cloxacillin [130]. 
Differences in pharmacokinetic parameter values for cloxacillin alone or in the 
presence of proguanil were determined by assaying urinary samples. Both the maxi-
mum excretion rate and total amount of excreted unchanged cloxacillin were 
reduced by approximately 50% when taken with proguanil compared to proguanil 
alone (p < 0.0001). No differences were noted in cloxacillin half-life or T

max
. The 

authors suggest that separating these two agents by 1–2 h may avoid this potential 
interaction.

7.2.22  Sulfonamides

The concurrent administration of penicillins and sulfonamides was evaluated in a 
pharmacokinetic study [52]. The unbound concentrations of penicillin G, penicillin V, 
nafcillin, and dicloxacillin were increased with the concurrent administration of 
several sulfonamides. The researcher postulated that this interaction occurred as a 
result of the displacement of penicillins from protein-binding sites [52]. In a separate 
study, Kunin reported that the coadministration of oral oxacillin and sulfonamides 
caused a decrease in oxacillin serum concentrations. The author postulated that perhaps 
the sulfonamides may cause reduced absorption of oral oxacillin; however, additional 
mechanisms cannot be ruled out [52]. Based on this limited clinical data, avoidance 
of penicillins and sulfonamides is not warranted.
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7.2.23  Tetracyclines

As previously stated, the administration of a bacteriostatic agent, such as tetracy-
cline or related compounds, may antagonize the bactericidal activity of beta- lactams. 
Nonetheless, both antagonism and synergy between penicillins and tetracyclines 
has been documented in vitro and in vivo studies [131–136].

Lepper and Dowling reported the outcome of 57 patients diagnosed with pneu-
mococcal meningitis who were treated with high-dose penicillin (n = 43) or high-
dose penicillin along with the tetracycline antibiotic, aureomycin (n = 14) [136]. 
Although the severity of illness appeared similar between the treatment groups, 
mortality rates were significantly higher in the patients who received combination 
therapy compared to penicillin alone (79% versus 30%). Olsson and colleagues also 
noted a trend toward increased mortality in patients with pneumococcal meningitis 
treated with penicillin in combination with a tetracycline derivative (85%; n = 7) 
versus penicillin alone (52%; n = 23) or erythromycin alone (50%; n = 6) [137]. 
Strom noted that treatment of hemolytic streptococci with penicillin in combination 
with chlortetracycline compared to penicillin alone had similar initial clinical 
response but the penicillin/chlortetracycline group experienced a higher incidence 
of reinfection [138].

Unlike the case studies involving meningitis, Ahern and Kirby reported similar 
clinical outcomes in patients treated with penicillin alone versus penicillin in com-
bination with aureomycin for pneumococci pneumonia [139]. The authors sug-
gested that the role of rapid, bactericidal activity of penicillin is of more clinical 
significance in treating meningitis compared to less severe infections such as pneu-
monia. Adhern and Kirby stressed the importance of penicillin’s role in treating 
meningitis due to the relatively limited phagocytic activity in the subarachnoid 
space compared to nonmeningeal infections such as pneumonia [139].

Avoiding the combination of penicillin and tetracycline derivatives appears 
appropriate in severe infections requiring rapid bactericidal activity such as menin-
gitis. In less severe infections, the use of these drugs in combination has not been 
documented to adversely affect outcomes.

7.2.24  Vecuronium

The concurrent administration of vecuronium and acylaminopenicillins has been 
reported to prolong muscle paralysis in both humans and animals [140–143]. Condon 
et al. conducted a double-blind clinical trial to determine the ability of piperacillin or 
cefoxitin (control agent) to prolong the muscular blockade of vecuronium [144]. 
Patients were eligible for study enrollment if they were undergoing an elective oper-
ation with general anesthesia that required antibiotic prophylaxis. Patients were sub-
sequently randomized to receive piperacillin or cefoxitin as the prophylactic 
antibiotic prior to the operation. All patients received vecuronium for muscle relax-
ation. Prolongation of neuromuscular blockade was determined before and after the 
administration of the antibiotic by the electromyographic twitch response. Of the 27 
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evaluable patients enrolled in the study, 5 patients (2 piperacillin and 3 cefoxitin) 
exhibited a non-clinically significant prolongation of neuromuscular blockade. 
Otherwise, the rate and extent of neuromuscular blockade was similar between 
groups. It appears that this interaction is clinically insignificant, although knowledge 
of this potential prolongation may be useful in certain surgical settings.

7.2.25  Miscellaneous Agents

The concomitant administration of penicillins and acidic drugs such as phenylbuta-
zone, sulfinpyrazone, indomethacin, and sulfaphenazole may prolong the half-life 
of penicillin. This is postulated to occur as a result of competition between the 
acidic drugs and penicillin for renal tubular secretory proteins [51]. In this investiga-
tion, the half-life of penicillin was not noted to change significantly with concomitant 
administration of chlorothiazide, sulfamethizole, and sulfamethoxy-pyridazine [51].

Potential drug–drug interactions between the penicillins and theophylline have 
also been investigated. The coadministration of amoxicillin, ampicillin, ticarcillin/
clavulanic acid, or ampicillin/sulbactam with theophylline was noted not to alter 
theophylline’s properties [145–149].

Deppermann et al. assessed the effect of the coadministration of pirenzepine, an 
antimuscarinic, with various antibiotics including amoxicillin in a double-blind, 
randomized crossover study [4]. Coadministration of pirenzepine with amoxicillin 
did not significantly alter the pharmacokinetics of amoxicillin.

7.3  Cephalosporin Drug Interactions

7.3.1  Acid-Suppressive Agents

7.3.1.1  Ranitidine, Famotidine, and Omeprazole

Concomitant administration of the prodrugs, cefpodoxime proxetil, cefuroxime 
axetil and cefditoren pivoxil, with agents that increase gastric pH, such as ranitidine, 
results in a reduction of the antibiotic serum concentrations [5, 150]. The bioavail-
ability of the cefpodoxime proxetil has been reported to decrease by approximately 
30–40% with concurrent administration of an H

2
-receptor antagonist [150, 151]. 

However, no impact on the bioavailability of cefpodoxime was noted when famoti-
dine administration was separated from cefpodoxime by 2 h. Similarly, the AUC of 
cefuroxime axetil was reduced by approximately 40% with pretreatment of raniti-
dine and sodium bicarbonate [5]. The C

max
 and AUC of cefditoren pivoxil were 

reduced by approximately 25% with the concurrent administration of famotidine 
[152]. Other studies have found no significant effect on the bioavailability of 
cephalexin and cefaclor AF when administered concomitantly with H

2
-receptor 

antagonists or omeprazole [4, 153–155]. Madras-Kelly and colleagues reported that 
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the administration of omeprazole or ranitidine with cephalexin had only a minimal 
effect on the pharmacokinetics of cephalexin, with the exception of a significant 
delay in T

max
 which increased almost 2-fold [154]. Based on the results from these 

studies, concurrent administration of H
2
-receptor antagonists and cefuroxime axetil, 

cefpodoxime proxetil and cefditoren pivoxil should be avoided. If these agents need 
to be administered concurrently, the cephalosporins should be given at least 2 h after 
the H

2
-receptor antagonist.

7.3.1.2  Antacids

The coadministration of antacids and certain cephalosporins including Cefaclor CD®, 
cefdinir, cefpodoxime and cefditoren may lead to decreased concentrations of the 
antibiotics [150–153, 155]. A variety of studies have reported decreases in cepha-
losporin AUC and C

max
 to be in the range of 20–40% for cefaclor, cefdinir, and cef-

podoxime when administered with an antacid [150, 153, 155]. A minimal reduction 
in C

max
 (14%) and AUC (11%) was noted with the concurrent administration of cefdi-

toren with an antacid [152]. Other investigators have found no effect with cephalexin 
[4] or cefixime [156] when administered concomitantly with antacids. Certain cepha-
losporins including Cefaclor CD, cefdinir, cefpodoxime and cefditoren should not be 
coadministered with antacids. If antacids are required during therapy, the cepha-
losporins should be separated from the antacid administration by at least 2 h.

7.3.2  Calcium

Recently, several regulatory agencies have issued warnings regarding the use of 
ceftriaxone concomitantly with intravenous products containing calcium [157, 158] 
Reports indicate that ceftriaxone may be incompatible with calcium-containing 
solutions, depending on the concentrations used [159, 160]. These warnings were 
based originally on the reports of seven cases of neonatal or infant death and/or sud-
den cardiorespiratory arrest [159]. These authors reported that these patients 
received higher than normal ceftriaxone doses (150–200 mg/kg/day) and the use of 
higher concentration of calcium supplements administered via intravenous bolus 
[159]. In some cases these deaths were believed to have occurred as a result of the 
formation of these precipitates in the lungs or kidneys. Ceftriaxone being an anion, 
when present in high concentrations can bind with calcium ions to form insoluble 
complexes that can precipitate out in various tissues [161, 162].

This warning of the concomitant use of ceftriaxone and calcium products has 
recently been reassessed by the FDA, resulting in the issuance of a less restrictive 
advisory. The most recent FDA advisory states that [163]:

“Concomitant use of ceftriaxone and intravenous calcium-containing products is •	
contraindicated in neonates (£28 days of age). Ceftriaxone should not be used in 
neonates (£28 days of age) if they are receiving (or are expected to receive) calci-
um-containing intravenous products.”
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“In patients >28 days of age, ceftriaxone and calcium-containing products may •	
be administered sequentially, provided the infusion lines are thoroughly flushed 
between infusions with a compatible fluid.”
“Ceftriaxone must not be administered simultaneously with intravenous calcium-•	
containing solutions via a Y-site in any age group.”
“FDA now recommends that ceftriaxone and calcium-containing products may •	
be used concomitantly in patients >28 days of age, using the precautionary steps 
above because the risk of precipitation is low in this population.”

Steadman and colleagues recently reviewed the FDA Adverse Event Reporting 
Systems to determine the risk of serious ceftriaxone- calcium interactions in adults 
[164]. In these authors’ opinion, their analysis of this FDA data base supported the 
FDA’s recently revised recommendations suggesting that patients greater than 
28 days of age may receive calcium and ceftriaxone sequentially. However, these 
authors do caution that in certain populations (such as those with intravascular 
depletion) the sequential administration of these two agents still warrants caution.

7.3.3  Calcium Channel Blockers

Variable data exist regarding the effects of nifedipine on cephalosporin pharmacoki-
netics [165, 166]. In a randomized crossover study, each healthy volunteer received 
cefixime with nifedipine or placebo [166]. The absolute bioavailability of cefixime 
was increased from 31% (cefixime alone) to 53% (cefixime and nifedipine) 
(p < 0.01). The AUC

0–∞ also increased from 16.1 mg · h/L (cefixime alone) com-
pared to 25.4 mg · h/L (cefixime and nifedipine) (p < 0.01) [166]. These investiga-
tors have also shown increased cephalexin concentrations with co-administration of 
nifedipine or diltiazem in an animal model [167]. The authors concluded that nife-
dipine can increase the absorption of these cephalosporins by enhancing the active 
transport mechanism in the intestine. In contrast, another study demonstrated that 
the pharmacokinetics of cefpodoxime did not change when coadministered with 
nifedipine [165]. Due to differences in specific antimicrobials and lack of adverse 
events seen with calcium channel blocker and cephalosporin combinations, no dos-
age changes are recommended when these agents are coadministered.

7.3.4  Cholestyramine

The coadministration of cholestyramine with cefadroxil or cephalexin has been 
shown to cause a delay in absorption, which is associated with a prolonged T

max
 and 

reduction in C
max

 [168, 169]. Despite these pharmacokinetic alterations, other 
important parameters such as AUC or amount of drug excreted in the urine were 
minimally affected. Although data for this interaction are limited, the clinical sig-
nificance is doubtful, particularly when one considers that cholestyramine does not 
appear to alter cephalosporin exposure.
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7.3.5  Cyclosporine

The data regarding drug interactions between cephalosporins and cyclosporine is 
contradictory. Soto and colleagues reported that two patients that had undergone 
renal transplants presented with significantly increased cyclopsorin serum concen-
trations 2–3 days after the initiation of ceftriaxone 1 g twice a day [170]. These 
authors reported a 2–4 fold increase in cyclosporin concentration in these two 
patients. Cockburn reported that the concomitant use of ceftazidime or latamoxef 
(moxalactam) had been associated with an increase in cyclosporine concentrations 
[171]. Other investigators have shown no problems with the concomitant use of 
cyclosporine and ceftazidime. Verhagen and colleagues reported no significant 
impact upon renal function in 28 patients who underwent allogeneic bone marrow 
transplantation receiving both ceftazidime and cyclosporine for febrile neutropenia 
as measured by serum creatinine concentrations or creatinine clearance [172]. Since 
the data concerning the use of cyclosporine and cephalosporins is limited and con-
tradictory no firm recommendation can be made regarding their use together.

7.3.6  Contraceptives, Oral Estrogen

Refer to this topic in the discussion of penicillin.

7.3.7  Ethanol: Disulfiram-Like Reactions

Semisynthetic cephalosporins containing a methyltetrazolethiol (MTT) side chain 
such as cefamandole, cefoperazone, cefmenoxime, cefotetan, and moxalactam, 
have been documented to cause disulfiram-like reactions in patients who consume 
ethanol during antibiotic treatment [173–175]. Cephalosporins with an MTT side 
chain inhibit acetaldehyde dehydrogenase, which results in the accumulation of 
acetaldehyde, a toxic metabolite of ethanol. Patients should be instructed not to 
consume alcohol during and for several days following antibiotic therapy. Refer to 
Chap. 4 regarding antimicrobials and food interactions for a more detailed review of 
this topic.

7.3.8  Iron

Coadministration of ferrous sulfate appears to cause a chelation complex and reduce 
the absorption of cefdinir [176]. In a randomized three-way crossover study, six 
healthy male subjects received the following regimens: 200 mg cefdinir alone, 
200 mg cefdinir plus 1,050 mg ferrous sulfate sustained release, or 200 mg cefdinir 
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followed by 1,050 mg ferrous sulfate sustained release 3 h later [176]. 
The AUC

0–12
 ± SD (mg · h/mL) was significantly lower in the groups that received 

cefdinir concomitantly with ferrous sulfate (0.78 ± 0.25 mg · h/mL) or at 3 h 
following the dose of cefdinir (6.55 ± 1.61 mg · h/mL) compared to cefdinir alone 
(10.3 ± 1.35 mg · h/mL) (p < 0.05). To avoid the potential for therapeutic failure of 
cefdinir, it should not be taken together with ferrous sulfate.

Three cases of red stools associated with cefdinir and iron containing products 
have been reported in the literature [177, 178]. In all cases the discoloration of the 
stool was not associated with GI symptoms and in all three instances stool guaiac 
tests were negative. The reddish discoloration of the stools is thought to be due to 
formation of a nonabsorbable complex between iron and cefdinir or some of its 
breakdown products in the GI tract [178].

7.3.9  Metoclopramide

A healthy volunteer, cross-over study evaluated the effect of food, metoclopramide, 
propantheline and probenecid on the pharmacokinetics of cefprozil [179]. In the 
metoclopramide arm of the study, volunteers received cefprozil alone or cefprozil 
given 0.5 h after a dose of metoclopramide. Both isomers of cefprozil, cis and trans, 
were assayed in blood and urine. Cefprozil’s isomers demonstrated a statistically 
significant reduction in mean residence time when administered after metoclopr-
amide; however, there was no difference in AUC

0–∞ or half-life of cefprozil among 
the treatment groups. Administration of metoclopramide prior to cefprozil did not 
affect its extent of absorption. Concurrent administration of these agents need not be 
avoided.

7.3.10  Methotrexate

Rabbits receiving concomitant infusions of methotrexate and a cephalosporin (cef-
triaxone, ceftazidime, ceftizoxime, or cefoperazone) have been demonstrated to 
have an increased renal elimination of methotrexate and 7-hydroxymethotrexate 
[104, 105].

In a case report, an eight-year-old boy receiving methotrexate for non-Hodgkins 
lymphoma experienced a decrease in methotrexate clearance when methotrexate 
was coadministered with piperacillin [108]. The patient subsequently received 
methotrexate along with ceftazidime without any impact on methotrexate clearance. 
The differences seen in methotrexate renal elimination between cephalosporins and 
piperacillin may be due to the extent of tubular secretion (penicillins > cepha-
losporins) [104, 180].

Based upon the limited data available, there have been no documented interac-
tions resulting in decreased renal elimination of methotrexate with the concurrent 
administration of cephalosporins. However, because of the documented interaction 
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between some penicillins and methotrexate, close monitoring of methotrexate 
concentrations and signs of toxicity (e.g., bone marrow suppression, nephrotoxicity, 
mucositis) are suggested during concurrent use of cephalosporins and methotrexate.

7.3.11  Nonsteroidal Anti-inflammatory Drugs

Diclofenac has been reported to cause an increase in the biliary excretion of ceftri-
axone [181]. A study was conducted in patients in whom a cholecystectomy was 
performed and a drain was placed in the common bile duct [181]. The subjects who 
received ceftriaxone along with diclofenac demonstrated a 320% (p < 0.05) increase 
in the amount of ceftriaxone excreted in the bile and a 56% (p < 0.05) reduction in 
the amount excreted in the urine. Due to the limited data, no therapeutic recommen-
dations can be made.

7.3.12  Phenytoin

Highly protein bound antibiotics such as ceftriaxone (approximately 90% bound to 
plasma proteins) [117] have the potential to interact with other highly protein-bound 
agents such as phenytoin [119]. Due to protein displacement, high doses of ceftri-
axone may increase unbound concentrations of phenytoin in certain patient popula-
tions [119]. Dasgupta and colleagues performed an in vitro study to determine the 
effect of ceftriaxone in displacing phenytoin from protein binding sites [119]. 
Estimated peak ceftriaxone concentrations (270 and 361 mmol/L) were added to 
pooled sera from patients receiving phenytoin. Three groups with varying albumin 
concentrations were evaluated. The greatest ceftriaxone-induced displacement 
effect was seen the group with the lowest albumin concentration (25 g/L). In this 
group, the unbound phenytoin concentrations (mmol/L) (SD) were 8.12 (0.28) for 
the control, 9.39 (0.12) for ceftriaxone 270 mmol/L, and 9.93 (0.36) for ceftriaxone 
361 mmol/L, respectively. Although the increases appear minor, significant increases 
in unbound phenytoin concentrations were noted in all groups compared to the con-
trol group (p < 0.05). In patients receiving ceftriaxone concomitantly with pheny-
toin, monitoring of unbound and total serum concentrations of phenytoin in addition 
to watching for signs of phenytoin toxicity is warranted.

7.3.13  Oral Anticoagulants

Semisynthetic cephalosporins containing an MTT substituent at the 3-position, such 
as cefamandole, cefoperazone, cefmenoxime, cefotetan and moxalactam, have 
been associated with the development of a hypoprothrombinemia [182]. 
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Several case reports have implicated these agents in prolonged prothrombin time 
and/or bleeding episodes in patients [183–189]. Anagaran and colleagues retrospec-
tively assessed the effect of prophylactic administration of cefamandole or 
vancomycin on the warfarin anticoagulation response in 60 postsurgical patients 
[190]. Patients who received cefamandole had a higher proportion of elevated pro-
thrombin times compared those who received vancomycin (14 versus 1, p < 0.05). In 
another study, these same investigators characterized the effect of cefazolin, cefa-
mandole and vancomycin on warfarin anticoagulation in post cardiac valve replace-
ment patients [191]. They noted that the greatest number of patients (n = 6) with 
elevated prothrombin times received cefamandole compared to cefazolin (n = 1) and 
vancomycin (n = 1). In addition, cefamandole therapy was associated with a 15–20% 
greater change in prothrombin times compared to the cefazolin and vancomycin 
(p < 0.01). Patients who are malnourished or who have renal insufficiency may be at 
higher risk for this interaction [183]. The exact mechanism of the hypoprothrom-
binemic phenomenon is unknown, although several mechanisms have been pro-
posed [192–195]. Clinicians are cautioned to monitor for signs and symptoms of 
bleeding, prothrombin time, and activated partial thromboplastin time in patients 
receiving cephalosporins with an MTT side chain and concomitant therapy with 
oral anticoagulants.

7.3.14  Probenecid

Probenecid can increase the serum concentrations of most renally eliminated cepha-
losporins [153, 179, 196–210]. Although other mechanisms may contribute, 
probenecid appears to inhibit tubular secretion of cephalosporins resulting in their 
decreased renal elimination [120, 121]. The AUCs of ceftizoxime, cefoxitin, cefa-
clor and cefdinir have been reported to increase by approximately 50–100% with 
the coadministration of probenecid [120, 198, 199]. Probenecid has been docu-
mented to prolong the half-life and increase the serum concentration of many other 
cephalosporins as well [153, 154, 196–211]. Certain cephalosporins such as 
ceforanide, ceftazidime, ceftriaxone, and moxalactam are eliminated through a dif-
ferent pathway and their pharmacokinetics are not significantly altered by probenecid 
[196, 197, 212–217]. Caution or avoidance of this combination should be consid-
ered in certain patient populations in which drug accumulation may occur (e.g., 
elderly patients or patients with impaired renal function).

7.3.15  Propantheline

A healthy volunteer, cross-over study evaluated the effect of food, metoclopramide, 
propantheline and probenecid on the pharmacokinetics of cefprozil [179]. In 
the propantheline arm of the study, volunteers received cefprozil alone or cefprozil 
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given 0.5 h after a dose of propantheline. Both isomers of cefprozil, cis and trans, 
were assayed in blood and urine samples. There was no difference in cefprozil 
AUC

0–∞ or half-life in either treatment group. The administration of propantheline 
prior to cefprozil does not affect the extent of cefprozil absorption. No special pre-
cautions seem necessary for this combination.

7.3.16  Theophylline

The coadministration of cephalexin or cefaclor with theophylline has been docu-
mented to not significantly alter any pharmacokinetic parameters of theophylline 
[218–220]. However, Hammond and Abate reported a case of a possible interaction 
between theophylline and cefaclor, which resulted in theophylline toxicity [221]. 
It was unclear whether this was an actual drug–drug interaction or the effect of an 
acute viral illness on theophylline disposition. Based on these limited data, no dos-
age recommendations are necessary.

7.3.17  Miscellaneous Agents

Older cephalosporins such as cephalothin and cephaloridine have been reported to 
cause nephrotoxicity [222, 223]. The coadministration of these older cephalosporins 
with other potential nephrotoxic agents including colistin [223, 224], various amin-
oglycosides [222, 225–231] and furosemide [232–235] has been associated with an 
increased incidence of nephrotoxicity. The clinical impact of this interaction is lim-
ited because these cephalosporins are rarely used in current clinical practice; how-
ever, careful monitoring of renal function is warranted if such combinations are 
prescribed. These drug–drug interactions have not been documented as a clinically 
significant problem for any of the newer cephalosporins [236–238].

7.4  Carbapenems

7.4.1  Probenecid

Concomitant probenecid can increase the concentration of the carbapenems. It is 
proposed that probenecid inhibits tubular secretion of the carbapenems, resulting in 
their decreased renal elimination.

Of the four commercially available carbapenems in the United States, probenecid 
has the most impact on the renal elimination of doripenem followed by meropenem, 
ertapenem, and imipenem. The combination of doripenem and probenecid produced 
a 53% increase in half-life and 75% increase in the AUC of doripenem compared to 
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doripenem alone [239]. Meropenem’s half-life and AUC were increased by 33% 
and 55%, respectively, when co-administered with probenecid [240]. Ertapenem’s 
half-life and AUC increased by 20% and 25% with the combination of ertapenem 
and probenecid compared to ertapenem alone [241]. In contrast, imipenem’s half-
life and AUC only increased 6% and 13%, respectively, when coadministered with 
probenecid [242]. Caution and/or avoidance of this combination should be consid-
ered in patient populations in which drug accumulation may occur (such as elderly 
patients or patients with impaired renal function). The increased serum concentra-
tion noted as a result of this drug–drug interaction may increase the risk of central 
nervous system toxicity of these agents.

7.4.2  Valproic Acid

The co-administration of carbapenems and valproic acid may lead to decreased con-
centrations of valproic acid [239]. The proposed mechanism is that carbapenems 
may interfere with the hydrolysis of valproic acid’s glucuronide metabolite to valp-
roic acid [239, 243]. A healthy volunteer study evaluated the pharmacokinetics of 
valproic acid and glucuronide metabolite in subjects receiving doripenem [239]. 
Valproic acid’s C

max
, C

min
 and AUC were decreased by 44.5%, 77.7%, and 63% 

respectively, when co-administered with doripenem. In contrast, an increase in the 
C

max
 and AUC of valproic acid’s glucuronide metabolite was seen when co- 

administered with doripenem [239]. Two retrospective studies showed decreased 
valproic acid concentrations of 82% and 66% in patients receiving concomitant 
meropenem and valproic acid compared to valproic acid alone [244, 245]. In both 
studies, the authors noted that the decrease in valproic concentrations could be seen 
within 24h of concomitant administration of these two agents. Animal models have 
also found decreased valproic acid concentrations with the concurrent administra-
tion of imipenem [246], meropenem [247] or panipenem [248] and valproic acid. 
Recently, there have been many case reports published describing the potential 
pharmacokinetic interaction of carbapenems and valproic acid including patients 
experiencing breakthrough seizures secondary to decreased concentrations of valp-
roic acid [248–257]. Providers should avoid prescribing carbapenems in patients 
receiving valproic acid to prevent subtherapeutic valproic acid serum concentra-
tions [239]. If no alterative therapy is available, close monitoring of valproic acid 
concentrations and dosage modifications of valproic acid is recommended [239].

7.4.3  Cyclosporine

Based on case reports, cyclosporine and imipenem/cilastatin may demonstrate addi-
tive central nervous system toxicity when administered concomitantly. Bösmuller 
and colleagues reported five transplant patients experiencing central nervous system 
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toxicity during administration of cyclosporine and imipenem/cilastatin [258]. None 
of these patients reported a history of seizures. Four of the five patients experienced 
a seizure despite cyclosporine concentrations within normal therapeutic range. The 
fifth patient experienced a myclonia; this was associated with an elevated 
cyclosporine concentration of 900 ng/mL. Symptoms of central nervous toxicity 
occurred within 1 day in four patients, and symptoms resolved in all patients with 
discontinuation of imipenem/cilastatin or discontinuation, or dose reduction of 
cyclosporine. Zazgornik and colleagues published a case report of a 62-year-old 
female receiving imipenem/cilastatin and cyclosporine who developed central ner-
vous system toxicity [259]. The patient had recently received a renal transplant 
secondary to interstitial nephritis and was receiving imipenem/cilastatin for a uri-
nary tract infection. Following the second dose of imipenem/cilastatin, the patient 
experienced confusion, agitation, and tremors, which resulted in the discontinuation 
of imipenem/cilastatin. The serum cyclosporine concentration, which was obtained 
four days after imipenem/cilastatin therapy, was elevated at 1,000 ng/mL compared 
to a previous level of 400 ng/mL. In contrast, an investigation in a rat model has 
demonstrated decreased cyclosporine serum concentrations when it was coadminis-
tered with imipenem/cilastatin [260].

Since both imipenem and cyclosporine administered alone may have the potential 
to cause central nervous system side effects, it is difficult to determine what role the 
combination of these agents may have played in these reports. Based on this limited 
clinical data, avoidance of imipenem and cyclosporine is not warranted.

7.4.4  Theophylline

Semel and Allen reported three cases of seizures occurring in patients receiving imi-
penem/cilastatin and theophylline [261]. None of the patients had a previous history 
of neurologic or seizure disorder. The authors concluded that the seizures could be 
due to both of the drugs’ ability to inhibit gamma aminobutyric acid binding to recep-
tors, thus resulting in increased excitation of the central nervous system. It is difficult 
to differentiate the potential for seizures between the administration of imipenem/
cilastatin alone or the combination of imipenem/cilastatin and theophylline. Avoiding 
coadministration of theophylline and imipenem/cilastatin is not warranted.

7.4.5  Ganciclovir

Patients have experienced generalized seizures during concomitant imipenem/cilas-
tatin and ganciclovir therapy [262]. No additional information is available on these 
patients. Due to this limited data, it is difficult to differentiate the potential for sei-
zures of imipenem/cilastatin alone or the combination of imipenem/cilastatin and 
ganciclovir. The manufacturer does not recommend coadministration of imipenem/
cilastatin and ganciclovir unless the benefits outweigh the risks.
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7.4.6  Valganciclovir

After oral administration of valganciclovir, it is rapidly converted to ganciclovir by 
intestinal and hepatic esterases. Although no in vivo drug-drug interaction studies 
have be conducted with valganciclovir, because of its rapid conversion to ganciclo-
vir in the body [263] any drug-drug interaction seen with ganciclovir would be 
expected to occur with valganciclovir [264]. Due to the possibility of an interaction 
between valganciclovir and imipenem/cilastatin, the use of these drugs concomi-
tantly should be avoided unless the benefit outweighs the risk [265].

7.5  Monobactams

7.5.1  Probenecid

Concomitant probenecid can increase aztreonam concentrations [266]. It is pro-
posed that probenecid inhibits tubular secretion resulting in decreased aztreonam 
renal elimination. In a randomized crossover trial, six healthy men received aztre-
onam alone or aztreonam along with probenecid [266]. Coadministration of 
probenecid with aztreonam increased aztreonam concentrations from 81.7 ± 3.4 to 
86.0 ± 2.2 mg/mL. This interaction seems to carry minimal clinical risk. No recom-
mendation to avoid the concurrent administration of probenecid and aztreonam 
seems warranted.

7.5.2  Miscellaneous Agents

A number of other anitimicrobial agents have been evaluated for the potential of 
drug interactions with aztreonam. Studies in healthy subjects administered aztre-
onam concomitantly with linezolid [267], daptomycin [268], nafcillin [269], gen-
tamicin plus metronidazole [266] or amikacin [270] identified no clinically 
significant drug interactions.
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Abstract The macrolides, azalides, and ketolides represent an important class of 
drugs that are used for their antimicrobial and non-antimicrobial properties. 
Erythromycin inhibits the cytochrome P450 (CYP) 3A4 isoenzyme system via 
mechanism based inhibition. Erythromycin has also been shown to inhibit 
P-glycoprotein (P-gp) and organic anion transporting polypeptide drug transport 
proteins. These metabolic and transport systems affect the disposition of numerous 
drug classes and so the drug interaction potential of erythromycin is high. Recent 
epidemiologic evidence for a higher risk of sudden death with the use of oral eryth-
romycin, especially when combined with CYP3A4 inhibitors provides an illustra-
tive example of the risks associated with this class of agents. Clarithromycin and 
telithromycin are stronger inhibitors of CYP3A4 and P-gp compared to erythromy-
cin. Azithromycin is a weak inhibitor of CYP3A4 compared to erythromycin, and 
bears the lowest potential for drug interactions when considering use of this class of 
agents. This chapter summarizes the key drug interaction potential of this antimi-
crobial class that can lead to serious adverse events such as cardiac dysrhythmias, 
hypoglycemia, nephrotoxicity, neurotoxicity, neutropenia, and rhabdomyolysis.

8.1  Introduction

Erythromycin was marketed in 1952 as the first antimicrobial macrolide under the 
trade names Ilosone® and Ilotycin® after the Philippine province of Iloilo, the site 
where soil samples of Streptomyces erythreus were collected [1]. This agent 
 provided a viable alternative to treat infections in patients with hypersensitivity 
reactions to penicillin [1]. Several macrolide derivatives have been generated over 
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the past 60 years in order to identify safer, better tolerated agents with a lower drug 
interaction potential [2]. These newer compounds have demonstrated a variable 
degree of success toward reducing the drug interaction potential of the macrolides 
[3]. Erythromycin is associated with drug interactions that can lead to serious 
adverse events including death when coadministered with drugs that have a narrow 
therapeutic index [4]. Macrolides interact with drugs through several mechanisms, 
the most common of which includes inhibition of the cytochrome P450 (CYP) 3A4 
isoenzyme system [5]. Macrolides also inhibit the drug transport proteins, 
P-glycoprotein (P-gp) and organic anion transporting polypeptide (OATP), which 
can alter the distribution, metabolism and elimination of substrates of these trans-
porters [6–8]. Macrolides are also associated with prolongation of the QTc interval, 
which can progress to cardiac dysrhythmias and sudden death especially when used 
with agents known to prolong the QTc interval [9]. Consequently, a clear under-
standing of the pharmacokinetic and pharmacodynamic drug interaction potential 
of this class of antimicrobials is essential.

Macrolides are classified by the number and type of members (macrocyclic) in 
their lactone ring, which include a 14-membered ring (erythromycin, clarithromycin, 
dirithromycin, roxithromycin), 15-membered ring (azithromycin), or 16-membered 
ring (spiramycin) [10, 11]. Azithromycin contains a nitrogen atom in the macrocy-
clic lactone structure and so is classified as an azalide [12]. The ketolides are deri-
vates of erythromycin that include replacement of cladinose with a 3-keto group 
and inclusion of a cyclic carbamate group within the lactone ring [11]. To date, only 
one ketolide agent known as telithromycin has received regulatory approval, how-
ever the United States Food and Drug Administration (US FDA) narrowed the clinical 
indications of telithromycin to only mild-to-moderate pneumonia in 2007. This 
regulatory modification has reduced the clinical use of telithromycin due to a per-
ceived unfavorable risk of hepatotoxicity [13]. A second ketolide agent, cethromy-
cin was reviewed by the US FDA in 2008 and was deemed to have a favorable safety 
profile but to not have sufficient evidence to support efficacy against community-
acquired pneumonia [13]. Although the fate of the ketolides as a class remains 
uncertain from a regulatory perspective, continued development of this class is 
likely to occur due to macrolide resistance. The ketolides extend the microbiologic 
spectrum of macrolides through chemical modifications that have rendered them 
less prone to efflux (mef or msr) and methylase (erm) mediated mechanisms of 
macrolide resistance [11]. However, the similarity in structure of clarithromycin 
and ketolides to erythromycin confer a similar drug interaction potential [2, 14]. In 
contrast, the structural difference between azithromycin and these agents has been 
associated with a lower drug interaction potential [14]. Dirithromycin, roxithromy-
cin and spiramycin have a limited drug interaction potential and are used in a limited 
number of countries worldwide [3, 14, 15]. Therefore, the current chapter focuses 
on the drug interaction potential of key macrolide, azalide and ketolide (MAK) 
agents namely erythromycin, clarithromycin, azithromycin and telithromycin. 
Given that azithromycin (azalide) has a lower propensity for drug interactions, the 
key interaction potential of macrolide and ketolide (MK) agents is discussed with a 
greater emphasis. The degree of pharmacokinetic interaction of MAK agents is 
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often based on the changes in exposure of the substrate drug. Consequently, the 
degree of interaction is reported in this chapter as a percentage change in the area 
under the plasma/serum concentration time curve (AUC).

8.2  Basic Pharmacology

MAK antibiotics exert a bacteriostatic effect by binding reversibly to the 50S ribosomal 
subunit of sensitive microorganisms. Erythromycin (MW = 733.93 g/mol) specifically 
inhibits the translocation step by blocking the transfer of the peptide chain from the 
transferase site to the donor site. Inhibition of transpeptidation and release of incom-
plete peptide chains has also been proposed [16]. Resistance to macrolides and azalides 
occurs through four known mechanisms which include drug efflux, ribosomal protec-
tion by constitutive or inducible production of methylase enzyme, hydrolysis by 
esterases, and chromosomal mutations that modify the 50S ribosome [17, 18]. Ketolides 
are less likely to induce production of methylase and to undergo drug efflux [19]. 
However, the use of the only approved ketolide (telithromycin) is technically limited to 
the treatment of community-acquired pneumonia (of mild to moderate severity) due to 
Streptococcus pneumonia (including multi-drug resistant isolates), Haemophilus influ-
enzae, Moraxella catarrhalis, Chlamydophila pneumoniae, or Mycoplasma pneumo-
niae, for patients 18 years and older due to its hepatotoxic potential [20, 21]. However, 
off-label use of telithromycin is likely to still be occurring in the United States [21]. As 
a result, the MAK agents continue to be prescribed for respiratory and non-respiratory 
infections secondary to these pathogens. In addition clarithromycin and azithromycin 
are used as prophylaxis and treatment of Mycobacterium avium-intracellularae in 
AIDS and other immunocompromised patient populations [22, 23]. These agents are 
utilized to treat common opportunistic infections noted in patients infected with HIV 
[24]. Clarithromycin (MW = 747.95 g/mol) is a key agent in the treatment of peptic 
ulcer disease secondary to Helicobacter pylori [22]. Finally, macrolides and azalides 
are used clinically for their non-antimicrobial properties [25]. Erythromycin demon-
strates prokinetic effects through stimulation of the motilin receptor and is used in criti-
cally ill patients with gastroparesis [26–28]. Azithromycin (MW = 748.98 g/mol) has 
recently been demonstrated to have comparable antroduodenal effects as erythromycin 
[29]. Macrolides exert anti- inflammatory effects that have been exploited for chronic 
respiratory diseases such as diffuse panbronchiolitis and cystic fibrosis [30]. Although, 
the exact mechanisms have not been elucidated, use of chronic azithromycin has been 
shown to reduce the rate of pulmonary decline in cystic fibrosis patients colonized with 
Pseudomonas aeruginosa but not Staphylococcus aureus [31, 32]. MAK antimicrobi-
als can directly affect neuromuscular transmission. Telithromycin (MW = 812.00 g/mol) 
has been shown to inhibit postsynaptic nicotinic acetylcholine receptors and its use is 
contraindicated in patients with myasthenia gravis [20, 33]. Finally, the MAK antibiot-
ics are associated with drug-induced QT prolongation and sudden death especially 
when  combined with other agents implicated with QT prolongation that are metabo-
lized by CYP3A4 [4].
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8.2.1  Absorption

Erythromycin is degraded by gastric acid, and food significantly decreases the rate 
and extent of its absorption [34]. Overall, significant intersubject variability in the 
absorption of erythromycin exists [34–37]. Modification of erythromycin through 
esterification and enteric-coating helps to reduce gastric degradation and improve 
bioavailability. Available formulations of erythromycin as the base, estolate, ethyl-
succinate, and stearate derivatives are included in Table 8.1. Erythromycin estolate 
is least susceptible to acid hydrolysis, however enteric coating leads to the most 
predictable absorption profile [34–37]. Erythromycin is also available as an intrave-
nous formulation that is delivered as a lactobionate derivative. Clarithromycin is 
available as both an intravenous and oral formulations in several countries (Klaricid 
IV) but is currently only available as an immediate and extended release oral formu-
lation (Table 8.1) in the United States [22, 38]. Clarithromycin undergoes signifi-
cant first pass metabolism and has a bioavailability of approximately 50% that is not 
affected by the co-administration of food [22]. However, the bioavailability of the 
extended release formulation is significantly improved when taken with food and is 
the recommended approach to administration [22].

Azithromycin is available (Table 8.1) as intravenous, immediate release, and 
extended release oral formulations [23, 39, 40]. The oral bioavailability of azithro-
mycin capsule (not commercially available) is 38% [23]. The extended release for-
mulation is not bioequivalent to the immediate release oral suspension and so the 
dosages of these agents are not interchangeable [40]. Food reduces the bioavailabil-
ity of extended release oral suspension but has marginal effects on the immediate 

Table 8.1 Available systemic formulations of macrolides, azalides, and ketolides in the United 
States [20, 22, 23, 34–37]
Drug Formulations

Erythromycin (base) Injectable (100 mg/mL), Injectable (200 mg/mL), Capsule 
(250 mg), Coated Tablet (250 mg), Timed-Release Tablet 
(250 mg), Enteric coated Tablet (500 mg), Delayed-Release 
(250 mg)

Erythromycin estolate Capsule (125 mg), Suspension (125 mg/mL)
Erythromycin 

ethylsuccinate
Suspension (200 mg/5 mL), Suspension (400 mg/5 mL), Coated 

tablet (400 mg), Tablet (400 mg)
Erythromycin 

lactobionate
Injectable (500 mg vial), Injectable (1,000 mg vial)

Erythromycin stearate Coated Tablet (250 mg), Coated Tablet (500 mg), Tablet (500 mg)

Clarithromycin Suspension (125 mg/5 mL), Suspension (250 mg/5 mL), Tablet 
(250 mg), Tablet (500 mg), Extended-Release Tablet (500 mg)

Azithromycin Extended-Release Suspension (2 g), Injectable (500 mg), Solution 
(2.5 g), Solution (500 mg), Suspension (500 mg), Suspension 
(100 mg/5 mL), Suspension (200 mg/5 mL), Suspension (1 g/
packet), Tablet (250 mg), Tablet (500 mg), Tablet (600 mg)

Telithromycin Tablet (300 mg), Tablet (400 mg)
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release formulations [23, 40]. Telithromycin is available as an oral formulation only 
and has a bioavailability of 57% that is not adversely affected by the co-administration 
of food [20].

8.2.2  Distribution

Erythromycin is approximately 70–95% protein bound, with variability noted based 
on the specific derivative [41]. The volume of distribution (Vd) of erythromycin is 
approximately 40 L in adults [42]. Clarithromycin is less protein bound (42–50%) 
and has a correspondingly larger apparent Vd of 243–266 L [22]. The principal 
14-hydroxy metabolite of clarithromycin has an apparent Vd of 304–309 L [22]. 
Azithromycin demonstrates concentration dependent protein binding with a range 
of 7–50% and has an apparent Vd that exceeds 1,000 L [23]. Telithromycin in com-
parison, has similar protein binding to clarithromycin (60–70%) and an apparent Vd 
of 200–250 L [20]. The large Vd of the later three agents compared to erythromycin 
are consistent with high measured tissue intracellular concentrations of these agents. 
In addition, pulmonary tissue concentrations of these agents exceed serum unbound 
drug concentrations by several fold [43]. Exposures in epithelial lining fluid have 
been documented to be 3.15–24.10 fold higher than serum total concentrations [43]. 
Alveolar macrophage concentrations have been documented to be 84.2–3,234 fold 
higher than serum total concentrations [43]. The underlying mechanisms that 
explain the enhanced accumulation of macrolides in the lung is not well known and 
may partially be explained by technical limitations of current methods to estimate 
pulmonary concentrations [2, 43]. However, recent data with telithromycin indicate 
that the distribution into epithelial lining fluid may occur through active transport 
mechanisms regulated by P-gp [44]. Hence the enhanced distribution of MAK into 
pulmonary tissue are likely to be mediated by active transport mechanisms.

8.2.3  Metabolism

MAK antibiotics have a tertiary amine function, -N-(CH
3
)

2
 that is known to undergo 

N-demethylation by hepatic microsomes [45]. In addition, these agents undergo 
dealkylation and are oxidized to metabolites that form stable complexes with Fe2+ of 
reduced CYP to inactivate enzymatic activity [46, 47]. Erythromycin has been dem-
onstrated to first induce CYP, which is followed by rapid complexation and inacti-
vation by its metabolite [46]. In contrast, azithromycin induces N-demethylase but 
does not induce CYP and no inactive CYP complexes are detectable in the rat 
despite high azithromycin accumulation in this tissue [48]. Clarithromycin is pri-
marily metabolized in the liver to 14-hydroxy clarithromycin and n-demethyl 
clarithromycin [49]. The 14-(R)-hydroxy clarithromycin is an active metabolite 
with more potent activity against Haemophilus influenzae compared to the parent 
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compound [50]. Clarithromycin and its metabolites have been shown to induce 
CYP3A and form inactive complexes with CYP in vivo [51, 52]. Telithromycin 
undergoes similar biotransformation as clarithromycin and has a N-bis-demethyl 
derivative that is 4–16 fold less active than the parent compound [53]. However, 
telithromycin has been shown to decrease the activity of both CYP1A2 and CYP3A, 
while clarithromycin principally decreases the activity of CYP3A [54, 55]. The 
mechanism-based inhibition of CYP3A by erythromycin, clarithromycin and 
telithromycin suggest that several days of drug free period may be necessary to 
permit generation of CYP3A isoenzymes to normalize the intrinsic activity of this 
metabolic pathway.

8.2.4  Elimination

The mode of drug administration (intravenous or oral) and dose administered affects 
the elimination pathway of macrolides [22, 56]. Concentration dependent protein 
binding may account for these alterations in elimination [34–37, 57]. A small frac-
tion (2.5%) of erythromycin is eliminated as unchanged drug in urine, with fecal 
elimination serving as the principal pathway [56]. Elimination of clarithromycin 
through the kidney accounts for 20–40% of its excretion [22]. In addition, 10–15% 
of 14-hydroxy clarithromycin is excreted in urine [22]. In contrast to other agents in 
this class, elimination of clarithromycin through the bile and feces is limited [22]. 
Biliary excretion accounts for 50% of the elimination of azithromycin, while 
approximately 12% is eliminated in urine [22]. Three quarters of telithromycin and 
its metabolites are eliminated in feces, with 12–14% of dose eliminated as unchanged 
drug in urine [20].

8.3  Drug Interactions

MAK agents interact with drugs and biologics through multiple mechanisms, the 
most common involving the CYP3A system in the small intestine and liver [58]. 
However, the inhibitory effects of MAK on drug transport systems such as P-gp and 
OATP has increasingly been recognized to contribute to significant drug interac-
tions that cannot be solely explained by CYP inhibition [6–8]. Given the specific 
expression of human transporters within select tissues, inhibition of these systems 
can affect absorption, distribution, metabolism and elimination of several com-
pounds [59]. Inhibition of P-gp in the intestine can lead to increased bioavailability 
of the substrate, while inhibition of P-gp in the kidney can reduce elimination. 
Inhibition of P-gp in the brain will lead to accumulation of the substrate within this 
tissue. Hence, prediction of the degree of MAK drug-drug interactions on a specific 
substrate is complex, when the distribution, metabolism and elimination pathways 
are regulated by multiple systems.
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MAK can increase or decrease the bioavailability of drugs through an alteration 
in normal intestinal flora. Digoxin and digitoxin can be metabolized by Eubacterium 
lentum found in the gastrointestinal tract of certain individuals [60, 61]. Inhibition 
of E. lentum by erythromycin has been proposed as a mechanism leading to enhanced 
bioavailability of digoxin [61]. Conversely, macrolides can theoretically attenuate 
the activity of conjugated estrogens by reducing enterohepatic recirculation of these 
oral contraceptive agents [62]. However, this mechanism has not been substantiated, 
and systematic reviews have failed to confirm these historic findings [63]. 
Clarithromycin is active against Bacillus Calmette Guerin (BCG) and so can reduce 
the viability of this microorganism during intravesical instillation to treat bladder 
cancer [64]. Finally MAK have been shown to induce QTc prolongation and have 
the potential for a synergistic pharmacodynamic interaction with agents known to 
also prolong the QTc interval [65]. Multiple substrates that have the potential to 
increase the QTc interval are metabolized by CYP3A4 and transported by P-gp 
[66]. Use of verapamil with erythromycin serves as a prime example where this 
interaction has been associated with a five-fold higher risk for sudden death [4]. The 
following sections highlight the key known pharmacokinetic and pharmacodynamic 
interactions of MAK antimicrobials.

8.3.1  Pharmacokinetic Drug-Drug Interactions

8.3.1.1  Absorption Related Drug Interactions

The bioavailability of erythromycin, clarithromycin, and telithromycin are not 
known to be affected by the concomitant use of antacids [20, 22, 67]. In contrast, the 
mean C

max
 of azithromycin was reduced by 24%, while the AUC was not affected 

when coadministered with aluminum/magnesium containing antacids [68]. The 
bioequivalence of the extended-release microsphere 2 g suspension formulation of 
azithromycin was not affected by its coadministration with a single dose of antacid 
[69]. Despite the low likelihood of a clinically significant interaction, the coadmin-
istration of antacids and azithromycin is discouraged [23]. Spacing the administra-
tion of these agents by 2 h is likely to overcome this potential interaction.

Drug absorption through the intestinal barrier is regulated by transporters belong-
ing to the two major families, namely Adenosine triphosphate (ATP)-binding cas-
sette (ABC) drug transporters and the solute carrier (SLC) transporters [70]. Multiple 
aliases exist for these transporters, P-gp (MDR1), a primarily apical localized ABC 
transporter and OATP, a basolaterally expressed SLC transporter are both inhibited 
by macrolides. In addition, human MDR1 gene polymorphisms can influence the 
bioavailability and interaction potential of macrolides [71]. The bioavailability of 
digoxin (P-gp substrate) has been documented to increase with the concomitant use 
of clarithromycin [72]. Furthermore, a 15-year population-based nested case control 
study identified clarithromycin to have a four-fold higher associated risk for digoxin 
toxicity compared to either erythromycin or azithromycin [73]. The relative clinical 
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risk of telithromycin on this interaction pathway is comparable to clarithromycin and 
a clinically significant interaction has been documented [20, 74]. Telithromycin is a 
substrate for P-gp and multidrug resistance-associated protein 2 (MRP2) and so is 
likely to affect and be affected by compounds that alter the activity of these intestinal 
transporters [75].

In addition, certain OATP type transporters are specifically expressed in the liver 
(OATP1B1, OATP1B3). Inhibition of hepatic OATP can reduce first-pass uptake of 
xenobiotics and increase oral bioavailability. The IC

50
 for inhibition of OATP1B3-

mediated uptake of pravastatin was determined to be 11, 32, and 34 mM for telithro-
mycin, clarithromycin, and erythromycin, respectively [8]. Clarithromycin inhibits 
OATP1B1 and so has the ability to inhibit the hepatic uptake of HMG-CoA reductase 
inhibitors such as pitavastatin, pravastatin, and rosuvastatin, leading to an increase 
in the bioavailability of these agents [76]. Identification of these transport properties 
help explain the 200% increase in exposure of pravastatin with the macrolides even 
through pravastatin is not a substrate of CYP3A4 [77].

The prokinetic effects of intravenous erythromycin has not been shown to affect 
the absorption of sustained-release acetaminophen [78]. However, the potential 
adverse influence of prokinetic effects of MAK agents on the absorption of gas-
troretentive formulations used to deliver drugs to the upper gastric absorption win-
dow has not been investigated to date.

8.3.1.2  Distribution Related Drug Interactions

Other than the intestine and liver, P-gp is also expressed in various organs such as the 
brain, kidney, placenta, adrenal, testes, and retina [79–81]. Inhibition of P-gp in these 
target organs should reduce drug efflux leading to higher concentrations in these organs 
relative to normal. Erythromycin and clarithromycin have been shown to increase 
nimodipine brain concentrations in the rat to an extent similar to the potent P-gp inhibi-
tor, cyclosporine [81, 82]. Similarly, the brain-to-plasma concentrations of quinine 
were demonstrated to be approximately 2-fold higher when used concomitantly with 
erythromycin in mice [83]. In vitro data suggest that all MAK inhibit P-gp-mediated 
digoxin transport in Caco-2 cells with an IC

50
 value of 1.8, 4.1, 21.8, and 22.7 mg/mL 

for telithromycin, clarithromycin, azithromycin, and erythromycin, respectively [84]. 
Although data are presently lacking, the potential for increased exposure of drugs that 
are substrates of P-gp are likely to increase in typically restricted distribution compart-
ments (brain, eyes, testes) when MAK agents are co-administered.

Data on altered distribution due to plasma-protein binding displacement with the 
use of MAK agents is limited. Recent data suggest that this mechanism of interac-
tion is possible with erythromycin when used concomitantly with quinine, which is 
90% bound in plasma, primarily to a

1
-acid glycoprotein. Orlando and colleagues 

studied the effects of erythromycin on the disposition of quinine in 10 healthy vol-
unteers, and 20 patients with mild or severe liver dysfunction [85]. The unbound 
fraction of quinine was significantly higher in patients with severe liver dysfunction 
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compared to healthy and mild liver dysfunction subjects. In addition, the mean 
[95% CI] ratio of the unbound fraction of quinine in patients with severe liver dys-
function who received erythromycin was 1.76 [1.42, 2.11]. In comparison the mean 
[95% CI] ratio of the unbound fraction of quinine in healthy volunteers who received 
erythromycin was 1.41 [1.28, 1.55] [85]. Taken together, data on the effects of MAK 
agents on distribution mediated interactions are limited and requires further study. 
However, the contribution of altered distribution may explain tissue specific toxici-
ties when drugs with narrow therapeutic indices are used with MAK agents.

8.3.1.3  Metabolism Related Drug Interactions

Erythromycin is a moderate inhibitor of CYP3A, while clarithromycin and telithro-
mycin are strong inhibitors of this isoenzyme [14, 86, 87]. Strong inhibitors are 
generally classified as agents that have the ability to raise substrate AUC values at 
least 5 fold, while moderate inhibitors have the potential of raising AUC values by 
2 to less than 5 fold [86]. Azithromycin in contrast is a very weak inhibitor of 
CYP3A. Hisaka and colleagues have put forth a pharmacokinetic interaction signifi-
cance classification system in order to attach clinical significance for data generated 
through in vitro and in vivo experiments [87]. The CYP3A4 Inhibition ratio (IR

CYP3A4
) 

of mechanism based inhibitors were calculated as a function of degeneration con-
stant, inactivation rate constants, and inactivator potency. This analysis also included 
estimation of the impact of metabolites known to inhibit CYP3A4. Using this func-
tion a value that approaches 0 represents a very weak to non-inhibitor of CYP3A4, 
while values approaching 1.0 represent a very strong-inhibitor of CYP3A4.

The IR
CYP3A4

 values estimated for azithromycin, erythromycin, clarithromycin, 
and telithromycin were 0.11, 0.82, 0.88, and 0.91 respectively. For reference, the 
azole antifungal agents; ketoconazole, voriconazole, itraconazole, and fluconazole 
have IR

CYP3A4
 values of 1.0, 0.98, 0.95, and 0.79, respectively [87]. Evaluation of the 

CYP3A4 drug interaction potential in healthy volunteers often includes use of keto-
conazole or itraconazole [86]. Hence, comparison of the relative inhibition potential 
of CYP3A4 by these agents is very important for potential dose modification of 
substrates are that used concomitantly with MAK. In addition, the interaction poten-
tial of clarithromycin and telithromycin are expected to be equivalent and/or higher 
than that of erythromycin. Azithromycin is expected to not lead to any clinically 
significant CYP3A4-mediated interactions [87]. In addition, to inhibition of 
CYP3A4, macrolides have also demonstrated significant drug interactions with sub-
strates of CYP2C9 and CYP2C19. As a result, the interaction of key drug classes 
with MAK agents where documented serious adverse events have occurred are 
listed in Table 8.2 and detailed as follows. Please note that a detailed summary of 
the interaction potential of all approved drugs that are metabolized by the CYP sys-
tem and have the potential to interact with MAK agents is not feasible in this review. 
The following sections serve as relevant examples of the spectrum and extent of 
metabolism related drug interactions secondary to MAK agents.
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Table 8.2 Pharmacokinetic alterations of key drugs when combined with the macrolides and 
ketolides

Drugs Erythromycin Clarithromycin Telithromycin References

Antidiabetic
Glyburide ↑ 18% C

max
↑ 18% C

max
a ↑ 18% C

max
a [88–91]

Glibencamide ↑ 25% C
max

a ↑ 25% C
max

↑ 25% C
max

a [88–91]
Repaglinide ↑ 40% AUCa ↑ 40% AUC ↑ 40% AUCa [92, 93]
Saxagliptin ↑ 100%a AUC ↑ 250%a AUC ↑ 250%a AUC [94]

Antimigraine
Dihydroergocryptine ↑ 1,650% AUC ↑ 1,650% AUCa ↑ 1,650% AUCa [95–102]
Eletriptan ↑ 400% AUC ↑ 600% AUCa ↑ 600% AUCa [103]

Benzodiazepines
Alprazolam ↑ 60% AUC ↑ 100% AUC ↑ 100% AUC [87, 104]
Midazolam ↑ 400% AUC ↑ 200–800% AUC ↑ 200–800% AUC [105–110]
Triazolam ↑ 52% AUC ↑ 100% AUCa ↑ 100% AUCa [87, 111]

Immunosuppressants
Cyclosporine ↑ 100% AUC ↑ 200% AUCa ↑ 200% AUCa [112–116]
Everolimus ↑440% AUC ↑1,500% AUCa ↑1,500% AUCa [117, 118]

HMG-CoA inhibitors
Atorvastatin ↑ 32.5% AUC ↑ 82% AUC ↑ 82% AUCa [119, 120]
Lovastatin ↑ 390% AUCa ↑ 1,000% AUCa ↑ 890% AUCa [20, 77, 87, 

121]
Simvastatin ↑ 390% AUC ↑ 1,000% AUC ↑ 890% AUC [20, 77, 121]
Pitavastatin ↑ 280% AUC ↑ 280–460% AUCa ↑ 280–460% AUCa [122]
Pravastatin ↑ 100% AUCa ↑ 200% AUC ↑ 200% AUCa [77]

PDE5 inhibitors
Sildenafil ↑ 182% AUC ↑ 230% AUC ↑ 230% AUCa [123, 124]
Tadalafil ↑ 107% AUC ↑ 107–312% AUCa ↑ 107–312% AUCa [125]
Vardenafil ↑ 400% AUC ↑ 1,000% AUCa ↑ 1,000% AUCa [126]
a Change in area under the curve (AUC) estimated based on data available for an alternate CYP 
inhibitor with a comparable degree of inhibition [86, 87]

 Antidiabetic Medications

There are currently six classes of oral agents that are approved for the treatment of 
patients with type 2 diabetes. These include the a-glucosidase inhibitors, biguanides, 
dipeptidyl peptidase 4 (DPP4) inhibitors, meglitinides, sulfonylureas, and thiazolidin-
ediones [127]. The primary metabolic pathway for metabolism of the sulfonylureas 
and thiazolidinediones is via the CYP2C system. The pharmacokinetics of glyburide 
(sulfonylurea) was evaluated to be marginally altered in combination with erythromy-
cin. The C

max
 of glyburide was demonstrated to increase by 18%, with an associated 

reduction in the T
max

 from 4.9 to 3.0 h. These results are thought to be a result of 
enhanced gastric motility by erythromycin, which increased the rate but not extent of 
glyburide absorption [88]. The AUC of glyburide, a substrate of CYP2C9 was increased 
by a mean [90% CI] of 25% [12%, 50%] when combined with clarithromycin [88]. 
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Despite this mild pharmacokinetic interaction, reports of severe and potentially life 
threatening hypoglycemia have been documented with use of clarithromycin and sul-
fonylureas [89, 90]. Schelleman and colleagues recently performed two case-crossover 
studies using US Medicaid data to evaluate if the use of oral antimicrobials increases 
the risk of severe hypoglycemia [91]. An association between sulfonylurea induced 
hypoglycemia and the use of fluconazole, ciprofloxacin, levofloxacin, azithromycin, 
clarithromycin, erythromycin, trimethoprim/sulfamethoxazole, or cephalexin was 
measured. Interestingly the odds ratio [95% CI] for glyburide-induced hypoglycemia 
and concomitant use of an antimicrobial was 2.66 [2.02, 3.49]-cephalexin, 2.65 [1.87, 
3.76]-azithromycin, 3.60 [2.35, 5.50]-erythromycin, and 13.28 [10.26, 17.18]-clarithro-
mycin [91]. Similarly the odds ratio for glipizide-induced hypoglycemia was at least 
2.5-fold higher with the use of clarithromycin versus azithromycin [91]. These data 
suggest that although MAK agents are theoretically not likely to interact with sulfony-
lureas, an interaction does exist and this interaction is likely to be exacerbated in 
patients with acute infections. A mechanistic explanation for this finding does not pres-
ently exist, however, the higher propensity for interaction with clarithromycin suggests 
that a metabolism mediated mechanism of interaction plays a role [91].

A double-blind crossover study demonstrated a 40% increase in the exposure of 
repaglinide when coadministered with clarithromycin [92]. Clarithromycin was 
also demonstrated to increase the plasma exposure of insulin without a correspond-
ing decline in blood glucose concentrations [92]. However, severe hypoglycemia 
has been reported with the concomitant use of repaglinide in a patient with type 2 
diabetes who was initiated on clarithromycin to treat Helicobacter pylori infection 
[93]. In vitro studies suggest that the potential interaction of nateglinide and 
clarithromycin to be unlikely, given that CYP3A4 is not a primary metabolic path-
way for this meglitinide [128].

Pioglitazone and rosiglitazone are currently the two thiazolidinediones that are 
used in patients with type 2 diabetes and have a low propensity to cause hypoglyce-
mia unless used in combination with other antidiabetic agents [129]. Rosiglitazone is 
metabolized by CYP2C8 and CYP2C9, while pioglitazone is metabolized by 
CYP2C8 and CYP3A4 [130, 131]. Use of pioglitazone with ketoconazole has been 
associated with a 34% increase in the AUC of pioglitazone, hence the interaction 
potential of pioglitazone with MK agents is likely to be low [131]. In contrast, 
the exposure of saxagliptin (DPP4 inhibitor) a CYP3A4 substrate, increased by 
250% when coadministered with ketoconazole [94]. Sitagliptin is not metabolized 
significantly by CYP3A4 [132]. Although no cases of hypoglycemia have been 
reported with use of saxagliptin and CYP3A4 inhibitors, the product label recom-
mends that the daily dosage of saxagliptin be limited to 2.5 mg once daily when used 
with agents like clarithromycin and telithromycin [94]. Overall, patients with diabe-
tes receiving treatment with an oral antidiabetic agent should be counseled on the 
signs and symptoms of hypoglycemia, such as headache, dizziness, drowsiness, ner-
vousness, tremor, weakness, perspiration and palpitations when initiated on agents 
like clarithromycin or telithromycin. This is especially important given recent epide-
miologic evidence that suggests a risk of interaction between clarithromycin and oral 
sulfonylureas despite a low predicted potential for a CYP mediated interaction [91].
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 Antimigraine Medications

The ergopeptide alkaloids and the triptans represent the two major drug classes that 
are used to treat migraine attacks [133]. Although ergotamine has been used to treat 
migraines for nearly a century, the pharmacokinetic profile and potency of this agent 
has not been well characterized [134]. Dihydroergotamine, a synthetic derivative is 
better characterized and like ergotamine is metabolized by CYP3A4 [135]. The oral 
bioavailability of both ergotamine and dihydroergotamine is <1% [134]. Despite this 
low intrinsic oral bioavailability, severe adverse events have been reported with the 
use of ergopeptides in combination with erythromycin and clarithromycin. Acute limb 
ischemia, necrosis and gangrene have been reported with the combined use of ergot-
amine and macrolides [95–101]. Evaluation of the interaction potential of alpha-dihy-
droergocryptine and erythromycin suggests that there is a mean [95% CI] of 1,650% 
[870%, 3,150%] increase in the AUC of this ergoline [102]. As a result, the use of 
erythromycin and clarithromycin is contraindicated with ergoline derivatives such as 
bromocriptine and cabergoline. The product labels for telithromycin and azithromy-
cin do not specifically contraindicate their use with ergopeptide alkaloids [20, 23]. 
However, the clinical evidence coupled with knowledge of the potent inhibition of 
CYP3A4 by telithromycin suggest that the same risk exists with this agent [86, 87].

In contrast to the ergopeptide alkaloids, not all of the triptans are solely metabo-
lized by CYP3A4. The currently available triptans include; sumatriptan, rizatriptan, 
naratriptan, zolmitriptan, eletriptan, almotriptan, frovatriptan, and avitriptan [133, 
136]. Most of the triptans are metabolized by monoamine oxidase A or alternatively 
by CYP1A2 [133, 136]. Almotriptan is metabolized by CYP3A4 and CYP1A2 and 
its exposure has demonstrated to increase by 57% when used with the potent 
CYP3A4 inhibitor, ketoconazole [137]. The exception to the group when consider-
ing drug interaction potential with MAK agents is eletriptan, which is principally 
transported by P-gp and metabolized by CYP3A4 [138]. The exposure of eletriptan 
was demonstrated to increase by 400% when coadministered with erythromycin 
and 600% when coadministered with ketoconazole [103]. Hence, the interaction 
between clarithromycin or telithromycin with eletriptan is expected to be significant . 
The current eletriptan product recommends avoiding its concomitant use within 
72 h of use of CYP3A4 inhibitors such as clarithromycin [103]. This is especially 
important in patients with known ischemic heart disease, cerebrovascular disease, 
and peripheral vascular disease, which are common comorbidities where the use of 
eletriptan is contraindicated [103, 139].

 Benzodiazepines

The interaction potential of alprazolam, triazolam, and midazalam have been studied 
with the concomitant use of erythromycin. Erythromycin was demonstrated to 
increase the AUC of single-dose oral alprazolam by approximately 60% but was not 
demonstrated to alter psychomotor function as assessed by the Digit Symbol 
Substitution Test [104]. In contrast, the clearance of triazolam was demonstrated to 
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be reduced by 52% with the concomitant use of erythromycin and was associated 
with psychomotor dysfunction and amnesia [111]. Loss of consciousness in an 8 year 
old child has been reported with the concomitant use of midazolam and erythromy-
cin [105]. Olkkola et al., evaluated the interaction of erythromycin and midazolam, 
a well recognized selective CYP3A4 substrate in two double-blind studies using oral 
and intravenous midazolam [106]. The exposure of oral midazolam increased by 
400%, while that of intravenous midazolam increased by 54% [106]. The dual inhi-
bition of both intestinal and hepatic CYP3A4 is assumed to contribute to the enhanced 
oral bioavailability of midazolam with this interaction [106].

Azithromycin has not demonstrated a significant interaction with midazolam 
[140]. In contrast, the potent inhibitors, clarithromycin and telithromycin, are 
expected to increase the exposure of midazolam by 200–800% with expected psy-
chomotor adverse events [107–110]. This potential interaction is especially impor-
tant in elderly patients and those sensitive to the effects of benzodiazepines. 
Although a reduction in the dose of the benzodiazepine is recommended, coadmin-
istration of midazolam with clarithromycin, telithromycin, or erythromycin is not 
advisable. Use of an alternate comparable antibiotic or azithromycin may be advis-
able in cases where concomitant use of these benzodiazepines are necessary. 
Alternatively, use of sedative hypnotics such as zolpidem, zopiclone and zaleplon 
have a lower potential for interaction with agents like clarithromycin [141, 142].

 Calcineurin Inhibitors and Proliferation Signal Inhibitors

Calcineurin inhibitors (cyclosporine and tacrolimus) and proliferation signal inhibi-
tors (sirolimus and everolimus) are commonly used immunosuppressive agents with 
a high potential for drug interactions [143]. This is especially true given patients on 
these immunosuppressive agents are often at an increased risk for pulmonary infec-
tion that can be treated with the use of a MAK agent [144]. Increased exposure of 
agents such as cyclosporine and tacrolimus can induce nephrotoxicity, which is of 
major concern in renal transplant recipients on this agent [145]. The increased 
 exposure of cyclosporine when combined with erythromycin is likely to be a  function 
of both increased oral bioavailability and reduced CYP3A metabolism [146, 147]. 
The exposure of cyclosporine can increase by 100–500% when combined with eryth-
romycin [112, 113]. This combination has also been demonstrated to exacerbate the 
nephrotoxic potential of cyclosporine, which mandates cyclosporine dosage reduc-
tion and therapeutic drug monitoring when used with MAK agents [114]. Initial 
dosage reductions of at least 33% may be necessary when combined with clarithro-
mycin and by inference, telithromycin [115, 116]. A possible interaction between 
azithromycin and cyclosporine has been documented in the literature [148]. However, 
the degree of interaction is likely to be minimal (7% increase in AUC) when azithro-
mycin is combined with cyclosporine [149, 150]. Similarly, a major interaction has 
been documented with the combination of tacrolimus and erythromycin or clarithro-
mycin [151, 152]. Again, an interaction has been documented with azithromycin and 
tacrolimus, but the impact of this interaction is expected to also be low [153].
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When considering the proliferation signal inhibitors, a comparable degree of inter-
action has been noted with the MAK agents. The pharmacokinetics of everolimus was 
evaluated in a two-period, single-sequence crossover study among 16 healthy volun-
teers. The mean [90% CI] AUC of everolimus increased by 440% [350%, 540%] with 
a non-significant alteration of erythromycin concentrations [117]. Population pharma-
cokinetics of everolimus in renal transplant patients has also demonstrated that eryth-
romycin reduces the clearance of everolimus by 19% [154]. This analysis suggested 
an unlikely interaction of everolimus with azithromycin, which may be a misclassifi-
cation of azithromycin as part of the “erythromycins” [154]. Use of itraconazole was 
associated with a 74% decrease in everolimus clearance, which may be reflective of 
the potential impact of coadministration of either clarithromycin or telithromycin with 
everolimus [154]. Use of reduced doses of everolimus is recommended when used 
with erythromycin, and its concomitant use with either clarithromycin or telithromy-
cin is not recommended [118]. Similarly, sirolimus should not be used concomitantly 
with strong CYP3A4 inhibitors. The combined use of sirolimus and clarithromycin 
has been associated with an eight fold increase in the blood trough concentration of 
sirolimus and acute nephrotoxicity [155].

 Hydroxymethylglutaryl Coenzyme A (HMG-CoA) Reductase Inhibitors

The currently marketed HMG-CoA reductase inhibitors include atorvastatin, flu-
vastatin, lovastatin, pitavastatin, pravastatin, rosuvastatin, and simvastatin [156, 
157]. The HMG-CoA reductase inhibitors are commonly prescribed agents. 
Simvastatin and atorvastatin accounted for over 100 million prescriptions in the US 
in the year 2008 [158]. When considering these agents, atorvastatin, lovastatin, and 
simvastatin are primarily metabolized by CYP3A4 [157]. Fluvastatin is primarily 
metabolized by CYP2C9 and rosuvastatin is primarily metabolized by CYP2C9 and 
CYP2C19 [157]. Pravastatin is not a substrate of CYP and instead is primarily 
metabolized by sulfation pathways and undergoes elimination via the kidney [157]. 
Pitavastatin is metabolized by CYP2C8 and CYP2C9 and forms a lactone metabolite  
via uridine5¢-diphosphate (UDP) glucuronosyltransferase (UGT; UGT1A3 and 
UGT2B7) [122]. Despite the lack of CYP3A4 metabolism for select HMG-CoA, all 
marketed statins are likely substrates of OATP and are expected to interact with 
MAK agents to varying degrees with a corresponding risk for myopathy, rhabdomy-
olysis, and death [157]. In addition, multidrug resistance-associated protein (MRP) 
is now known to be highly expressed in skeletal muscle and contributes to reduced 
intracellular accumulation of agents like atorvastatin and rosuvastatin [122]. To 
date, the MAK agents have not been shown to inhibit MRP1 but a potential syner-
gistic adverse interaction exists if HMG-CoA inhibitors are used with MAK agents 
and an MRP1 inhibitor, such as probenecid or ritonavir [159].

The incidence of myopathy and rhabdomyolysis is estimated to be 5 and 
1.6/100,000 person-years from randomized clinical trials and cohort studies and up 
to 13.5/million statin prescriptions [160, 161]. An estimated 60% of cases of 
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statin-related rhabdomyolysis are thought to be a result of drug interactions [162]. 
Simvastatin doses of 80 mg/day have been associated with a higher risk of 
rhabdomyolysis compared to standard doses of fluvastatin and pravastatin [162]. 
Fluvastatin appears to have the lowest risk of muscular adverse events but is also the 
weakest inhibitor of HMG-CoA [162].

The pharmacokinetic drug interaction potential of atorvastatin has been studied 
against erythromycin, clarithromycin and azithromycin [119, 120]. The AUC of 
atorvastatin increased by 0.72%, 32.5%, and 82% when coadministered with 
azithromycin, erythromycin, and clarithromycin, respectively [119, 120]. A sub-
stantial pharmacokinetic interaction exists between clarithromycin and erythromy-
cin when combined with simvastatin. A 390% and 1,000% increase in the AUC

0-24
 

of simvastatin is expected with the concomitant use of erythromycin or clarithro-
mycin, respectively [77, 121]. A comparable degree of interaction between sim-
vastatin and telithromycin has been documented [20]. The interaction potential 
between azithromycin and simvastatin is expected be low [87]. However, data from 
the World Health Organization Adverse Drug Reaction database suggest an asso-
ciation (albeit rare) with azithromycin-HMG-CoA reductase inhibitor use and 
rhabdomyolysis [163].

The plasma exposure of rosuvastatin has been demonstrated to be unaltered when 
combined with erythromycin [164]. Similarly, fluvastatin is unlikely to have a phar-
macokinetic interaction when used with MAK agents. In contrast, the most recently 
marketed HMG Co-A reductase inhibitor, pitavastatin, is regarded to not be a sub-
strate of CYP and so has a low potential for drug interactions [122, 156]. However, 
the combined use of erythromycin and pitavastatin was associated with a 280% 
increase in the AUC of pitavastatin [122]. Use of the UGT inhibitor, atazanavir, was 
associated with only a 31% increase in pitavastatin concentrations [122]. Use of 
itraconazole, was associated with a 23% decrease in pitavastatin concentrations, 
while cyclosporine increased pitavastatin exposure by 460% [122]. Erythromycin is 
not known to be an inhibitor of UGT1A3 and UGT2B7 [165]. Recent data suggest 
that erythromycin, clarithromycin and telithromycin inhibit OATP1B1 and OAT1B3 
in the liver and contribute to the uptake of pravastatin [8]. Cyclosporine is a known 
inhibitor of this pathway [86] and so this transporter  mediated interaction is expected 
to be the mechanistic pathway that explains the enhanced plasma exposure of 
pitavastatin when combined with erythromycin.

These data suggest that macrolides interact with HMG-CoA reductase inhibitors 
via both metabolic and transporter mediated interactions. The marked elevation of 
simvastatin exposures is a testament to this point [77]. These agents are commonly 
used chronically in populations over the age of 50 years, and so the potential for 
polypharmaceutical combination is great. Hence, MK should be avoided in patients 
receiving simvastatin. A 50–80% reduction in the dose of other HMG-CoA inhibi-
tors may be necessary when used with MK agents. Most importantly, patients who 
must receive these agents concurrently should be warned to contact their healthcare 
provider immediately if they experience muscle pain, tenderness or weakness 
[160–162].
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 Phosphodiesterase 5 (PDE5) Inhibitors

Sildenafil, tadalafil and vardenafil are approved clinically to treat erectile dysfunc-
tion and are increasingly used for non-urological conditions [123, 125, 126, 166]. 
The PDE5 inhibitors are also increasingly being used to treat idiopathic pulmonary 
arterial hypertension [166]. Sildenafil is recognized to be a very selective substrate 
of CYP3A4 like buspirone, simvastatin, and midazolam [167]. Hence, the com-
bined use of sildenafil with erythromycin would be expected to result in elevated 
concentrations of sildenafil. The AUC of sildenafil was documented to increase by 
182–280% when administered with erythromycin [123, 168]. The AUC of sildenafil 
has also been documented to increase by 230% when combined with clarithromycin 
and so this level of interaction is also expected with the use of telithromycin [124]. 
[22, 36, 169, 170] Azithromycin does not affect the pharmacokinetics of sildenafil 
[168]. Use of a lower starting dose of sildenafil (25 mg) should be considered if its 
concomitant use with MK agents cannot be avoided [123, 168]. Similarly tadalafil 
exposures are expected to increase with the concomitant use of CYP3A4 inhibitors. 
However, single doses of up to 500 mg and multiple doses of 100 mg of tadalafil 
have been evaluated in subjects and is well above the recommended starting dose of 
2.5 mg [125]. Despite this potential lower risk, the product label does not recom-
mend that doses exceed 2.5 mg when combined with potent CYP3A4 inhibitors like 
the MK agents [125]. A similar dosing recommendation is provided for vardenafil 
in patients receiving treatment for erectile dysfunction [126].

 Protease Inhibitors and Non-nucleoside Reverse Transcriptase Inhibitors

The protease inhibitors are a pivotal group of antiretrovirals that provide the 
 necessary decreases in the viral load in patients infected with HIV [171]. Like MK 
agents, this class of agents are significant inhibitors of both CYP3A4 and P-gp. 
Within this class, ritonavir is specifically recognized to be the most potent inhibitor 
of CYP3A4 and P-gp, which supports its use to ‘boost’ the exposure of coadminis-
tered protease inhibitors [171]. Seven boosted protease inhibitors (with ritonavir) 
are currently licensed in the US and Europe and include; indinavir, saquinavir, 
 lopinavir, fosamprenavir, atazanavir, tripanavir, and darunavir [171]. Clarithromycin 
is often used in patients with HIV for prophylaxis and treatment of opportunistic 
infections [24]. As a result, the combinations of two or more classes of agents with 
major drug interaction potential are likely in patients with HIV. Development of 
drug-induced rhabdomyolysis in a 34 year old HIV-infected patient receiving ator-
vastatin, clarithromycin, and lopinavir/ritonavir is an illustration of the potential 
complications that can occur due to a combined drug-interaction [172].

The pharmacokinetics of clarithromycin have been evaluated in combination 
with indinavir, ritonavir, saquinavir, lopinavir/ritonavir, amprenavir, atazanavir, 
darunavir, and tripanavir [173–181]. The exposure of clarithromycin has been 
demonstrated to increase by 45%, 53%, and 77% when combined with saquina-
vir, indinavir and ritonavir, respectively [173–176]. A lower degree of interaction 
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has been reported or is expected with agents boosted with ritonavir [182]. As an 
example, the use of tripanavir/ritonavir in combination with clarithromycin as an 
example was associated with a mean [90% CI] of 19% [4%, 37%] increase in the 
AUC of clarithromycin [182]. The AUC of the 14-hydroxy metabolite of 
clarithromycin was reduced by 97% when used with tripanavir/ritonavir [182]. 
In addition, the use of clarithromycin increased the AUC of tripanavir by 66% 
[182]. The AUC of saquinavir has been demonstrated to increase by 177% when 
used in combination with clarithromycin [176]. Given the low intrinsic bioavail-
ability of most protease inhibitors, a dose reduction of protease inhibitors is not 
necessary when used with clarithromycin [173–182]. Clarithromycin exposures 
increase in patients’ with reduced kidney function, hence, dose alteration of 
clarithromycin for this interaction has been stratified by the patients estimated 
creatinine clearance. A 50% and 75% reduction in the dose of clarithromycin is 
recommended in patients with a creatinine clearance of 30–60 mL/min and 
<30 mL/min, respectively, when used in combination with a protease inhibitor 
[173–181]. The current product labels do not specifically provide recommenda-
tions on dose alterations of erythromycin or telithromycin. However, the use of 
agents like ritonavir are expected to also yield elevated concentrations of eryth-
romycin and telithromycin to a degree that is comparable to that noted with 
clarithromycin, which may cause QTc prolongation.

In contrast to the protease inhibitors, the non-nucleoside reverse transcriptase 
inhibitors (NNRTI) can induce CYP3A4 and reduce the exposure of clarithromycin. 
Efavirenz and nevirapine decrease the AUC of clarithromycin by 39% and 31%, 
respectively [183, 184]. A comparable decrease in the AUC of 14-hydroxy clarithro-
mycin occurs with this combination. In addition, 46% of healthy volunteers exposed 
to the combination of efavirenz and clarithromycin developed a rash [183]. An 
explanation of this increased risk for an adverse event has not been elucidated. 
Regardless, the use of an alternate agent such as azithromycin is recommended in 
patients receiving treatment with a NNRTI [183, 184].

 Proton Pump Inhibitors

The proton pump inhibitors (PPIs) are potent inhibitors of gastric acid secretion. This 
class is used extensively to treat gastrointestinal reflux disease, peptic and  duodenal 
ulcer disease and in combination with macrolides to treat H. pylori as a causative 
factor of gastrointestinal ulcers. The current US FDA approved PPIs include 
 omeprazole, lansoprazole, rabeprazole, pantoprazole. In addition, the S-enantiomer 
of omeprazole (esomeprazole) and R-enantiomer of lansoprazole (dexlansoprazole) 
are approved for use by the US FDA. All PPIs undergo metabolism by CYP2C19 and 
to a lesser extent by CYP3A4 [185]. An exception to this rule has been demonstrated 
with esomeprazole, which is primarily metabolized by CYP3A4 [185].

The coadministration of clarithromycin and esomeprazole was associated with a 
70–129% increase in the plasma AUC of esomeprazole without an alteration in 
clarithromycin exposure [186]. An 89% increase in the plasma AUC of omeprazole 



260 M.P. Pai

and 55–80% increase in the plasma AUC of lansoprazole has been documented with 
the coadministration of clarithromycin [187]. In contrast, clarithromycin does not 
interact with rabeprazole or pantoprazole to a significant degree [188, 189]. The 
interaction profile of PPIs as documented with clarithromycin is likely to be compa-
rable to that with erythromycin and telithromycin. Regardless, the documented 
degree of interaction has not been demonstrated to yield an increased risk of adverse 
events. On the contrary, the concurrent use of these PPIs and MAK agents without 
dose alteration may be more beneficial when used to eradicate H. pylori [185].

Rifamycins

The drug interaction potential of the rifamycin class of antimicrobials are reviewed 
extensively in previous chapter on Drugs for Tuberculosis. The rifamycins, rifampin 
and rifabutin are known inducers of multiple CYP isoenzymes and have been 
 documented to have bidirectional interactions with clarithromycin. A phase 1 study 
was designed to evaluate the safety and pharmacokinetics of rifabutin alone and in 
combination with either azithromycin or clarithromycin over 14 days. This study 
was terminated on day 10 due to development of neutropenia in 14 of 30 subjects, 
which included 2 subjects on rifabutin alone and all 12 subjects who received the 
combination of rifabutin with either clarithromycin or azithromycin [190]. In patients 
with HIV, the coadministration of rifabutin and clarithromycin was associated with 
a 44% decrease in the AUC of clarithromycin and 99% increase in the AUC of 
rifabutin. However, 14-hydroxy-clarithromycin and 25-O-desacetyl-rifabutin was 
documented to have increased by 57% and 375%, respectively [191]. A key adverse 
event observed with the coadministration of clarithromycin and rifabutin is uveitis, 
or inflammation of the inner eye. The risk of developing uveitis is dose-dependent, 
such that the risk of uveitis was reduced from 43% to 13% with the use of 300 mg/
day instead of 600 mg/day of rifabutin [192]. The induction of CYP is known to 
occur to a greater extent with the use of rifampin compared to rifabutin. An 80–90% 
reduction in the AUC of clarithromycin and telithromycin have been documented 
with the use of rifampin [20, 191]. Hence the concurrent use of rifampin with 
clarithromycin or telithromycin should be avoided. In addition, the nonconcomitant 
use of rifabutin with MAK agents should include frequent evaluation of white cell 
counts. Finally, patients with symptoms consistent with uveitis such as blurred 
vision, photophobia, dark floating spots, redness of the eye and pain should be 
referred for further evaluation by an ophthalmologist.

 Miscellaneous Agents

Buspirone is a generically available anxiolytic agent that is known to be a  selective 
substrate of CYP3A4 [167]. The plasma AUC of buspirone increased by 600% 
with the coadministration of this agent with erythromycin [193]. This marked 
pharmacokinetic interaction was also associated with drowsiness and altered 
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psychomotor performance as documented by a digital symbol substitution test 
[193]. A greater than 50% reduction in the dose of buspirone is likely to be neces-
sary if used concomitant with erythromycin, clarithromycin or telithromycin. In 
contrast to buspirone, the anticonvulsant/mood stabilizing agent carbamazepine 
has been documented to have numerous adverse events when coadministered with 
erythromycin or clarithromycin despite a limited (20–50% increase in the AUC) 
pharmacokinetic interaction in phase 1 studies [3, 194, 195]. The dose of carbam-
azepine should be reduced by at least 50% when coadministered with erythromy-
cin or clarithromycin [3]. Similarly, data in healthy volunteers documents no 
pharmacokinetic interaction of the antipsychotic agent clozapine (CYP1A2 sub-
strate) with erythromycin [196]. However, seizures, drowsiness and neutropenia 
have been documented in case-reports of the combination of erythromycin and 
clozapine [196–199]. Finally numerous isolated case-reports exist that link a 
potential interaction between the CYP1A2 substrate, theophylline and macrolides, 
however, pharmacokinetic studies in healthy volunteers have failed to document a 
significant interaction [3, 200]. Given that acute respiratory infections may be 
associated with cytokine-mediated alterations in drug transport and metabolism, 
the effects observed with CYP1A2 substrates and MK agents may not be simply 
a consequence of CYP inhibition by MK [201]. Hence, it is theoretically possible 
that additional metabolism related interactions exist with MAK agents that may 
be potentiated by cytokine-mediated interactions on drug metabolism and 
transport.

8.3.1.4  Elimination Related Interactions

MAK agents have the ability to reduce the elimination of drugs primarily through 
inhibition of P-gp in the biliary tract and renal tubular system. Given that substrates 
of P-gp and are also likely to be substrates of CYP3A4 [6], the interaction potential 
of such substrates can be serious. Key examples of serious drug interactions with 
substrates of P-gp and MAK agents include; colchicine, digoxin, and the vinca alka-
loids [86]. Colchicine has been in clinical use for over two centuries and has seen a 
resurgence in its use since receiving US FDA approval in August 2009 to treat acute 
flares of gout and familial Mediterranean fever [202]. Clarithromycin increases the 
mean [min, max] AUC of colchicine by 281.5% [88.7%, 851.6%] and its use is 
contraindicated with colchicines [202]. Although not explicitly stated in the product 
label, use of erythromycin or telithromycin should be avoided with colchicine given 
the risk for life threatening and fatal toxic reactions [203]. Rhabdomyolysis, neuro-
myopathy, acute kidney injury, agranulocytosis, fever, diarrhea, convulsions, alope-
cia, and death are potential complications that can occur with the coadministration 
of colchicine with MAK agents [204–208]. The degree of interaction is further 
exacerbated in patients with chronic kidney disease [209, 210].

Digoxin is a key substrate of P-gp that undergoes minimal metabolism and inter-
acts to a greater degree with clarithromycin than other MAK agents [86]. The inhibi-
tion of E. lentum by MAK agents [60, 61] is also expected to enhance the systemic 
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exposure of digoxin but the primary driver of this interaction is most likely P-gp 
 mediated. In a large population based study conducted in Taiwan, the risk for hospi-
talization secondary to digoxin intoxication increased by 5.07 (95% CI 2.36, 10.89) 
fold if clarithromycin was used within 14 days of the index day [211]. Gomes and 
colleagues completed a 15 year population-based, case-control study and demon-
strated an increased risk for hospitalization secondary to digoxin toxication with 
erythromycin, clarithromycin, and azithromycin [73]. The odds ratio [95% CI] for 
digoxin toxicity related hospitalization was 3.7 [1.7, 7.9], 3.7 [1.1, 12.5], and 14.8 
[7.9, 27.9] with the recent exposure to erythromycin, azithromycin, and clarithromy-
cin, respectively. The relative degree of interaction of MAK agents with P-gp has been 
well described in vitro and is predictive of these documented clinical events [84]. 
Hence, telithromycin is expected to have a P-gp mediated interaction potential that is 
greater than or equal to that of clarithromycin, while azithromycin is expected to have 
a P-gp mediated interaction potential that is equal or greater than that of erythromycin 
[20, 73, 84]. Enhanced exposure of melagatran, the active form of the prodrug throm-
bin inhibitor ximelagatran by azithromycin serves as further evidence that although 
azithromycin does not inhibit CYP3A4, it is an inhibitor of P-gp [212].

The vinca alkaloids such as vinblastine, vincristine, vinorelbine, and vindesine 
are substrates of both P-gp and CYP3A [213–215]. Severe adverse events have been 
observed with the combination of vinblastine and erythromycin when used in com-
bination with cyclosporine [216]. The incidence of vinorelbine-associated grade 4 
neutropenia was reported in 31.6% of patients treated with clarithromycin versus 
2.5% of patients not treated with this agent [213]. Numerous reports of neurotoxic-
ity are available in the literature documenting the risk of using a vinca alkaloid with 
the combined P-gp/CYP3A4 inhibitor itraconazole [217]. These data suggest that 
the use of clarithromycin or telithromycin should be avoided in patients receiving 
treatment with vinca alkaloids.

8.3.2  Pharmacodynamic

8.3.2.1  Torsades De Pointes

The primary pharmacodynamic interaction of concern is the synergistic potentiation 
of the QTc interval and development of cardiac dysrhythmias such as torsades de 
pointes (TdP). Intravenous erythromycin infusion was demonstrated to increase the 
QTc interval in seven critically ill patients, with the extent of QTc prolongation 
dependent on the rapidity of infusion. Three patients developed ventricular 
 fibrillation and one patient died [218]. Oberg and Bauman retrospectively evaluated 
the effect of erythromycin lactobionate infusion on changes in the QTc interval. 
Data from 49 patients in this study revealed a change in the QTc interval from 
432 ± 39 to 483 ± 62 ms at baseline compared to during erythromycin therapy respec-
tively [219]. Only one patient developed TdP in this evaluation but brought the 
potential risk of intravenous erythromycin and QTc prolongation to the forefront.
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Ray and colleagues extended our knowledge of the risk of oral erythromycin and 
sudden death from cardiac causes through a population-based study of 1,249,943 
person years of data through a Tennessee Medicaid cohort [4]. The incidence-rate 
ratio [95% CI] for sudden death with the current use of erythromycin was 2.01 
[1.08–3.75] and increased to 5.35 [1.72–16.64] with the use of a CYP3A inhibitor 
such as the calcium channel blocker, verapamil [4]. Although this study was not 
designed to evaluate the mechanistic basis for this interaction, the data suggest the 
necessity for caution when using macrolides with CYP3A inhibitors, especially 
when both agents carry the risk for dysrhythmias.

The primary mechanism for drug induced QTc prolongation includes inhibition of 
the rapid component of the delayed rectifier potassium current through a potassium 
channel that is regulated by the human ether-a-go-go-related gene (HERG). Volberg 
and colleagues have demonstrated that macrolides inhibit HERG, and that in the case 
of clarithromycin, the level of inhibition was voltage and time-dependent [220]. The 
ratio of IC

50
 to the serum C

max
 value (IC

50
/C

max
) has been used as a surrogate marker 

for the potential clinical risk for an agent known to inhibit HERG. The inhibition of 
HERG by agents withdrawn from the market such as terfenadine, astemizole, and 
cisapride occurs at the nanomolar concentration range with IC

50
/C

max
 values of 

0.075–5.2. Lin and colleagues evaluated 20 drugs known to induce QTc prolongation 
in order to identify cutoff values that could predict a higher risk of torsades de pointes 
[221]. Although IC

50
/C

max
 cutoff values predictive of TdP have not been identified, 

values of 9.1, 12.8, and 17.5 were documented for clarithromycin, telithromycin, and 
erythromycin, respectively [221]. Higher IC

50
/C

max
 values are expected with azithro-

mycin but despite this lower risk for QTc prolongation, reports of TdP have been 
recorded in the literature with this agent [222, 223]. Increasing age, female sex, con-
comitant illness, and use of concomitant agents that prolong the QTc interval have 
been associated with an increased risk of TdP when using macrolides [224]. Table 8.3 
includes a current list of agents that are contraindicated with the use of MAK agents 
based on a review of regulatory approved product labels.

As tabulated, azithromycin has no contraindications [23], while telithromycin is 
contraindicated with cisapride and pimozide due to the potential risk of TdP [20]. 
Clarithromycin has the longest list of contraindications and is comparable to eryth-
romycin [22]. It is also critically important to recognize that the identification of the 
true risk potential of clarithromycin, azithromycin, and telithromycin and sudden 
death will require a population-based surveillance program comparable to that con-
ducted with erythromycin. Until such a study is completed, it is reasonable to assume 
that telithromycin and clarithromycin carry a very similar risk for QTc  prolongation 
and CYP3A4 inhibition. Hence, extension of the outlined list of agents contraindi-
cated with clarithromycin to telithromycin would be rational. Finally, the impact of 
the potential combination of multiple agents known to induce QTc  prolongation on 
the risk for TdP is not known. Table 8.4 outlines a list of drugs, where the risk for 
combined QTc prolongation is known, probable or theoretically possible. The drugs 
outlined in this table demonstrate that several commercially available antiarrhythmic , 
antibiotic, antifungal, antihypertensive, antimalarial, antipsychotic, and anesthetic 
drugs have the potential to induce QTc prolongation [9, 219, 225–232]. The combined 
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Table 8.3 Pharmacological agents contraindicated with the use of erythromycin, clarithromycin, 
azithromycin and telithromycin
Erythromycin Clarithromycin Azithromycin Telithromycin

1. Astemizole 1. Astemizole None 1. Cisapride
2. Bepridil 2. Bepridil 2. Pimozide
3. Cisapride 3. Cisapride
4. Dihydroergotamine 4. Colchicine
5. Dronedarone 5. Conivaptan
6. Ergoloid mesylates 6. Dihydroergotamine
7. Ergonovine 7. Dronedarone
8. Ergotamine 8. Eplerenone
9. Grepafloxacin 9. Ergoloid Mesylates
10. Levomethadyl 10. Ergonovine
11. Mesoridazine 11. Ergotamine
12. Methylergonovine 12. Levomethadyl
13. Methysergide 13. Mesoridazine
14. Pimozide 14. Methylergonovine
15. Sparfloxacin 15. Methysergide
16. Terfenadine 16. Pimozide
17. Thioridazine 17. Ranolazine
18. Ziprasidone 18. Silodosin

19. Terfenadine
20. Thioridazine
21. Tolvaptan
22. Ziprasidone

Table 8.4 Drugs with a known, probable and theoretical potential for QTc prolongation when 
combined with clarithromycin [4, 9, 208–211, 215]
Known Probable Theoretical

Astemizole Ajmaline Artemether Fluoxetine Procainamide
Atazanavir Dofetilide Bretylium Foscarnet Prochlorperazine
Cisapride Dolasetron Telavancin Gemifloxacin Propafenone
Desipramine Doxepin Acecainide Halofantrine Protriptyline
Diltiazem Dronedarone Amiodarone Haloperidol Sematilide
Disopyramide Droperidol Amisulpride Halothane Sertindole
Itraconazole Hydroquinidine Amitriptyline Ibutilide Sotalol
Pimozide Ketoconazole Amoxapine Imipramine Sulfamethoxazole
Quetiapine Mesoridazine Aprindine Isoflurane Sultopride
Quinidine Pazopanib Arsenic Trioxide Isradipine Tedisamil
Risperidone Ranolazine Azimilide Lidoflazine Thioridazine
Terfenadine Salmeterol Bepridil Lorcainide Trifluoperazine
Verapamil Voriconazole Chloral hydrate Mefloquine Trimethoprim

Chloroquine Moxifloxacin Trimetrexate
Chlorpromazine Nortriptyline Trimipramine
Dibenzepin Octreotide Vasopressin
Encainide Pentamidine Ziprasidone
Enflurane Pirmenol Zolmitriptan
Flecainide Prajmaline Zotepine
Fluconazole Probucol
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risk of CYP3A4 inhibition coupled with QTc prolongation can lead to  synergistic 
PK/PD drug interactions that can be fatal as documented with agents such as vera-
pamil, pimozide, and cisapride in recent years [4, 9, 225–228, 232].

8.4  Summary

The pharmacology of erythromycin has been well characterized over the past 
60 years and has revealed numerous antimicrobial and non-antimicrobial proper-
ties. Clarithromycin and telithromycin represent important derivatives of erythro-
mycin that have expanded the spectrum of activity of this agent and improved its 
tolerability. However, the drug interaction potential of these agents have now been 
revealed to be greater than that of the parent agent. Azithromycin represents a sub-
stantially different agent that shares pharmacologic similarities to clarithromycin 
and telithromycin without their major drug interaction potential. However, increas-
ing antimicrobial resistance coupled with continued development of ketolides sug-
gests that the benefits of this class of agents will constantly needed to be weighed 
against the risk of drug interactions. The data thus far suggest that CYP3A4 is the 
primary phase 1 drug metabolic pathway and P-gp the primary drug transport pro-
tein that are inhibited by this antimicrobial class (to varying degrees). Given that 
these drug disposition pathways account for the clearance of a vast majority of 
pharmacological agents, the drug interaction potential of this class is expected to 
remain high. Hence, a careful review of an individual patient’s medication regimen 
should be performed prior to the prescription of macrolides and ketolides.
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Abstract Fluoroquinolone (FQ) antimicrobials are among the most commonly used 
agents in the outpatient and institutional patient care environments. Due to this high 
frequency of utilization, the potential for deleterious drug-drug interactions with non-
antimicrobials is also high. The majority of interactions with the FQs involve deleteri-
ous effects on the FQ component. These are also the most clinically-important 
interactions with these agents. Multivalent cations such as Mg2+, Ca2+, Fe2+, Zn2+, Al3+, 
and other minerals as well as drugs such as sucralfate, lanthanum, sevelamer, and 
didanosine (the cation-supplemented version of the latter) can substantially reduce 
FQ bioavailability, leading the subtherapeutic drug concentrations at the infection site 
and clinical failure. Separation of dose administrations may or may not reduce the 
magnitude of these interactions. Ciprofloxacin, norfloxacin, and two experimental 
FQs in clinical trials (pazufloxacin and prulifloxacin) act as moderate cytochrome 
P450 enzyme inhibitors and may increase serum concentrations of theophylline and 
caffeine. Warfarin pharmacodynamics are variably affected by the FQs. The pharma-
codynamic interactions between NSAIDs and FQs are only relevant if fenbufen is 
used concurrently with enoxacin or, possibly, prulifloxacin. Caution is warranted if 
sparfloxacin or moxifloxacin is used concurrently with other medications prolonging 
the QTc interval or if patients have other risk factors for prolongation of the QTc 
interval (e.g. abnormal QTc interval pre-treatment, electrolyte abnormalities, use of 
starvation-liquid diets, or history of heart disease). Fluoroquinolone antimicrobials 
can be used effectively and safely in the vast majority of patients if the clinician 
remembers those few drug-drug interactions that are clinically-important.
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9.1  Introduction

Drug-drug interactions can be categorized into those originating from pharmacokinetic 
mechanisms and those originating from pharmacodynamic mechanisms. Pharma-
cokinetic interactions are those that result in alterations of drug absorption, distribu-
tion, metabolism and elimination; pharmacodynamic interactions occur when one 
drug affects the actions of another drug. This chapter deals only with the pharma-
cokinetic and pharmacodynamic interactions of fluoroquinolones (hereafter referred 
to as quinolones) with non-antimicrobial agents. Additive, synergistic or antagonistic 
antimicrobial activity interactions between quinolones and other antimicrobials are 
not discussed.

Some drug interactions can be predicted from the chemical structure of the agent, 
its pharmacologic activity, its toxicologic profile, and other characteristics determined 
in its premarketing evaluation. Other interactions cannot be prospectively predicted 
and can only be detected through intense, large-scale clinical studies or postmarket-
ing surveillance. The quinolones exhibit drug-drug interactions of both types.

There are a number of problems in the prospective clinical evaluation of drug-
drug interactions in humans. First, there may be ethical concerns when administer-
ing interacting drug combinations to patients or volunteers, depending on the 
potential consequences of the interaction. Second, because there are an endless 
number of drug combinations, doses, and timings of administration that could be 
investigated, it is economically impossible to fund the study of all possibilities. 
Third, the prospective evaluation of an interaction in a manageable number of 
patients is unlikely to uncover a rare interaction. Finally, studies that are carried out 
in normal volunteers and demonstrate a pharmacokinetic interaction, such as slightly 
decreased absorption of a drug, may be of uncertain clinical relevance.

Despite these obstacles, delineating the frequencies and types of pharmacokinetic 
interactions of the quinolones with other drugs is important for several reasons. 
Since quinolones are often administered orally, absorptive interactions may compro-
mise the efficacy of antimicrobial therapy. Due to their breadth of activity, agents of 
this class find substantial use in the critically ill and elderly, many of whom receive 
potentially interacting medications [1–4]. Because the elderly have an increased 
sensitivity to drug-induced toxicity and experience more adverse drug reactions, 
they may also exhibit an increased incidence and severity of drug-drug interactions. 
Finally, the quinolones are such a structurally diverse group that the extrapolation of 
drug-drug interactions from one to another of these agents may not be appropriate.

9.2  Pharmacokinetic Interactions

9.2.1  Absorption Interactions

The deleterious effect of multivalent cations on the oral bioavailability of quinolones 
was first reported in 1985 [5]. Since this pivotal report, numerous investigations have 
duplicated and extended this observation; these are detailed in Table 9.1 [5–70].
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Table 9.1 Effects of multivalent cations on quinolone absorption

Quinolone Cation/preparation/schedule

Mean %  
change  
in Cmax

Mean %  
change  
in AUC Reference

Flerox Al OH/0.5,12,24,36 h  
post-quinolone

−24a −17 [6]

Levoflox Al OH/simultaneous  
with quinolone

−65a −44a [7]

Norflox Al OH/simultaneous  
with quinolone

– −86a,b [8]

Norflox Al OH/simultaneous  
with quinolone

−28c −29c [9]

Oflox Al OH/simultaneous  
with quinolone

−29a −19 [10]

Pruli Al OH/1 h prequinolone −93a,d −85a,d [11]
Pruli Al OH/3 h prequinolone −40a,d −35a,d [11]

Al OH/2 h prequinolone −36d −46d

Al OH/1 h postquinolone +6d −13d

Al OH/2 h postquinolone −10d −18d

Tosu Al OH/simultaneous with quinolone −41a −37a [12]
Tosu Al OH/simultaneous with quinolone −41a −32a [13]
Oflox Al phos/simultaneous  

with quinolone
−10 −3 [14]

Oflox Al phos/simultaneous with quinolone – −7 [8]
Norflox Bi subsalicylate/simultaneous  

with quinolone
– −10b [7]

Cipro Bi subsalicylate/simultaneous  
with quinolone

−13 −13 [15]

Cipro Ca carb/simultaneous with quinolone −38a −41a [16]
Cipro Ca carb antacid/simultaneous  

with quinolone
−47a −42a [17]

Cipro Ca carb antacid/with meals  
(PO4 binder)

+13 – [18]

Cipro Ca carb/2 h pre-quinolone +22a 0 [19]
Cipro Ca carb/simultaneous with quinolone – −29a,b [20]
Cipro Ca carb/(TID × 11 doses) 2 h  

after dose 10
−24a −14 [21]

Gati Ca carb/simultaneous with quinolone −7 −8 [22]
2 h pre-quinolone −13 −8
2 h post-quinolone +2 0

Levoflox Ca carb/simultaneous with quinolone −23 −3 [7]
Levoflox Ca carb/spaced 2 h prequinolone −9 +16 [18]

and 2 h postquinolone −19a,e −3e

Lomeflox Ca carb/simultaneous with quinolone −14a −2 [23]
Moxi Ca carb/simultaneous with quinolone −15a −2 [24]

+12 and 24 h post-quinolone
Gemi Ca carb/simultaneous with quinolone −21a −17a [25]

2 h pre-quinolone −11 −10
2 h post-quinolone 0 −7

(continued)
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Table 9.1 (continued)

Quinolone Cation/preparation/schedule

Mean %  
change  
in Cmax

Mean %  
change  
in AUC Reference

Norflox Ca carb/simultaneous with quinolone −28c −47a,c [9]
Norflox Ca carb antacid/simultaneous  

with quinolone
−66a −63a [26]

Norflox Ca carb antacid/simultaneous  
with quinolone

−66 −62 [25]

Oflox Ca carb/simultaneous with quinolone – 0b [20]
Oflox Ca carb/simultaneous with quinolone −18 +10 [10]
Oflox Ca carb antacid/ [27]

2 h pre-quinolone +3 −4
24 h pre-quinolone +9 −4
2 h post-quinolone +3 −3

Pruli Ca carb/1 h prequinolone −60a,d −55a,d [11]
Tosu Ca carb/simultaneous with quinolone −47a −42a [12]
Cipro Ca acetate/simultaneous with quinolone −50a −51a [28]
Cipro Ca polycarbophil 1,200 mg  

(5.0 mmol Ca)/
[29]

simultaneous with quinolone −64a −52a

Cipro Ca-fortified orange juice/ [30]
simultaneous with quinolone −41a −38a

Gati Ca-fortified orange juice/ [31]
simultaneous with quinolone −14 −12a

Levo Ca-fortified orange juice/ −23a −14a [32]
Ca-fortified orange juice + milk/ −24a −16a

(both simultaneous with ready- 
to-eat cereal and quinolone)

Moxi Ca lact – gluc + carb/ [24]
immed. before and 12 + 24 h  

after quinolone
−15a −2

Cipro Didanosine (+ cations)/3 doses [33]
(dose 3 simultaneous with quinolone) −93a −98a

Cipro Didanosine (+ cations)/6 doses [34]
(quinolone 2 h pre-didanosine) −16 −26a

Cipro Didanosine (−cations)/ [35]
simultaneous with quinolone −8 −9

Tosu Fe cit/simultaneous with quinolone −31a −16a [12]
Cipro Fe gluc/600 mg simultaneous  

with quinolone
−57a −64a [28]

Cipro FeSO
4
/300 mg simultaneous  

with quinolone
−33a −42a [36]

Cipro FeSO
4
/325 mg tid × 7 days −75a −63a [37]

Cipro FeSO
4
/simultaneous with quinolone −54a −57a [38]

Gati FeSO
4
/simultaneous with quinolone −52 −28 [39]

(continued)
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Quinolone Cation/preparation/schedule

Mean %  
change  
in Cmax

Mean %  
change  
in AUC Reference

Gati FeSO
4
/simultaneous with quinolone −54a −35a [22]

2 h pre-quinolone −12 −10
2 h post-quinolone −3 −5

Levoflox FeSO
4
/simultaneous with quinolone −45a −19a [7]

Lomeflox FeSO
4
/simultaneous with quinolone −28a −14 [23]

Moxi FeSO
4
/simultaneous with quinolone −59a −39a [40]

Norflox FeSO
4
/simultaneous with quinolone −75a −73a [38]

Norflox FeSO
4
/simultaneous with quinolone −97a,c −97a,c [9]

Norflox FeSO
4
/simultaneous with quinolone – −55a,b [8]

Oflox FeSO
4
/simultaneous with quinolone – −10a,b [41]

Oflox FeSO
4
/simultaneous with quinolone −36a −25a

Oflox FeSO
4
/simultaneous with quinolone +9 +35 [10]

Gemi FeSO
4
/ [42]

3 h before quinolone −20a −11
2 h after quinolone −4 −10

Pruli Fe SO
4
/1 h prequinolone −85a,d −75a,d [11]

Cipro Lanthanum carbonate/quinolone taken 
immediately post-dose  
1 on day 2 of 3-day regimen  
of 1 g tid with meals

−56a −54a [43]

Norflox Mg OH/simultaneous with quinolone – −90a,b [8]
Levoflox Mg O/simultaneous with quinolone −38a −22a [7]
Pruli Mg O/1 h prequinolone −61a,d −57a,d [11]
Tosu Mg O/simultaneous with quinolone −63a −54a [12]
Norflox Mg trisilicate/simultaneous  

with quinolone
−72a,c −81a,c [9]

Oflox Mg trisilicate/simultaneous with 
quinolone

−2 +19 [10]

Cipro Mg/Al antacid/simultaneous  
with quinolone

−81a −84a

Cipro Mg/Al antacid/ [44]
5–10 min pre-quinolone −80a −85a

2 h pre-quinolone −74a −77a

4 h pre-quinolone −13 −30a

6 h pre-quinolone 0 +9
2 h post-quinolone +32a +7

Cipro Mg/Al antacid/ [45]
10 doses over 24 h pre-quinolone −93a −91a

Cipro Mg/Al antacid/with meals (PO4 binder) −65 –
Cipro Mg/Al antacid/24 h pre-quinolone −94a – [5]
Enox Mg/Al antacid/ [46]

0.5 h pre-quinolone −70a −73a

2 h pre-quinolone −38 −48a

8 h pre-quinolone −9 −17
Garen Mg/Al antacid/4 h pre-quinolone −9 −16a [47]

Table 9.1 (continued)

(continued)
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Quinolone Cation/preparation/schedule

Mean %  
change  
in Cmax

Mean %  
change  
in AUC Reference

2 h pre-quinolone −22a −22a

simultaneous with quinolone −61a −58a

2 h post-quinolone −3 −12a

4 h post-quinolone +1 +7
Gati Mg/Al antacid/ [48]

2 h pre-quinolone −45 −42
simultaneous with quinolone −68a −64a

2 h post-quinolone −3 −18a

4 h post-quinolone +3 +1
Lomeflox Mg/Al antacid/simultaneous  

with quinolone
−46a −41a [49]

Moxi Mg/Al antacid/simultaneous  
with quinolone

−61a −59a [50]

2 h post-quinolone −7 −26a

4 h pre-quinolone −1 −23a

Norflox Mg/Al antacid/ [26]
simultaneous with quinolone −95a –
2 h post-quinolone −24a −20

Norflox Mg/Al antacid/ [51]
simultaneous with quinolone −95 −98
2 h post-quinolone −24 −22

Oflox Mg/Al antacid/ [45]
10 doses over 24 h pre-quinolone −73a −69a

Oflox Mg/Al antacid/ [27]
2 h pre-quinolone −30a −21a

24 h pre-quinolone −5 −5
2 h post-quinolone +3 +5

Oflox Mg/Al antacid/simultaneous  
with quinolone

−24 – [52]

Peflox Mg/Al antacid/13 doses [53]
quinolone 1 h after dose 10 −61a −54a

Ruflox Mg/Al antacid/ [54]
simultaneous with quinolone −43a −38a

4 h post-quinolone +6 −15a

Tema Mg/Al antacid/ [55]
8 doses day prior to study −59a −61a

and 5 doses on study day
Trovaflox Mg/Al antacid/ [56]

2,200 h the night before and  
1 and 3 h

after meals and at bedtime  
on the study day

and 0.5 h before quinolone −60 −66
2,200 h the night before and 1 and 3 h

Table 9.1 (continued)

(continued)
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Quinolone Cation/preparation/schedule

Mean %  
change  
in Cmax

Mean %  
change  
in AUC Reference

after meals and at bedtime  
on the study day

and 2 h after the quinolone −11 −28
Gemi Mg/Al antacid/ [57]

3 h before quinolone −17a −15
10 min after quinolone −87a −85a

2 h after quinolone +10 +3
Cipro Multivit with Zn/once daily × 7 days −32a −22a [37]
Cipro Multivit with Fe/Zn/ [36]

once simultaneous with quinolone −53a −52a

Norflox Na CHO
3
/simultaneous with quinolone +5c +5c [9]

Cipro Sevelamer hydrochloride/seven 403 mg 
caps

[28]

simultaneous with quinolone −34a −48a

Cipro Sucralfate/1 g 6 and 2 h  
pre-quinolone

−30a −30a [58]

Cipro Sucralfate/1 g QID × 1 day then [59]
simultaneous with quinolone −90a −88a

Cipro Sucralfate/2 g BID × 5 doses [60]
quinolone simultaneous  

with dose 5
−95a −96a

quinolone 2 h before dose 5 +5 −20
quinolone 6 h before dose 5 0 −7

Enox Sucralfate/ [61]
1 g simultaneous with quinolone −91a −88a

1 g 2 h pre-quinolone −51a −54a

1 g 2 h post-quinolone 0 −8
Flerox Sucralfate/1 g QID × 12 doses [62]

quinolone simultaneous  
with dose 5

−26a −24a [63]

Levoflox Sucralfate/1 g 2 h post-quinolone +14 −5 [64]
Lomeflox Sucralfate/1 g 2 h pre-quinolone −30a −25a [23]
Lomeflox Sucralfate/1 g simultaneous with 

quinolone
−65a −51a [65]

Moxi Sucralfate/1 g simultaneous with 
quinolone + 5, 10, 15, 24 h post-
quinolone

−71a −c60a

Norflox Sucralfate/ [51]
simultaneous with quinolone −90 −98
2 h pre-quinolone −28 −42

Norflox Sucralfate/ [66]
1 g simultaneous with quinolone −92a −91a

1 g 2 h post-quinolone +9 −5
Norflox Sucralfate/ [67]

1 g simultaneous with quinolone −90a −98a

Table 9.1 (continued)

(continued)
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Quinolone Cation/preparation/schedule

Mean %  
change  
in Cmax

Mean %  
change  
in AUC Reference

1 g 2 h pre-quinolone −28 −43
Oflox Sucralfate/ [66]

1 g simultaneous with quinolone −70a −61a

1 g 2 h post-quinolone +7 −5
Oflox Sucralfate/ [68]

Fasting + 1 g simultaneous with quinolone −70a −61a

Nonfasting + 1 g simultaneous  
with quinolone

−39a −31a

Spar Sucralfate/ [69]
1 g QID × 8 doses
quinolone 0.5 h post dose 8 −39a −47a

Spar Sucralfate/1.5 g bid × 5 doses/ [70]
quinolone simultaneous  

with dose 5
−52a −50a

quinolone 2 h before dose 5 −30a −36a

quinolone 4 h before dose 5 +3 −8
Gemi Sucralfate/ [42]

2 g 3 h before quinolone −69a −53a

2 g 2 h after quinolone −2 −8
Norflox Tripotassium citrate/ [9]

simultaneous with quinolone −48a,b −40a,c

Norflox Zn SO
4
/simultaneous with quinolone – −56a,b [8]

% change change from baseline or placebo control, C
max

 peak serum or plasma concentration, AUC 
area under the plasma or serum concentration–time curve, enox enoxacin, oflox ofloxacin, cipro 
ciprofloxacin, norflox norfloxacin, carb carbonate, PO4 phosphate, lomeflox lomefloxacin, levo-
flox levofloxacin, tid 3 times daily, qid 4 times daily, bid twice daily, gluc gluconate, trovaflox 
trovafloxacin, spar sparfloxacin, gati gatifloxacin, moxi moxifloxacin, gemi gemifloxacin, lact lac-
tate, multivit multivitamin, tosu tosufloxacin, pazu pazufloxacin, pruli prulifloxacin, garen 
garenoxacin
a Statistically significant change from baseline or placebo control
b Based on urinary excretion data
c Based on salivary AUC data
d Based on ulifloxacin (active metabolite) data
e Adults with cystic fibrosis

Table 9.1 (continued)

The concomitant oral administration of magnesium- or aluminum-containing 
antacids has been found to result in six to tenfold decreases in the absorption of oral 
quinolones. Even when dose administrations of the agents were separated by two or 
more hours, substantial reductions in quinolone absorption persisted [3, 10–13, 
16–18, 21, 26, 27, 36, 37, 44, 46–48, 51, 52, 54–56, 71, 72]. Studies of the oral 
coadministration of calcium-containing antacids with oral quinolones have produced 
conflicting results, with some reporting no significant effect [7, 10, 18–20, 22, 
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24, 27], and others reporting significant reductions in absorption [9, 11, 12, 16, 17, 
20, 21, 23, 25, 26, 51]. Studies have also documented significant reductions in 
quinolone bioavailability during coadministration with calcium-fortified orange 
juice and calcium polycarbophil, calcium acetate, lanthanum carbonate, and seve-
lamer hydrochloride [28–32, 43].

Studies have documented substantial reductions in quinolone bioavailability 
when coadministered with sucralfate. Again, this interaction persisted even when 
dose administrations of the agents were spaced two or more hours apart [42, 51, 58, 
59, 61, 64, 67, 70]. Further studies have documented substantial reductions in 
quinolone bioavailability when coadministered with iron preparations or multiple 
vitamins with minerals such as zinc, magnesium, copper, and manganese [36, 37], 
although one study did not find a significant interaction with iron [10]. A 
pharmacokinetic-pharmacodynamic model has been created, incorporating the 
pharmacokinetic data for gatifloxacin, ciprofloxacin, and norfloxacin after metal 
cation administration at various time intervals before and after quinolone 
administration and the pharmacodynamic data of complex formulation. This model 
predicted, in the cases of usual doses of ciprofloxacin with magnesium and aluminum 
hydroxides (Maalox®), gatifloxacin with magnesium and aluminum hydroxides 
(Maalox® 70), and norfloxacin with sucralfate, that the quinolone should be 
administered at least 4.5, 4.5, and 3.5 h after, at least, or at least 1, 1, and 0.5 h 
before the administration of metal cations, respectively, to ensure a relative 
bioavailability of at least 90% versus control [73].

It is hypothesized that the reduction in quinolone absorption is caused by the 
formation of insoluble and hence unabsorbable drug-cation complexes or chelates in 
the gastrointestinal tract [74–78]. This has been confirmed in binding experiments 
utilizing nuclear magnetic resonance spectroscopy [36, 49, 79]. It appears that the 
complexation or chelation involves the 4-keto and 3-carboxyl groups of the quinolo-
nes. In vitro studies have presented the results of the physical chemistry of the gati-
floxacin-aluminum hydroxide interaction in detail. This interaction was characterized 
by complete monolayer adsorption by the mechanism of chemisorption. It was an 
irreversible reaction that was ionic in nature (i.e. aluminum hydroxide being posi-
tively charged in aqueous solution and gatifloxacin being weakly negatively charged). 
In the everted goat intestinal model, this was a concentration-dependent reaction in 
that gatifloxacin availability for absorption decreased as the aluminum hydroxide 
concentration increased [80]. In vitro work with the ciprofloxacin-magnesium 
complex validated the marked stability of these complexed products [81]. The stoi-
chiometry (i.e. the ratio of divalent/trivalent metal cation to quinolone in the stable 
complexes) varied as a function of the quinolone involved. For example, norfloxacin, 
nalidixic acid, and ciprofloxacin/gatifloxacin exhibited ratios of 1:1 or 2:1, 1:1–3:1, 
and 3:1, respectively [73]. In addition, it appears that the presence of these ions 
results in impaired dissolution of the quinolones, at least in vitro [82–87]. It is thus 
recommended to not use magnesium-, aluminum-, or calcium-containing antacids, 
sucralfate, or iron/vitamin-mineral preparations concomitantly with quinolones. 
Histamine H

2
-receptor antagonists such as ranitidine, cimetidine, and famotidine 
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have not been shown, in general, to alter quinolone absorption. However, these agents 
do result in significantly decreased absorption of enoxacin and prulifloxacin [7, 11, 
13, 45, 50, 63, 64, 88–100]. Of interest, in vitro studies have demonstrated that 
enoxacin, cimetidine, ranitidine, and famotidine dissolution and availability for 
absorption in simulated gastric juice and simulated intestinal fluid are mutually 
reduced for all three enoxacin-histamine H

2
-receptor antagonist pairings [88]. 

Omeprazole has also not been shown to alter the pharmacokinetics of quinolones to 
a clinically-significant degree [56, 101–103]. Thus, these agents can be recommended 
as alternative noninteracting antiulcer and antiesophagitis therapy. In addition, inten-
sive antacid therapy does not alter the kinetics of intravenous enoxacin to a clinically 
significant degree [104].

Agents that alter gastric motility may affect quinolone absorption. Pirenzepine, a 
gastrointestinal tract-specific anticholinergic not available in the United States, 
delayed gastric emptying and absorption of ciprofloxacin, thus delaying the time to 
achievement of maximal serum concentration (T

max
). However, the extent of absorp-

tion was not altered [45, 89]. N-butylscopolamine, another anticholinergic, inter-
acted with oral ciprofloxacin in an identical manner [91]. In contrast, absorption of 
ciprofloxacin was accelerated by the gastrointestinal motility stimulant metoclopr-
amide; again, the extent of absorption was unaltered [91]. Similarly, cisapride 
(no longer available in the U.S.) accelerated the absorption of sparfloxacin, 
resulting in a significant increase in peak plasma concentration (C

max
) but no signifi-

cant effect on the extent of absorption [69]. These quinolone-drug interactions are 
thought to be of no clinical importance during usual multiple-dose regimens.

The absorption of temafloxacin and ciprofloxacin is not significantly altered in 
the presence of Osmolite® enteral feedings [105, 106]. However, other studies have 
found significant interaction potential between the quinolones and enteral feedings. 
Concurrent administration of Osmolite® and Pulmocare® enteral feedings signifi-
cantly reduced single-dose ciprofloxacin bioavailability as assessed using C

max
 

(mean −26 and −31%, respectively) and area under the serum concentration-vs-time 
curve (AUC; mean −33 and −42%, respectively) data [107]. Concurrent administra-
tion of Sustacal® enteral feeding orally significantly reduced single-dose ciprofloxa-
cin bioavailability as assessed using C

max
 (mean −43%) and AUC (mean −27%) 

data. In the same study, continuous administration of Jevity® enteral feeding via 
gastrostomy and jejunostomy tubes significantly reduced single-dose ciprofloxacin 
bioavailability as assessed using C

max
 (mean −37 and −59%, respectively) and AUC 

(mean −53 and −67%, respectively) data [108]. Concurrent administration of 
Ensure® enteral feeding significantly reduced single-dose ciprofloxacin and ofloxa-
cin bioavailability as assessed using C

max
 (mean −47 and −36%, respectively) and 

AUC (mean −27 and −10%, respectively) data. However, the extent of the interac-
tion was significantly greater for ciprofloxacin than for ofloxacin [109].

The interaction potential between quinolones and dairy products appears to be 
quinolone specific. Studies have demonstrated no significant interaction between 
lomefloxacin, fleroxacin, gatifloxacin, moxifloxacin, and ofloxacin and milk (200, 
240, or 300 mL) or yogurt (250–300 mL) [23, 39, 110–113]. In contrast, ciprofloxacin, 
prulifloxacin, and norfloxacin bioavailability is substantially reduced (by 28–58%) 
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by concurrent administration with milk or yogurt [112, 114–116]. Recent in vitro 
dissolution studies have demonstrated that the major mechanism whereby concur-
rent milk administration reduces the bioavailability of some quinolones is adsorp-
tion on the surface of milk proteins, especially casein. Complexation with calcium 
is much less important in this regard [117].

9.2.1.1  Therapeutic Implications of Absorption Interactions

Five cases of therapeutic failure due to the interaction of oral quinolones with metal 
cations have been published [118, 119]. The combination therapies included gati-
floxacin with multiple vitamins with minerals and iron; ciprofloxacin with calcium 
carbonate, magnesium oxide, and multiple vitamins with minerals and iron; levo-
floxacin with calcium carbonate and aluminum hydroxide; levofloxacin with cal-
cium carbonate and magnesium oxide; and levofloxacin with calcium carbonate and 
sucralfate. In all cases, spacing of the administration times of the quinolones and the 
metal cations, temporary discontinuation of metal cations until the end of quinolone 
therapy, and/or substitution with non-interacting agents (e.g. histamine H

2
-receptor 

antagonist for sucralfate) allowed subsequent successful oral quinolone therapy.
The potential extent of quinolone-metal cation interactions was explored in a 

case-control study conducted in a 625-bed tertiary-care medical center in the U.S. 
Data from all patients receiving oral levofloxacin from July 1, 1999 through June 30, 
2001 were included. Coadministration was defined as any divalent or trivalent 
cation- containing agent being administered within 2 h of levofloxacin administration. 
Complete coadministration was defined as coadministration complicating every dose 
of an entire course of levofloxacin. Overall, 1,904 (77%) of 2,470 doses (427 courses 
of therapy) were complicated by coadministration. Also, 386/427 courses (90%) had 
at least one dose complicated by coadministration. In 238 courses (56%), complete 
coadministration occurred. Only three factors were significantly associated with 
complete coadministration upon multivariate analysis. A higher number of prescribed 
medications on the first day of levofloxacin therapy was a risk factor (per increase of 
one drug, odds ratio [OR], 1.05; 95% CI, 1.01–1.10; p = 0.036). Two factors were 
protective (i.e. decreased the risk): location in an intensive care unit (OR, 0.51; 95% 
CI, 0.30–0.87; p = 0.013) and longer duration of levofloxacin therapy (OR, 0.92; 95% 
CI, 0.88–0.97; p = 0.001). Extrapolating these results to all oral levofloxacin recipi-
ents at the institution, one in every three doses would be complicated by deleterious 
coadministration with at least one multivalent cation-containing agent [4].

Therapeutic failure due to quinolone-metal cation interactions may occur not 
only through the production of subtherapeutic drug concentrations due to malab-
sorption. These subtherapeutic drug concentrations may also lead to the emergence 
of bacterial resistance to the quinolone class. A case-control study of 46 inpatients 
receiving oral levofloxacin and divalent/trivalent cations was conducted. Of the 46 
individuals, 32 (70%) had levofloxacin-resistant pathogens while 14 (30%) had 
levofloxacin-susceptible pathogens. Patients with levofloxacin-resistant isolates 
had previously been exposed to nearly twice as many days of coadministration 
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(as defined previously) compared with those having susceptible isolates (median 5 
vs. 3 days, respectively; p = 0.04). Upon multivariate analysis, the relationship 
between the number of days of coadministration and the presence of resistant iso-
lates was no longer statistically significant but nevertheless did show a statistical 
trend (OR, 1.26; 95% CI, 0.98–1.63; p = 0.07). Last, the percentage of subjects with 
quinolone-resistant isolates varied directly with the number of days of coadminis-
tration. Zero to 2, 3–4, 5–7, and 8–31 days of coadministration were linked to 42%, 
78%, 68%, and 90% frequencies of quinolone resistance, respectively [120].

A second case-control trial was conducted using data from all inpatients at a tertiary 
care hospital and an urban hospital who received oral levofloxacin between January 1, 
2001 and December 31, 2005. Coadministration was defined as receipt of levofloxacin 
and multivalent cation-containing agents during the same day (regardless of the times of 
administration). A total of 3,134 patients had courses of oral levofloxacin at least 3 days 
in duration. Of the 3,134 patients, 895 (29%) had 100% coadministration (i.e. on all 
days of the course of therapy) while 606 (19%) had partial coadministration (i.e. on ³ 1 
but not all days of the course of therapy). The remainder (52%) had no coadministration 
at all. Levofloxacin-resistant isolates were found in 198 patients (6%). Coadministration 
was significantly associated with subsequent identification of a quinolone-resistant iso-
late (³ 48 h after initiation of levofloxacin). On univariate analysis, the ORs for resistant 
pathogens with 100%, ³ 75%, ³ 50%, and ³ 25% coadministration were 1.49 (p = 0.005), 
1.48 (p = 0.005), 1.61 (p < 0.001), and 1.44 (p = 0.007), respectively. On multivariate 
analysis, the ORs for resistant pathogens with 100% (vs. <100%), ³ 50% (vs. <50%), 
and 100% (vs. 0) coadministration were significant (OR, 1.43; p = 0.03; OR, 1.52; 
p = 0.006; and OR, 1.36; p = 0.05; respectively). For ³ 75% (vs. <75%) and ³ 25% (vs. 
<25%) coadministration, statistical significance was not achieved [121].

Another important issue is the antimicrobial activity of quinolone-metal cation 
complexes. Even though these complexes are not bioavailable to the systemic circula-
tion, they theoretically could still be active against bacterial pathogens in the gastro-
intestinal (GI) tract. Several evaluations of the in vitro activity of drug-cation 
complexes compared with drug alone have been published [81, 85, 88]. Minimum 
inhibitory concentrations (MICs) were determined, with a rise in MIC demonstrating 
reduced susceptibility and a fall in MIC demonstrating increased susceptibility. With 
ciprofloxacin and magnesium, the MICs for Escherichia coli, Staphylococcus aureus, 
and Pseudomonas aeruginosa were significantly higher for the drug-cation complex 
compared with the drug alone (all p < 0.05) [81]. With lomefloxacin and 11 cations, 
the MICs did not change with Salmonella typhi, Streptococcus pneumoniae (except 
for increases with exposure to nickel and cadmium), and P. aeruginosa (except for 
increases with exposure to copper and zinc). For Bacteroides fragilis, MICs increased 
in the presence of all cations except nickel (for latter, MIC was the same as control). 
For S. aureus, MICs were unaltered in the presence of magnesium, manganese, cobalt, 
zinc, and cadmium. They were increased upon exposure to calcium, chromium, iron, 
nickel, and copper [85]. In another study, enoxacin MICs to a variety of 10 organisms 
fell (in 9/10) or remained the same (in 1/10) in the presence of cimetidine. With 
exposure to ranitidine, MICs rose up to tenfold (in 6/10) or stayed the same (in 4/10). 
Last, with exposure to famotidine, MICs rose up to tenfold (in 7/10) or fell (in 3/10) 
[88]. Overall, because of the drug-, cation-, and organism-specific effects on 
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quinolone-cation complex bioactivity, it would be prudent to not consider quinolone-
cation complexes to be potentially useful in the therapy of bacterial infections of 
the GI tract.

9.2.2  Distribution Interactions

The quinolones are plasma protein bound to the extent of only 20–30%. Ciprofloxacin 
does not displace bilirubin from albumin, which suggests that interactions involving 
displacement of other drugs from their carrier proteins are unlikely to occur during 
co-administration of quinolones [122]. The absence of such an interaction with the 
quinolones may be of particular importance to elderly debilitated patients with 
hypoalbuminemia who receive multiple drugs.

9.2.3  Metabolism Interactions

The effect of quinolones on the metabolism of antipyrine, a probe drug for hepatic 
drug metabolism, has been evaluated. Ofloxacin given as 200 mg twice daily for 
7 days did not influence antipyrine metabolism significantly [123]. Similarly, 
125 mg ciprofloxacin twice daily for 7 or 8 days did not influence antipyrine metab-
olism significantly [124]. In contrast, a regimen of 500 mg ciprofloxacin twice daily 
for 8–10 days (a clinically-relevant dosing regimen) was associated with a signifi-
cant mean 39% reduction in antipyrine clearance and mean 58% increase in 
terminal disposition half-life (t½) [125].

A number of case reports have documented a clinically significant drug-drug 
interaction between ciprofloxacin and theophylline, in some cases leading to death 
[126–132]. A number of the quinolones have been found to reduce the hepatic 
metabolism of coadministered drugs such as the xanthines theophylline [133–170] 
and caffeine [171–180] (Table 9.2). In contrast to the absorption interactions with 
multivalent cations, which appear to be generalizable to the entire quinolone drug 
class, differences do exist between individual quinolones in their propensity to 
inhibit hepatic xanthine metabolism. A meta-analysis of quinolone-theophylline 
interaction studies revealed that enoxacin, grepafloxacin (based on Ref. [163]), cip-
rofloxacin, pazufloxacin (IV) (based on Ref. [168]), tosufloxacin (based on Ref. 
[12]), prulifloxacin (based on Ref. [170]), and norfloxacin (in descending order) are 
clinically significant inhibitors of theophylline metabolism; ofloxacin, lomefloxa-
cin, and (based on Refs. [141, 146, 147, 158–160, 165–167, 169, 181, 182]) 
levofloxacin, temafloxacin, trovafloxacin, sparfloxacin, gatifloxacin, moxifloxacin, 
gemifloxacin, pazufloxacin (PO), and rufloxacin are clinically insignificant inhibi-
tors [183]. Using a simple pharmacokinetic model that allowed cross-comparison 
between quinolone-caffeine interaction studies, Barnett and colleagues developed a 
relative potency index of quinolone interaction as follows: enoxacin [100], cipro-
floxacin [11], norfloxacin [9], and ofloxacin (0) [184]. The inhibition of xanthine 
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Table 9.2 Effect of quinolones on methylxanthine pharmacokinetics

Quinolone

Mean % change in

ReferenceSteady state conc. CL t½

Theophylline
•	 Enox 400 bid +109a +55a – [133]
•	 Norflox 400 bid – −8a +9a [134]
•	 Norflox 400 bid – +10 +26 [135]
•	 Cipro 750 bid – −31a – [136]
•	 Oflox 400 bid +9a −15a – [137]
•	 Norflox 400 bid – −15a +13a [138]
•	 Lomeflox 400 qd – −7 +4a [139]
•	 Enox 25 bid – −53a +35a [140]

100 bid – −66a +74a

400 bid – −73a +83a

•	 Enox 400 bid +91a −65a +187 [141]
•	 Enox 400–600 bid +155a −42a – [141]
•	 Tema 400 bid −55 −10 +9 [142]
•	 Enox 200 tid +118a −65a – [143]
•	 Enox 400 bid +163a −64a +159a [144]
•	 Cipro 500 bid +66a −30a +42a [144]
•	 Oflox 400 bid +2 −5 +2 [144]
•	 Oflox 200 tid – 0 +6 [145]
•	 Ruflox 200 mg qd – +2 −1 [146]
•	 Spar 200 qd – −9 – [147]
•	 Norflox 200 tid – −7 +15 [145]
•	 Enox 200 tid – −50a +53a [148]
•	 Oflox 200 tid – 0 +6 [148]
•	 Norflox 200 tid – −7 +15 [148]
•	 Cipro 500 bid – −27a – [148]
•	 Lomeflox 400 bid – −2 – [149]
•	 Lomeflox 400 × 1 dose +1 −2 +1 [150]

400 bid +8 −7 +7
•	 Flerox 400 bid – −6a +9 [151]
•	 Flerox 200 bid – 0 – [152]
•	 Enox 400 bid +243a −74a – [153]
•	 Lomeflox 400 bid – +7 +3 [154]
•	 Norflox 200 tid – −4 – [155]
•	 Enox 200 tid – −84a – [155]
•	 Oflox 200 tid – −11 – [155]
•	 Cipro 200 tid – −22a – [155]
•	 Enox 600 bid +248a – – [156]
•	 Cipro 750 bid +87a – – [157]
•	 Levoflox 500 bid – +3 −1 [158]
•	 Trovaflox 300 qd – −8a +13a [159]
•	 Trovaflox 200 qd – −7 – [160]
•	 Oflox 200 bid – −5 +5 [161]
•	 Cipro 500 bid – −20a +25a [162]

(continued)
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Quinolone

Mean % change in

ReferenceSteady state conc. CL t½

•	 Grepa 600 qd – −52a – [163]
•	 Gati 400 bid – 0 – [164]
•	 Moxi 200 bid – −4 +4 [165]
•	 Moxi 200 bid – +5 +3 [166]
•	 Gemi 320 qd – −1 – [167]
•	 Tosu 150 tid – −24a – [12]
•	 Pazu 500 bid IV +27a,b −25a – [168]

200 tid −3b −4 – [169]
•	 Pruli 600 qd – −15a,c +14a,c [170]

Caffeine
•	 Peflox 400 bid – −47a +96a [171]
•	 Enox 400 bid – −83a +492a [171]
•	 Norflox 800 bid – −35a +23 [172]
•	 Cipro 750 bid – −45a +58a [173]
•	 Cipro 750 bid +877a −145a +116a [174]
•	 Oflox 200 bid – +2 −3 [174]
•	 Norflox 400 bid – −16 +16a [175]
•	 Cipro 100 bid – −17 +6 [175]

250 bid – −57a +15a

500 bid – −58a +26
•	 Enox 100 bid – −138a +103a [175]

200 bid – −176a +126a

400 bid – −346a +258a

•	 Enox 400 bid – −79a +475a [176]
•	 Oflox 200 bid – +4 −3 [177]
•	 Cipro 250 bid – −33a +15a [177]
•	 Enox 400 bid – −78a +258a [177]
•	 Pip 400 bid – −65a −121a [178]
•	 Lomeflox 400 qd −6 –3 0 [179]
•	 Trovaflox 200 mg qd – –17 – [180]

% change change from baseline or placebo control, CL total body clearance, t½ elimination 
 half-life, enox enoxacin, norflox norfloxacin, cipro ciprofloxacin, lomeflox lomefloxacin, levoflox 
levofloxacin, tema temafloxacin, oflox ofloxacin, pip pipemidic acid, trovaflox trovafloxacin, ruflox 
rufloxacin, spar sparfloxacin, peflox pefloxacin, grepa grepafloxacin, gati gatifloxacin, moxi moxi-
floxacin, gemi gemifloxacin, qd once daily, bid twice daily, tid three times a day, tosu tosufloxacin, 
pazu pazufloxacin, pruli prulifloxacin
a Statistically significant change from baseline or placebo control
b Peak concentration
c Ulifloxacin (active metabolite)

Table 9.2 (continued)

metabolism is dose-dependent, at least for enoxacin, ciprofloxacin, and pazufloxacin 
for which adequate data are available [140, 141, 168, 169, 175, 185].

Few other substrates have been examined. Enoxacin decreased the metabolism of 
the less-active enantiomer of warfarin, R-warfarin, without potentiation of antico-
agulant effect [186]. In addition, levofloxacin, norfloxacin, temafloxacin, trovafloxacin, 



292 D.R.P. Guay

grepafloxacin, moxifloxacin, gemifloxacin, sparfloxacin, and ciprofloxacin have 
been shown not to potentiate the anticoagulant effect of warfarin in healthy subjects 
and patients requiring long-term anticoagulation [163, 187–197]. Based on rat stud-
ies, ciprofloxacin and pefloxacin significantly increased prothrombin time (PT)/
international normalized ratio (INR) results after acenocoumarin administration 
[198]. These results need to be validated in humans. In these same studies, aceno-
coumarin coadministration significantly enhanced the serum concentrations of both 
quinolones and their penetration into mandibular bone but not femur. The mecha-
nism of this effect is unknown [198]. However, case reports have documented qui-
nolone-associated increases in PT/INR in patients receiving warfarin concurrently 
with ciprofloxacin, ofloxacin, norfloxacin, gatifloxacin, levofloxacin, and moxiflox-
acin [199–214].

Several epidemiological studies have examined the association of antimicro-
bial use with laboratory and clinical outcomes in warfarin recipients. A nested 
case-control and case-crossover study using the Medicaid database assessed the 
risk of hospitalization for gastrointestinal (GI) bleeding in warfarin users who also 
received oral sulfonamides, azole antifungals, and three quinolones (ciprofloxa-
cin, levofloxacin, gatifloxacin). When adjusted for all confounders, and using 
cephalexin as a control, none of the quinolones were statistically associated with 
the target outcome [215]. A retrospective case-cohort study was designed to mea-
sure INR changes occurring in warfarin recipients after initiation of oral azithro-
mycin, levofloxacin, trimethoprim-sulfamethoxazole (TMP-SMX), and terazosin 
(control) between January 1998 and December 2002. Subjects were outpatients in 
a University-affiliated VA Medical Center. The mean changes in INR were +0.51, 
+0.85, +1.76, and −0.15, respectively (all antimicrobial-terazosin pairs, p < 0.05). 
The frequencies of supratherapeutic INRs (i.e. above the upper limit of the desired 
range) were 31%, 33%, 69%, and 5%, respectively (all antimicrobial-terazosin 
pairs, p < 0.05). The frequencies of INRs exceeding 4.0 were 16%, 19%, 44%, and 
0, respectively (only TMP-SMX vs. terazosin, p < 0.05) [216]. A retrospective 
case-cohort study was conducted in an outpatient oral anticoagulation clinic for 
patients on long-term warfarin therapy (between January 1, 1998 and March 31, 
2003). Forty-three patients received warfarin: 21 were prescribed felodipine (as 
control) while 22 were prescribed oral levofloxacin (16 on 500 mg/day, 6 on 
250 mg/day). The differences in pre- versus post-drug INR values and the propor-
tions of patients requiring a change in dose due to the post-drug INR values were 
not significantly different between groups. Eight levofloxacin and eight felodipine 
recipients had INR differences of >0.5 while four levofloxacin and one felodipine 
recipients had INR differences of >1.0. For the levofloxacin and felodipine groups, 
7/9 (78%) and 3/7 (43%) of dose changes were reductions due to supratherapeutic 
INR values [217]. A retrospective review was conducted of all hospitalized 
patients in a University hospital in Spain (from 2000 to 2005) who had received 
levofloxacin and warfarin concurrently. A total of 21 patients were identified and 
evaluable (mean age 75 years old [range, 49–92], 57.1% were women). Concurrent 
therapy lasted for 7 ± 4.4 days (mean ± SD). The routes of administration of 
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 levofloxacin were intravenous (N = 4), oral (N = 8), and intravenous-to-oral (N = 9). 
Three subjects had bleeding due to INR elevations (to 3.43, 4.8, and 6.32). The 
mean INR values before, during, and following concurrent therapy were 1.85 
(range 1.01–4.08), 2.64 (1–6.32), and 2.32 (1.11–4.15) (before vs. during, 
p = 0.001; before vs. following, p = not significant) [218].

A nested case-control analysis of multiple linked healthcare databases in Ontario, 
Canada was conducted between April 1, 1998 through March 31, 2002. Subjects 
were a minimum of 65 years old. Cases were those on continuous warfarin therapy 
admitted to hospital with any type of bleeding. The cohort was a population of 
elders on continuous warfarin therapy, wherein observation began with the first war-
farin prescription following the 66th birthday and ended with the occurrence of one 
of the following events: first recurrence of hospital admission for bleeding, death, 
warfarin discontinuation, or the end of the study period. Study medications included 
oral levofloxacin, ocular antimicrobials, and cefuroxime (as control). A total of 
158,510 elders met the inclusion criteria (mean age at start was 79 years old, 48% 
were women). Cases (N = 4,269) were matched to 17,048 controls. For 14 days of 
exposure, the odds ratio of only cefuroxime was significant (1.62; 95% CI, 
1.28–2.20). For 28 days of exposure, only the odds ratio of cefuroxime was again 
significant (1.63; 95% CI, 1.23–1.89). Both times, cefuroxime was associated with 
an enhanced risk of bleeding. Ocular antimicrobials were weakly associated with 
a decreased risk of bleeding with 28 days of exposure (OR, 0.94; 95% CI,  
0.76–0.98). Levofloxacin was not associated with bleeding in these elderly warfarin 
recipients [219].

The effects of various antimicrobials, being used to treat UTIs in warfarin recipi-
ents, on upper gastrointestinal (UGI) tract hemorrhage rates were evaluated. This 
trial utilized a population-based, nested case-control trial design using healthcare 
databases in Ontario, Canada over the period of April 1, 1997 through March 31, 
2007. Cases were Ontario residents 66 years old and older with UGI tract 
hemorrhage who were being continuously treated with warfarin. Up to ten age- and 
sex-matched controls were selected for each case. Adjusted odds ratios for antimi-
crobial exposure within 14 days before UGI tract hemorrhage were calculated for 
six commonly-used antimicrobials for UTI, including ciprofloxacin and norfloxa-
cin. Only trimethoprim-sulfamethoxazole and ciprofloxacin use were significantly 
associated with UGI tract hemorrhage (aORs of 3.84 and 1.94, respectively). All 
other agents, including norfloxacin (aOR of 0.38), were not associated with this 
outcome [220].

Last, the efficacy of preemptively reducing warfarin doses by 10–20% when 
starting oral TMP-SMX or levofloxacin therapy in warfarin recipients was com-
pared with no preemptive dose reduction. Of 40 patients, 18 were dose-reduced 
(in eight TMP-SMX patients, the mean dose reduction was 16.3% while in ten levo-
floxacin patients, the mean dose reduction was 16.2%) and in 22, there was no dose 
alteration. In the dose-reduced TMP-SMX group, the mean difference in pre- versus 
on-therapy INR values was not significant but 25% still developed INR values >4.0 
and none had subtherapeutic INR values. In the control TMP-SMX group, there was 
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a significant rise in INR values on-therapy versus pre (p < 0.02) and 89% had INR 
values >4.0 (25% vs. 89%, p < 0.02). In the dose-reduced levofloxacin group, the 
mean difference in pre- versus on-therapy INR values was not significant, 40% 
developed subtherapeutic INR values, and none had INR values >4.0. In the control 
levofloxacin group, there was a significant rise in INR values on-therapy versus pre 
(p < 0.02), 38.5% developed INR values >4.0, and none had subtherapeutic INR 
values (differences between levofloxacin groups in proportions with subtherapeutic 
or supratherapeutic INR values were significant: p < 0.03 and p < 0.02, respectively). 
Thus, more pronounced effects were seen with TMP-SMX compared with levo-
floxacin. For the pooled dose-reduction group, 11% of subjects needed temporary 
interruption of warfarin therapy due to supratherapeutic INR values. In the pooled 
control group, 55% of subjects required such interruption (p = 0.007) [221].

Pending additional information, patients who are receiving long-term warfarin 
therapy in whom a quinolone is to be used should be monitored for changes in 
PT/INR.

Temafloxacin does not interact with low-dose heparin as measured by changes in 
activated factor levels, activated partial thromboplastin time (aPTT), PT, and throm-
bin time (TT) tests [222].

Case reports have suggested that the quinolones may reduce the metabolism of 
cyclosporine and hence potentiate the nephrotoxicity of this agent [223–226]. 
In addition, results of one study conducted in pediatric renal transplant recipients 
suggested that norfloxacin may interfere with cyclosporine disposition, as evidenced 
by the difference in mean daily dose of cyclosporine required to maintain trough 
blood cyclosporine concentrations of 150–400 ng/mL (4.5 mg/kg/day in norfloxa-
cin recipients versus 7.4 mg/kg/day in non-recipients) [227]. A study was conducted 
in renal transplant recipients requiring therapy for urinary tract infections wherein 
the effect of high-dose oral levofloxacin (1 g daily) on cyclosporine pharmacokinet-
ics was evaluated. Levofloxacin therapy resulted in significant increases in 
cyclosporine C

max
 (mean 23%, p = 0.0049), AUC (mean 26%, p = 0.005), C

min
 (mean 

36%, p = 0.0013) and C
avg

 (mean 26%, p = 0.0005). A slight fall in polyclonal assay 
C

max
 (mean 5%, p = 0.014), which measures parent compound plus metabolites, was 

also seen [228]. However, numerous formal in vitro and other pharmacokinetic 
studies have not found a significant interaction between cyclosporine and cipro-
floxacin, pefloxacin, and levofloxacin [229–237]. This suggests that these agents 
with the possible exception of high-dose levofloxacin, may be used together with 
routine monitoring. In addition, high-dose levofloxacin (1 g/day) significantly 
increased tacrolimus systemic exposure (means 24–28%) and combination therapy 
would appear to warrant enhanced monitoring [228, 238].

Studies have documented nonsignificant interactions of moxifloxacin, spar-
floxacin, gemifloxacin, levofloxacin, and gatifloxacin with digoxin [239–243]. 
Coadministration of oral trovafloxacin and intravenous morphine results in 36% 
and 46% reductions in trovafloxacin bioavailability (based on AUC and C

max
 

data, respectively). Morphine pharmacokinetics and pharmacodynamics are not 
altered by concurrent oral trovafloxacin administration [244]. Similar findings of 
reduced quinolone bioavailability have been noted with coadministration of oral 
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 ciprofloxacin and intramuscular papaveretum [245]. In contrast, oral oxycodone 
had no  significant effect on oral levofloxacin pharmacokinetics [246]. Cipro-
floxacin significantly reduced the total body clearance, renal clearance, and non-
renal clearance and increased t ½ and urinary excretion of R(−) and S(+) 
mexiletine in both smokers and nonsmokers. However, these changes were 
 modest in degree (£20%) and suggested the absence of a clinically-relevant drug 
interaction between the two agents [247].

Ciprofloxacin may impair the elimination of diazepam [248], although this is 
controversial [249]. Gatifloxacin does not significantly alter the pharmacokinetics 
of intravenous midazolam [250]. Waite and coworkers demonstrated that elderly 
subjects are not more sensitive than younger subjects to the inhibitory effect of cip-
rofloxacin on hepatic metabolism of antipyrine [251]. Similarly, Loi and coworkers 
demonstrated that elderly subjects are not more sensitive to the inhibitory effect of 
ciprofloxacin on hepatic metabolism of theophylline [252].

Chandler and colleagues showed that rifampin does not induce the metabolism 
of ciprofloxacin, suggesting that the two agents may be used concomitantly in 
standard clinical dosing regimens [253]. A study conducted in rats suggested that 
levofloxacin pharmacokinetics were also not altered by concurrent rifampin admin-
istration [254]. The results of this study must be validated in humans.

In contrast, Bernard and colleagues demonstrated that rifampin does induce the 
metabolism of grepafloxacin, resulting in a statistically significant 25% decrease in 
t½ and a 48% increase in apparent oral clearance [255]. In addition, rifampin 
coadministration significantly enhanced fleroxacin apparent oral clearance (mean 
15%) and reduced t½ (mean 19%) by significantly enhancing metabolic clearance 
by N-demethylation (no effect on N-oxidation) [256]. Examining the rifampin com-
ponent of the combination, single-dose ciprofloxacin coadministration significantly 
increased t½ and reduced the C

max
 but had no effect on the AUC, volume of distribu-

tion, or urinary excretion of single-dose rifampin [257, 258]. Single-dose pefloxacin 
coadministration significantly increased t½, C

max
, AUC (from 0 to 24 h and 0–¥), 

volume of distribution, absorption t ½, and urinary excretion of single-dose rifampin 
[259, 260].

In a multiple-dose healthy volunteer trial evaluating the steady-state interaction 
of rifampin with moxifloxacin, moxifloxacin C

max
 and AUC were reduced by means 

of 6% and 27%, respectively (p £ 0.047 and p < 0.0001, respectively). Rifampin 
coadministration also increased C

max
 and AUC of the M-1 metabolite by means of 

255% and 116%, respectively, and decreased t½ of this metabolite by a mean of 
68% (no statistical results were presented) [261]. In a study conducted in patients 
with tuberculosis receiving thrice weekly therapy with rifampin and isoniazid, 
steady-state moxifloxacin serum concentrations fell in 18/19 patients (95%). 
Significant (p < 0.05) reductions were also found for steady-state moxifloxacin AUC 
(mean 31%), C

max
 (mean 32%), C

min
 (mean 62%), and t½ (mean 28%). In addition, 

significant (p < 0.05) increases were found for steady-state T
max

 (median rose from 
1.00 to 2.51 h) and total body clearance (mean 45%). The correlations of moxifloxa-
cin AUC (in the absence of rifampin) and rifampin AUC with the change in moxi-
floxacin AUC in the presence of rifampin were both non-significant [262]. It would 
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be of benefit to repeat this study using daily dosing of the same antitubercular 
agents.

A single-dose study was conducted in healthy volunteers, evaluating the effects 
of a fixed dose combination of rifampin 600 mg/isoniazid 300 mg/pyrazinamide 
1,600 mg on the pharmacokinetics of gatifloxacin and vice versa. Coadministration 
of the antitubercular combination produced a delay in gatifloxacin absorption, man-
ifested by a prolongation of median T

max
 from 1.5 to 2.25 h (p = 0.037). Both t½ and 

AUC of gatifloxacin were increased as well (by mean 6% [p = 0.023] and mean 10% 
[p < 0.05], respectively). Gatifloxacin coadministration produced a number of sig-
nificant kinetic changes in the three antitubercular drugs. Rifampin T

max
 was 

increased (by median 25%, p = 0.01), C
max

 was decreased (by median 27%, p < 0.05) 
and AUC was decreased (by median 14%, p < 0.05). Isoniazid t½ was slightly 
decreased (by median 3%, p = 0.047) [263]. In contrast, two other studies have found 
that ciprofloxacin does not interact pharmacokinetically with isoniazid [264, 265]. 
Pyrazinamide t½ was increased (by median 19%, p = 0.027) [263].

In a single-dose pharmacokinetic trial conducted in rats, azithromycin 45 mg/kg 
IV significantly reduced pazufloxacin total body clearance and increased pazufloxa-
cin mean residence time by 28% and 24%, respectively, when pazufloxacin was 
dosed at 45 mg/kg administered IV 10 min after azithromycin [266]. The effects of 
acute (single-dose) and chronic (7-day) exposure to ketoconazole and itraconazole 
on the pharmacokinetics of ciprofloxacin were assessed in mice (all drugs were 
administered intraperitoneally). Acute/chronic ketoconazole dosing was associated 
with increased C

max
 (by means 50/19%), t½ (by means 136/256%), and AUC (by 

means 98/73%) and decreased total body clearance (by means 52/41%). Acute/
chronic itraconazole dosing was associated with increased C

max
 (by means 37/31%), 

t½ (by means 103/269%), and AUC (by means 99/66%) and decreased total body 
clearance (by means 51/35%). Ciprofloxacin volume of distribution at steady-state 
was increased by chronic ketoconazole and itraconazole dosing by means of 106% 
and 117%, respectively, but not by acute dosing. Chronic ketoconazole dosing pro-
duced mean 46% and 76% reductions in 2 and 4-h postdose ciprofloxacin urine 
concentrations. Corresponding reductions with chronic itraconazole dosing were 
65% and 76%. All of these changes were statistically-significant. Presumably, this 
interaction was mediated by CYP inhibition and inhibition of renal tubular secretion 
by the azole antifungals [267].

Single-dose ciprofloxacin coadministration reduced single-dose acetaminophen 
C

max
 by mean 30% and increased T

max
 and t½ by means of 86% and 29%, respectively 

(all p < 0.05) [268]. The effects of single-dose acetaminophen coadministration on 
single-dose ciprofloxacin pharmacokinetics were non-significant [269]. Single-dose 
chloroquine coadministration produced mean reductions in single-dose ciprofloxa-
cin C

max
 and AUC of 18% and 43%, respectively, and a mean increase in cumulative 

urinary excretion as a percentage of the dose of 1,000% (all p < 0.05) [270, 271].
The effect of phenazopyridine, a urinary tract analgesic, on the pharmacokinetics 

of ciprofloxacin were evaluated using a commercially-available combination tablet 
(containing ciprofloxacin 500 mg + phenazopyridine 200 mg). The only significant 
alterations noted were mean 29% and 30% increases in ciprofloxacin AUC and 
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mean residence time, respectively (both parameters did not fulfill at least one of the 
lower [80%] or upper [125%] limits of bioequivalence). The mechanism of this 
effect is not known [272]. Multiple-dose enoxacin coadministration exerted modest 
effects on the pharmacokinetics of fluvoxamine. The only significant alterations in 
the presence of enoxacin were an increase in C

max
 (mean 14%, p < 0.05) and a reduc-

tion in T
max

 (mean 24%, p < 0.05) of the parent compound. No significant effect was 
noted on the pharmacokinetics of the fluvoxamino acid metabolite. There were no 
significant differences in enoxacin effect based on CYP2D6 genotype status. These 
minor alterations in fluvoxamine pharmacokinetics were mirrored by the pharmaco-
dynamic results (Stanford Sleepiness Scale scores). Scores from 0.5 to 4 h postdose 
were significantly higher (i.e. patients were more sleepy) during enoxacin coadmin-
istration compared with placebo coadministration (p < 0.05) [273]. A single-dose 
trial evaluating the effect of ciprofloxacin on sildenafil pharmacokinetics found that 
ciprofloxacin coadministration resulted in significant increases in t½ (mean 38%), 
AUC (mean 112%) and C

max
 (mean 117%) (all p < 0.05). The 90% CIs for AUC 

(119–159%) and for C
max

 (127–152%) document a potential drug-drug interaction 
of considerable magnitude [274].

Two cases have been described of an interaction between ciprofloxacin and 
levothyroxine (T

4
), wherein coadministration produced a substantial loss of T

4
 phar-

macological effect manifested by increases in thyroid-stimulating hormone 
concentrations to 19 and 44 IU/mL and reductions in free T

4
 concentrations to 

13 and 4 pmol/L, respectively. In one case, spacing the administration times of the 
two agents by 6 h led to rapid normalization of thyroid function test results. Despite 
this finding, the mechanism of this interaction remains unknown at present [275].

One case of an interaction between ciprofloxacin and tizanidine has been 
described. Upon initiation of ciprofloxacin therapy for a urinary tract infection, 
signs of tizanidine toxicity (bradycardia, hypotension, hypothermia) began almost 
immediately in this 45 year old with multiple sclerosis. Drowsiness and continuing 
hypotension led to discontinuation of ciprofloxacin with subsequent improvement 
and then disappearance of the signs of tizanidine intoxication [276]. The authors 
then surveyed the medical records of 1,165 patients, looking for the combined use 
of tizanidine with ciprofloxacin. Eight cases were found. Examining these eight 
cases and comparing them to 11 cases of combined use of tizanidine and fluvoxam-
ine found in the literature (fluvoxamine being another CYP1A2 inhibitor), both 
combinations were characterized by similar patterns of systolic and/or diastolic 
hypotension and hypothermia. This suggested that inhibition of CYP1A2-mediated 
metabolism of tizanidine was the mechanism involved [276]. This mechanism was 
confirmed by a drug interaction study conducted in ten healthy volunteers. Steady-
state ciprofloxacin coadministration led to significant increases in single-dose tiza-
nidine C

max
 (mean 564%), t½ (mean 23%), and AUC (mean 876%) (all p £ 0.007). 

Significant decreases were also seen in systolic and diastolic blood pressures (post-
tizanidine vs. baseline differences during ciprofloxacin vs. no coadministration 
of −17 and −11 mmHg, respectively; both p < 0.001). Visual analog scales for 
drowsiness and drug effect and the Digit Symbol Substitution Test results demon-
strated significant negative effects of the combination compared with tizanidine 
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alone (p = 0.009–0.02). Correlation analyses with caffeine/paraxanthine concentration 
ratios (a marker for CYP1A2 activity) supported CYP1A2 inhibition as the mecha-
nism of the interaction [277].

Recently, ciprofloxacin has been used to augment pentoxifylline plasma concen-
trations in cancer patients undergoing interleukin therapy [278]. Pentoxifylline 
inhibits interleukin-induced capillary leak syndrome in these patients. In addition, 
the plasma concentrations of (R)-metabolite-1, an even more potent inhibitor of this 
syndrome than the parent pentoxifylline, were evaluated during concurrent therapy 
with ciprofloxacin [278, 279]. In vitro and in vivo (murine) studies revealed that 
pentoxifylline and metabolite-1 C

max
 and AUC were doubled by coadministration of 

ciprofloxacin. These two moieties were interconvertable in vivo. The underlying 
mechanism was inhibition of CYP1A2 (thus increasing pentoxifylline) and induc-
tion of CYP2E1 (thus increasing generation of the R-enantiomer of metabolite-1) 
[280, 281].

Seven case reports have suggested inhibition of clozapine (N = 5), olanzapine 
(N = 1) and methadone (N = 1) metabolism by ciprofloxacin [282–287]. In a study 
conducted in seven patients with schizophrenia, ciprofloxacin 250 mg twice daily 
caused significant elevations in serum clozapine and N-desmethylclozapine concen-
trations (mean 29% and 31%, respectively) after 1 week of concurrent therapy [288].

Two cases of severe methotrexate toxicity due to concomitant use of ciprofloxa-
cin have been reported. In both cases, elimination of methotrexate after high-dose 
therapy for cancer was substantially delayed with resultant dermatologic, bone 
marrow, hepatic, and renal toxicity. The mechanism is unclear but may involve 
alterations of methotrexate plasma protein binding, reduction in renal function (thus 
enhancing drug retention), inhibition of hepatic aldolase (thus reducing drug metab-
olism), or inhibition of renal tubular secretion (again, enhancing retention). Another 
issue with combination quinolone-high-dose methotrexate therapy is the effect of 
urinary alkalinization (required for safe high-dose methotrexate use) on the crystal-
luria risk of the quinolones [289].

A case report of lithium toxicity caused by concurrent levofloxacin use has also 
been reported. It appears that an acute deterioration in renal function occurred, 
causing retention of lithium. Whether the deterioration in renal function was due to 
the quinolone or the combination of the two drugs is not known [290].

Ciprofloxacin and moxifloxacin do not interact pharmacokinetically and phar-
macodynamically with low-dose oral contraceptives containing 30 mg of ethinyl 
estradiol and 150 mg desogestrel per tablet [240, 291]. Levofloxacin does not alter 
the pharmacokinetics of zidovudine, efavirenz, or nelfinavir, and ciprofloxacin does 
not alter the pharmacokinetics of didanosine [33, 292, 293]. Note that there is an 
absorption interaction between ciprofloxacin and didanosine with cations as dis-
cussed previously [33, 34]. Ciprofloxacin does not interact pharmacokinetically 
with metronidazole [95].

The effect of quinolones on the pharmacokinetics and pharmacodynamics of 
ethanol are uncertain. One study using healthy volunteers found no pharmacoki-
netic or pharmacodynamic interaction with ciprofloxacin [294]. However, another 
study, again using healthy volunteers, found that ciprofloxacin 750 mg twice 
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daily significantly reduced the ethanol elimination rate (by mean 9%, range 
5–18%) and increased the AUC (mean 12%) and time to zero blood ethanol con-
centration (mean 10%). This pharmacokinetic interaction was felt to be caused 
by the effect of ciprofloxacin on the ethanol-metabolizing intestinal flora and not 
its hepatic effects (on enzymes and blood flow) [295]. Perhaps the discrepancies 
between results of these two studies are caused by differences in subject numbers 
(statistical power), drug doses, or study design (randomized, parallel group vs. 
crossover).

The effects of multiple-dose oral ciprofloxacin of the single-dose pharmacoki-
netics of intravenous ropivacaine have been evaluated in nine healthy volunteers. 
The clearance of ropivacaine was significantly reduced (mean 31%) during 
concomitant therapy, with considerable intersubject variability (range 52% reduc-
tion to 39% enhancement). The CYP 1A2-mediated formation of 3-OH- ropivacaine 
was significantly retarded; the AUC and 24-h urinary excretion of this metabolite 
fell 38% and 27%, respectively. In contrast, the CYP3A4-mediated formation 
of (S)-2¢,6¢-pipecoloxylidide (PPX) was significantly enhanced, as manifested 
by mean increases in AUC and 24-h urinary excretion of 71% and 97%, 
respectively [296].

Pharmacokinetics of single-dose lidocaine and its monoethylglycinexylidide 
(MEGX) and 3-hydroxylidocaine metabolites were evaluated after multiple-dose 
oral ciprofloxacin administration. Ciprofloxacin at steady-state produced significant 
increases in lidocaine C

max
 (mean 12%, p < 0.05), AUC (mean 26%, p < 0.01), and 

t½ (mean 7%, p < 0.01) and a decrease in total body clearance (mean 22%, p < 0.01). 
Alterations seen with the MEGX metabolite included significant reductions in C

max
 

(mean 40%, p < 0.01), AUC (mean 21%, p < 0.01), and the ratio of MEGX/lidocaine 
AUCs (mean 40%, p < 0.001) while an increase was noted in t½ (mean 34%, 
p < 0.05). Alterations with the 3-hydroxy metabolite included significant reductions 
in C

max
 (mean 23%, p < 0.05), AUC (mean 14%, p < 0.01) and the ratio of 3-hydroxy 

metabolite to lidocaine AUCs (mean 35%, p < 0.001) [297].
A number of case reports have documented substantial reductions in serum phe-

nytoin concentrations when ciprofloxacin therapy was initiated, an unexpected find-
ing for a drug usually associated with enzyme inhibition and reduced drug clearance 
[298–303]. Indeed, results of a small study revealed that ciprofloxacin cotherapy 
was associated with nonsignificant reductions in mean steady-state phenytoin C

max
 

(4%) and AUC (6%) [304]. The mechanism underlying this interaction may involve 
CYP2E1 induction by ciprofloxacin [281]. Caution is warranted when coadminis-
tering phenytoin and quinolones on the basis of this kinetic interaction as well as the 
epileptogenic potential of the quinolones (when quinolones and nonsteroidal anti-
inflammatory drugs are coadministered).

The effect of combinations of enzyme inhibitors such as ciprofloxacin plus 
clarithromycin and ciprofloxacin plus cimetidine has been evaluated [252, 305–
307]. Interestingly, clarithromycin (1,000 mg twice daily) did not significantly aug-
ment the effect of ciprofloxacin (500 mg twice daily) on steady-state theophylline 
pharmacokinetics [306]. In contrast, coadministration of cimetidine (400 mg twice 
daily or 600 mg four times a daily) plus ciprofloxacin (500 mg twice daily) exerted 
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a greater inhibitory effect on theophylline elimination than each agent alone, 
although the combined effect was less than the additive sum produced by the indi-
vidual drugs [252, 305, 307].

Virtually no data are available regarding the interaction potential of quinolones 
with herbal products. Turmeric (Curcuma longa) is a medicinal plant extensively 
used in Ayurveda, Unani, and Siddha medicine as a home remedy for various disor-
ders. Curcumin is the active moiety of this plant. It is known to inhibit CYP3A4 in 
the liver and induce P-glycoprotein. After oral curcumin pretreatment for 3 days in 
rabbits, single oral dose norfloxacin pharmacokinetics were significantly modified 
compared with those in the non-pretreated group. Mean absorption half-life was 
decreased (by 23%) while increases were seen in the absorption rate constant (by 
41%), t½ (by 19%), AUC (by 52%), AUC (first moment) (by 69%), mean residence 
time (by 12%), and Vd (area) (by 31%) (all p < 0.05) [308].

The mechanism of these metabolic interactions is largely unexplored. It has been 
suggested that inhibition of metabolism may be related to the 4-oxo-metabolites of 
the quinolones but more recent data suggests that the sequence N* – C = N – C – N 
– C (where N* = nitrogen on the piperazine ring) is the entity responsible for meta-
bolic inhibition [175, 309].

The structure-activity relationships for in vitro inhibition of human CYP1A2 
have been investigated by Fuhr and coworkers. 31-oxo derivatives had similar or 
reduced activity and M1 metabolites (cleavage of piperazinyl substituent) had 
greater inhibitory activity compared with the parent molecule. Alkylation of the 
7-piperazinyl substituent resulted in reduced inhibitory potency. Naphthyridines 
with an unsubstituted piperazinyl group in position 7 displayed greater inhibitory 
potency than did corresponding quinolone derivatives. Molecular modeling studies 
revealed that the keto group, carboxylate group, and core nitrogen at position 1 are 
likely to be the most important groups for binding to the active site of CYP1A2. 
These investigators also developed an equation to estimate a priori using quantita-
tive structure-activity relationship analysis the potency of a given quinolone to 
inhibit CYP1A2 [310]. These investigators as well as Sarkar and coworkers 
have also developed in vitro human liver microsome models that may be useful in 
qualitatively predicting relevant drug interactions between quinolones and 
methylxanthines [311, 312].

Antofloxacin and caderofloxacin, new quinolones being developed in China, are 
derivatives of levofloxacin and ciprofloxacin, respectively. Neither agent appears to 
inhibit the activities of CYP1A2 or CYP2C9 in human microsomes [313]. However, 
no data have been published addressing their effects on other CYP isoenzymes in 
humans.

Clinically, caution is advised when using any quinolone in combination with a 
xanthine compound such as theophylline. Close monitoring of serum theophylline 
concentrations is recommended in any patient receiving these drugs. The clinical 
significance of inhibited metabolism of other drugs remains largely unclear at pres-
ent. Until further data become available, clinicians should be aware of the possibility 
of reduced drug metabolism resulting in adverse effects whenever the quinolones are 
coadministered with drugs that depend on hepatic metabolism for their elimination.
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9.2.4  Excretion Interactions

The quinolone antimicrobials are generally excreted into the urine at a rate higher 
than creatinine clearance, implying that tubular secretion is a prominent excretory 
pathway. Indeed, the administration of probenecid, a blocker of the anionic renal 
tubular secretory pathway, substantially reduces the renal elimination of norfloxacin, 
levofloxacin, gatifloxacin, ulifloxacin (active metabolite of prulifloxacin), and cipro-
floxacin, reflecting competitive blockade of quinolone tubular secretion [314–319]. In 
contrast, probenecid coadministration does not affect the pharmacokinetics of moxi-
floxacin [320]. In addition, furosemide and ranitidine reduce the renal tubular secre-
tion of lomefloxacin, again reflecting competitive blockade [321, 322]. There is thus 
a possibility that other drugs or endogenous compounds may interact with the quino-
lones at this site to competitively impair their mutual renal elimination, thus elevating 
blood concentrations and perhaps enhancing therapeutic and/or toxic effects.

For example, in vitro, the quinolones DX-619 and levofloxacin significantly and 
dose-dependently inhibited the uptake of creatinine in HEK cells expressing the 
renal organic cation transporter (hOCT2). At the highest quinolone concentrations 
tested, creatinine transport fell by 88% with both drugs. Whether these agents can 
interfere with creatinine clearance estimation in vivo to a clinically relevant degree 
is unknown [323].

In a related phenomenon, cyclosporine, a substrate of P-glycoprotein (P-gp), 
competed with pazufloxacin and sparfloxacin for renal tubular secretion via P-gp 
and related renal transporters in rats. This resulted in a significant increase in steady-
state drug concentrations and significant reductions in total body clearance, renal 
clearance, unbound renal clearance, and tubular secretion clearance for both 
quinolones. This effect was not due to effects on multidrug resistance-associated 
protein-2 (MRP-2). These results must be validated in humans [324].

No data are available regarding the effects of antofloxacin and caderofloxacin on 
transporters such as P-gp, MRP-2, or organic anion and cation transporters in 
humans. However, in rats, inhibitors of multiple transporters (P-gp, MRP-2, organic 
anion and cation transporters, and breast cancer resistance protein) significantly 
reduced the biliary clearance of antofloxacin (all p < 0.05). The effects of antofloxa-
cin on these transporters were not assessed [325].

Another example has been noted in a recent study of the interaction between 
ofloxacin and procainamide in healthy volunteers. Ofloxacin coadministration was 
associated with 22% and 30% falls in procainamide oral total body and renal clear-
ances, respectively. However, neither the pharmacokinetics of N-acetylprocainamide 
nor the pharmacodynamics of the antiarrhythmic, as assessed by standard 12-lead 
and signal-averaged electrocardiograms, were affected by ofloxacin coadministra-
tion [326]. A more recent trial has compared oral levofloxacin to oral ciprofloxacin 
with regard to the interaction potential with procainamide and NAPA in ten healthy 
volunteers. The only significant effects of ciprofloxacin (500 mg twice daily for 
5 days) were a mean 15% reduction in procainamide renal clearance and a mean 
10% reduction in the ratio of NAPA renal clearance to creatinine clearance (both 



302 D.R.P. Guay

p < 0.05). In levofloxacin (500 mg once daily for 5 days) recipients, the following 
significant (p < 0.05) effects were noted: mean reductions in procainamide total 
body and renal clearances, fraction excreted in urine in unchanged form, and ratio 
of procainamide renal clearance to creatinine clearance of 17%, 26%, 11%, and 
29%, respectively; mean increase in procainamide t½ of 19%; and mean reduc-
tions in NAPA renal clearance, fraction eliminated in urine in unchanged form, and 
the ratio of NAPA renal clearance to creatinine clearance of 21%, 20%, and 28%, 
respectively. This interaction was thus potentially more clinically-problematic 
with levofloxacin than with ciprofloxacin. In fact, of the ten volunteers, only one 
had a reduction in procainamide total body clearance exceeding 25% with cipro-
floxacin while four had reductions in total body clearance of 30% or greater and 
three of the four had reductions in NAPA renal clearance of 30% or greater with 
levofloxacin [327].

The 14.4% decrease in garenoxacin clearance in recipients of pseudoephedrine, 
identified in a population pharmacokinetic analysis of phase II respiratory tract 
infection clinical trial data (N = 721 patients, N = 1,908 plasma concentrations), was 
felt to be due to competition for active tubular secretion [328].

9.3  Pharmacodynamic Interactions

9.3.1  Quinolones and NSAIDs

Central nervous system (CNS) toxicity, including tremulousness and seizures, is 
rare with quinolones [329–338]. In some cases, concurrent use of nonsteroidal anti-
inflammatory drugs (NSAIDs) have been noted [332, 333, 336, 339]. It was the 
report of multiple cases of seizures associated with the concurrent use of enoxacin 
and fenbufen (the latter being an NSAID not available in the US) to Japanese regu-
latory authorities that led to a plethora of investigations into the possible interaction 
between quinolones and NSAIDs [336, 339].

Some rat studies have suggested that NSAIDs such as fenbufen may enhance 
CNS uptake of quinolones such as ciprofloxacin, norfloxacin, and ofloxacin [340, 
341]. However, other studies conducted in the same species have documented an 
absence of a pharmacokinetic interaction between fenbufen and sparfloxacin, cipro-
floxacin, enoxacin, and ofloxacin [342–345]. In addition, human studies have the 
documented absence of a pharmacokinetic interaction between ciprofloxacin and 
fenbufen and between pefloxacin or ofloxacin and ketoprofen [346–348]. However, 
with single-dose diclofenac coadministration, ciprofloxacin pharmacokinetics were 
modestly affected. Mean ciprofloxacin C

max
, AUC, and apparent oral clearance 

increased 58% and 46% and decreased 28%, respectively [349]. Overall, any inter-
action that occurs between quinolones and NSAIDs is thus probably purely pharma-
codynamic in nature.

Numerous in vitro models have been utilized to elucidate the mechanism(s) 
underlying the epileptogenic effects of quinolones with/without concurrent NSAID 
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administration: voltage-clamped rat hippocampal or dorsal root ganglion or frog 
dorsal root ganglion neurons in cell culture, (3H)-muscimol or GABA (g-aminobu-
tyric acid) binding to rat GABA synaptic receptors, and (3H)-muscimol binding to 
human GABA synaptic receptors [350–355]. Quinolones function as weak, dose-
dependent GABA

A
 receptor antagonists [350, 351, 354, 356]. Quinolones vary in 

their potencies as receptor antagonists [350–355, 357–361], probably at least partly 
because of differences in the degree to which their 7-piperazine substituents look 
like GABA [352]. In one study, the rank order of quinolones in terms of potency as 
inhibitors of (3H)-muscimol binding to murine GABA synaptic receptors was pruli-
floxacin = norfloxacin > ciprofloxacin ³ enoxacin > gatifloxacin ³ ofloxacin = tosu-
floxacin = lomefloxacin > levofloxacin ³ sparfloxacin ³ pazufloxacin = fleroxacin 
[362]. This receptor antagonism is greatly enhanced by concurrent exposure to fen-
bufen or its active metabolite, biphenyl acetic acid [351, 352, 354–356, 358, 360, 
363–365]. Flurbiprofen, indomethacin, ketoprofen, naproxen, and ibuprofen are 
much weaker potentiators [354, 361]; diclofenac and piroxicam do not potentiate 
quinolone GABA

A
 receptor binding at all [353, 361]. In one study, the rank order of 

NSAIDs in potentiating receptor antagonism was biphenyl acetic acid (potent, con-
centration-dependent inhibition) followed by zaltoprofen, loxoprofen, lornoxicam, 
and diclofenac, all of which were virtually inactive [362]. This receptor antagonism 
appears to occur principally in the hippocampus and frontal cortex [355, 366]. 
In vivo studies in rats evaluating the epileptogenic potential of quinolones and 
potentiation by biphenyl acetic acid corroborate these in vitro data [367, 368]. The 
mechanism underlying this interaction is not established but does not appear to be 
mediated via benzodiazepine receptor effects [361]. Studies have suggested that the 
mechanism may involve enhanced cerebral glutamate (an excitatory amino acid 
neurotransmitter) or nitric acid concentrations [369–371]. Using a pharmacody-
namic model created using in vitro receptor occupancy data and in vivo human 
pharmacokinetic data, the combination of fenbufen with prulifloxacin or enoxacin 
were considered the most hazardous in terms of seizure risk [362].

Although of theoretical interest, the pharmacodynamic interaction between qui-
nolones and NSAIDs is probably of little clinical relevance so long as fenbufen is 
not concurrently used with enoxacin or, possibly, prulifloxacin.

9.3.2  Quinolones and Electrophysiology

Sparfloxacin, grepafloxacin, levofloxacin, ciprofloxacin, gatifloxacin, and moxiflox-
acin have been associated with prolongation of the QTc interval on the electrocardio-
gram, which in a few cases has been associated with the development of polymorphous 
ventricular tachycardia (torsades des pointes), which in turn can degenerate into ven-
tricular fibrillation [372–390]. One case of levofloxacin- associated torsades des 
pointes in the absence of QTc interval prolongation has also been reported [391]. 
Grepafloxacin was removed from the market by its manufacturer in October 1999 
because of its electrophysiologic adverse event profile.
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Few data are available regarding the epidemiology of electropathophysiology in 
quinolone recipients. One group utilized the Varese province of Italy as the study 
database, performing a case-control study of subjects with ventricular arrhythmias 
or cardiac arrest between July 1998 and December 2003. A total of 1,275 cases and, 
9,189 controls formed the study population. The adjusted odds ratio for recent 
(within 4 weeks) exposure to quinolones was 3.58 (95% CI, 2.51–5.12) [392]. 
Another group evaluated drug-induced torsades des pointes in patients at least 
80 years old. In 24 reports on 25 patients 80–95 years old, the most prevalent risk 
factors were non-modifiable (88% were female, 76% had structural heart disease, 
and 64% were female with structural heart disease). Among potentially-modifiable 
risk factors, 44% received QT interval-prolonging drugs despite pre-existing pro-
longed QT intervals and 36% received two or more concurrent QT interval- 
prolonging drugs. The most prevalent QT interval-prolonging drugs were quinolone 
(N = 3) and macrolide (N = 7) antimicrobials in 36%. All but three individuals had at 
least one modifiable risk factor [393].

Almost no data are available regarding the relative risk of cardiac arrhythmias 
with various quinolones. In a retrospective analysis utilizing the FDA adverse event 
reporting database from January 1, 1996 through May 2, 2001, the rates of torsades 
des pointes with ciprofloxacin, levofloxacin, and gatifloxacin were 0.3, 5.4, and 27 
per 10 million prescriptions, respectively (p < 0.05 for all pairwise comparisons) 
[378]. However, the numerous potential problems with study design preclude gen-
eralizability of these results [378, 379].

Numerous in vitro models have been utilized to elucidate the mechanism under-
lying the arrhythmogenic effects of these agents: HERG (human ether-a-go-go-
related gene) potassium channels, mouse atrial tumor cells, guinea pig myocardium, 
and canine Purkinje fibers [394–396]. The potency of quinolones in inhibiting 
HERG-mediated outward potassium currents was sparfloxacin > grepafloxa-
cin > moxifloxacin = gatifloxacin > levofloxacin = ciprofloxacin > ofloxacin in one 
study; for the other, it was sparfloxacin > moxifloxacin = grepafloxacin >>> cipro-
floxacin [394, 397]. Similar findings were noted for mouse atrial tumor cell potas-
sium channels (sparfloxacin > moxifloxacin >> gatifloxacin = grepafloxacin) [395]. 
In guinea pig ventricular myocardium, prolongation of action potential duration 
was 41%, 25%, 24%, and 13% for sparfloxacin, moxifloxacin, grepafloxacin, 
and gatifloxacin, respectively, and the prolongation with levofloxacin, sitafloxa-
cin, trovafloxacin, ciprofloxacin, gemifloxacin, and tosufloxacin was essentially 
zero [396]. Similar findings were noted with canine cardiac Purkinje fibers 
(sparfloxacin > grepafloxacin = moxifloxacin > ciprofloxacin) [398]. The maximum 
degree of blockade of HERG current in transfected HEK293 cells was only 
12.3 ± 3.3% at the highest tested concentration (335 mM) of ulifloxacin, the active 
metabolite of prulifloxacin [399].

In vivo, quinolones again differed in their propensity to alter cardiac electro-
physiology and cause ventricular arrhythmias. In rabbits, the potency of quinolones 
in prolonging the maximum QT interval was sparfloxacin > moxifloxacin = gatiflox-
acin = grepafloxacin, and ventricular tachycardia and torsades des pointes were only 
induced in sparfloxacin-treated animals [395]. In rabbits, the rank order potency of 
quinolones in prolonging the maximum QT interval was sparfloxacin = gatifloxacin 
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>> levofloxacin = ulifloxacin and conduction blocks, premature ventricular contrac-
tions, and torsades des pointes were only induced in sparfloxacin- and gatifloxacin-
treated animals [400]. In dogs receiving 3 and 30 mg/kg iv doses of sparfloxacin, 
cardiac output and ventricular repolarization and refractory periods rose, and heart 
rate fell. Blood pressure fell only after the high-dose administration. The increase in 
repolarization exceeded that of refractoriness, enhancing arrhythmia vulnerability 
and the prolongation in repolarization was of a reverse use-dependent type (i.e., 
prolongation was especially enhanced at lower heart rates) [401]. In dogs with com-
plete atrioventricular block and dogs under halothane anesthesia, oral and intrave-
nous levofloxacin produced essentially no adverse electrophysiologic and 
hemodynamic effects, and sparfloxacin had dose-dependent arrhythmogenic, elec-
trophysiologic, and negative chronotropic effects [402]. In conscious dogs dosed 
with oral prulifloxacin 150 mg/kg/day for 5 days and followed by telemetry, no sig-
nificant effect was noted on the QTc interval at any time [399].

In summary, the in vitro and in vivo (animal) studies revealed that quinolones cause 
a drug-specific, dose-dependent prolongation in QTc interval by inhibiting outward 
potassium currents in myocytes. In turn, this prolongation in action potential duration 
leads to a drug-specific risk of ventricular tachycardia and torsades des pointes. 
However, the lack of full agreement of the results of evaluations of potassium channel 
inhibition and QT interval prolongation, in terms of relative drug potencies, suggests 
that more than potassium channel inhibition may be involved [395].

In healthy volunteers, multiple doses of oral sparfloxacin (200, 400, 800 mg daily 
for 3 days) produced a dose-dependent prolongation in QTc interval (mean increases 
from baseline on day 1 were 9, 16, and 28 ms, respectively; and on day 3 were 7, 12, 
and 26 ms respectively) [403]. The pharmacodynamic interaction of sparfloxacin 
and terfenadine administered in usual therapeutic doses to healthy volunteers, in 
terms of QTc interval prolongation, was additive in nature (no pharmacokinetic 
interaction was found) [404]. In a retrospective review of 23 patients receiving 
500 mg levofloxacin once daily in whom pre- and intratherapy electrocardiograms 
were available, the QTc prolongation exceeded 30 ms in four patients (17%) and 
60 ms in two patients (9%), with an absolute QT prolongation to more than 500 ms 
in four patients (17%) [405]. Single oral doses of moxifloxacin 400 and 800 mg 
caused 4.0 ± 5.1 (mean ± SD) and 4.5 ± 3.8% prolongation of the QTc interval at 
rest, respectively (both p < 0.05) in healthy volunteers. Significant QTc interval 
prolongation occurred at all heart rates and across the entire RR interval range (400–
1,000 ms). The effect was similar in males and females and did not show dose 
dependence. No significant reverse rate dependence was seen. Statistically significant 
but weak correlations existed between moxifloxacin plasma concentrations versus 
QT interval (r = 0.35) and change in QT interval with placebo (r = 0.72) [406].

In another healthy volunteer study, periodic and continuous ECGs were recorded 
before and after administration of single doses of intravenous levofloxacin 500, 
1,000, and 1,500 mg. Using periodic ECG data, the only significant differences 
noted were the mean QTc intervals at 1.5 h after administration of 1,500 mg (Bazett 
formula: 415.33 vs 399.48 ms with placebo; Fredericia correction: 409.67 vs 
400.46 ms with placebo) and 2.0 h after administration of 1,500 mg (corresponding 
values of 414.10 vs 398.92 and 409.58 vs 400.10 ms) (all p < 0.05). Using  continuous 
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ECG data, significant QTc interval prolongation occurred after administration of 
1,000 mg (Bazett correction: in 3/4 baseline correction methods, mean change 
ranged from 2.8 to 3.9 ms [p £ 0.05]; Fredericia correction: in 1/4 baseline correc-
tion methods, the mean change was 2.8 ms [p £ 0.05]) and 1,500 mg (Bazett correc-
tion: in 4/4 baseline correction methods, mean change ranged from 6.4 to 7.7 ms 
[p £ 0.001]; Fredericia correction: in 4/4 baseline correction methods, mean change 
ranged from 4.9 to 6.9 ms [p £ 0.001]) [407].

Only one comparative study of the effect of quinolones on QTc interval in 
humans has been published. Single oral doses of 1,000 mg levofloxacin, 1,500 mg 
ciprofloxacin, and 800 mg moxifloxacin were compared in healthy volunteers. 
Mean QT and QTc interval prolongation was significantly greater for moxifloxacin 
compared to placebo for all end points, but it was generally not so for levofloxacin 
and ciprofloxacin (the exception was that the postdose QTc and QTc at 1.5, 2, and 
2.5 h postdose, using the Bazett method, were significantly increased for levofloxa-
cin vs. placebo). The proportion of subjects with prolongation in QTc interval of 
30 ms or greater was higher with moxifloxacin (72–81%) compared to levofloxacin 
(33–38%) and ciprofloxacin (34–40%) [408].

Caution is warranted with the use of these agents in patients receiving other drugs 
with similar electrophysiologic effects (Table 9.3) [409–411]. In addition, caution is 
warranted in using these agents in patients with an abnormal pretreatment QT inter-
val, pretreatment electrolyte abnormalities (e.g. hypokalemia, hypomagnesemia, 
rarely hypocalcemia), starvation/liquid-protein fast diets, and a prior or current his-
tory of coronary heart disease, bradyarrhythmias, or atrial fibrillation [409–411].

9.3.3  Quinolones and Immunosuppressants

Based upon the ability of the quinolones to significantly enhance interleukin 2 pro-
duction significantly, ex vivo studies have been conducted evaluating the effect of 

Table 9.3 Drugs prolonging the QTc interval that may potentially interact pharmacodynamically 
with selected quinolone antimicrobials

•	 Cisapride •	 Macrolides	(erythromycin,	clarithromycin,	
spiramycin)•	 Trimethoprim/sulfamethoxazole

•	 Pentamidine •	 Chloroquine
•	 Halofantrine •	 Phenothiazines
•	 Quinidine •	 Tricyclic	and	tetracyclic	antidepressants
•	 Procainamide •	 Disopyramide
•	 Ibutilide •	 Lidocaine,	mexiletine	(rare)
•	 b-Blockers (rare) •	 Amiodarone	(rare)
•	 Bepridil •	 Lidoflazine
•	 Sotalol •	 Dofetilide
•	 Flecainide •	 Encainide

Source: From Doig [409]
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quinolones on lymphocyte proliferation and the ability of tacrolimus and sirolimus 
to inhibit it. Quinolones had no significant effect on either human lymphocyte pro-
liferation or the ability of tacrolimus or sirolimus to inhibit it. Enoxacin, lomefloxa-
cin, norfloxacin, and ciprofloxacin were the quinolones tested. Thus, no significant 
pharmacodynamic interaction between the quinolones and tacrolimus/sirolimus 
appears to exist [412, 413].

9.3.4  Quinolones and Glucose Homeostasis

Case reports have documented pharmacodynamic interactions between quinolones 
and oral hypoglycemics in patients with type 2 diabetes mellitus, leading to symp-
tomatic, prolonged hypoglycemia. Implicated agents have included oral levofloxa-
cin with 20 mg glyburide daily [414]; oral ciprofloxacin with 2.5 and 5 mg glyburide 
daily [415, 416]; and oral gatifloxacin with 1.5 mg repaglinide daily, 5 mg 
glyburide daily plus 30 mg pioglitazone daily, 3 mg glimepiride daily [417], 5 mg 
glyburide daily [418], 2.5 mg glyburide daily [419], and insulin plus repaglinide 
6 mg daily plus voglibose 0.6 mg daily [420]. In the cases involving gatifloxacin, 
the profound hypoglycemia occurred after the first dose of gatifloxacin and per-
sisted until the drug was discontinued. After recovery of the blood glucose, oral 
hypoglycemic therapy was restarted and blood glucose values returned to pre-gati-
floxacin baseline levels. Case reports have also documented gatifloxacin-associated 
hyperglycemia, including hyperosmolar nonketotic hyperglycemia, in patients with 
no history of diabetes [420, 421].

During the postmarketing period, reports have been made to the US Food and 
Drug Administration’s MedWatch® program regarding serious disturbances in glu-
cose homeostasis in gatifloxacin recipients. Hypoglycemic episodes, some severe, 
have been reported in patients with diabetes mellitus treated with either sulfonylurea 
or nonsulfonylurea oral hypoglycemics. These events frequently occurred on 
day 1 of therapy and usually within 3 days of initiating gatifloxacin therapy. 
Hyperglycemic episodes, in some cases severe and associated with hyperosmolar 
nonketotic hyperglycemic coma, have also been reported in patients with diabetes 
mellitus, mainly between days 4 and 10 of gatifloxacin therapy. Some of these hypo- 
and hyperglycemic events were life-threatening, and many required hospitalization. 
Episodes of hyperglycemia, including hyperosmolar nonketotic hyperglycemic 
coma, have also occurred in patients without prior documented diabetes mellitus. 
Elderly subjects with age-related reductions in renal function and underlying medi-
cal problems or concomitant medications associated with hyperglycemia may be at 
particular risk [422].

Glucose homeostasis abnormalities (GHAs) reported to the FDA in the 
MedWatch® program from November 1997 to September 2003, inclusive, have been 
reviewed for concurrent use of ciprofloxacin, gatifloxacin, levofloxacin, and moxi-
floxacin. These events were identified under 14 unique coding items. Rates were 
calculated using US retail pharmacy prescriptions as the denominator. These four 
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quinolones accounted for 16,868 adverse event reports (10,025 unique US reports). 
Of these US reports, 568 were GHA reports and 25 fatal GHA reports. Gatifloxacin 
was associated with 80% of all GHA reports and 68% of fatal GHA reports. 
Spontaneous reporting rates were higher for gatifloxacin than the three comparators 
combined for both total GHA reports (477/10 million prescriptions vs. 8, p < 0.0001) 
and fatal GHA reports (18/10 million prescriptions vs 0.6, p < 0.0001). GHA reports 
constituted 24% of gatifloxacin and 1.4% of the combined comparator quinolone 
adverse event reports. For gatifloxacin, subjects involved in GHA reports were older 
(median 74 vs 61 years old, p < 0.0001) and were more likely to be taking antidia-
betic medications (69 vs 14%, p < 0.0001) than subjects with other types of adverse 
events. Whether or not the true population rate of GHAs is 56-fold higher for gati-
floxacin compared with the other quinolones can be questioned, based on the mul-
tiple biases and limitations of the database. These data need to be assessed in the 
context of other data in order to establish causality [423].

In another population-based analysis, two nested case-control studies were con-
ducted, using data from 1.4 million elderly (³66 years old) residents of 
Ontario, Canada. In study 1, case patients were treated in the hospital setting for 
hypoglycemia after outpatient treatment with macrolide, second-generation 
cephalosporin, or respiratory quinolone (gatifloxacin, levofloxacin, moxifloxacin, 
or ciprofloxacin) agents. In study 2, case patients were those who received hospital 
care for hyperglycemia. For each case patient, up to five controls were identified, 
matched by age, sex, presence/absence of diabetes, and timing of antimicrobial 
therapy [424].

For study 1, 788 patients treated for hypoglycemia within 30 days of completion 
of antimicrobial therapy were identified (April 2002-March 2004). As compared 
with macrolides (e.g. erythromycin, azithromycin, and clarithromycin), gatifloxacin 
and levofloxacin recipients were at significantly greater risk for the development of 
hypoglycemia (adjusted odds ratio [aOR] of 4.3 [95% CI, 2.9–6.3] and 1.5 [95% CI, 
1.2–2.0], respectively) in the overall population. In contrast, there was no relation-
ship of the development of hypoglycemia with the use of moxifloxacin, ciprofloxa-
cin, or second-generation cephalosporins (e.g. cefaclor and cefuroxime axetil). 
Similar findings held true when the analysis was repeated in patients with/without 
diabetes with one exception. The relationship of hypoglycemia to levofloxacin 
use in patients without diabetes was not significant (aOR, 2.1; 95% CI, 
0.7–6.0) [424].

For study 2, 470 patients treated for hyperglycemia within 30 days of completion 
of antimicrobial therapy were identified. Compared with macrolides, only 
gatifloxacin use was significantly associated with the development of hyperglyce-
mia (aOR, 4.3; 95% CI, 2.9–6.3). Similar findings were noted in patients with or 
without diabetes, with the additional finding of a borderline increase in risk in levo-
floxacin recipients in the population of patients with diabetes (aOR, 1.5; 95% CI, 
1.2–2.0) [424].

Last, all patients ³66 years old treated with antimicrobials during the study period 
were identified. Those hospitalized within 90 days before receiving an antimicrobial 
prescription as well as those who received another antimicrobial prescription within 
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30 days were excluded. Hospital visits for dysglycemia during the 30-day period 
after the start of antimicrobial therapy were identified for each patient. In the context 
of multiple antimicrobial prescriptions, each treatment course was considered sepa-
rately. A total of 16,697 gatifloxacin treatment courses were associated with 178 
hospitalizations (1.1%) for dysglycemia within 30 days. This rate substantially 
exceeded those for ciprofloxacin (0.3%), levofloxacin (0.3%), moxifloxacin (0.2%), 
second-generation cephalosporins (0.2%), and macrolides (0.1%) [424].

A retrospective case-control study of the risk of severe hypo- or hyperglycemia 
in recipients of gatifloxacin, levofloxacin, ciprofloxacin, and azithromycin (control) 
was conducted using the Veteran’s Affairs outpatient database (from October 1, 
2000 to September 30, 2005). In the final study cohort, 874,682 and 402,566 patients 
received the three quinolones and azithromycin, respectively. The event rates for 
hypoglycemia and hyperglycemia/1,000 patients (gatifloxacin/levofloxacin/cipro-
floxacin/azithromycin) were 0.35/0.19/0.10/0.07 and 0.45/0.18/0.12/0.10, 
respectively (both p < 0.001). In patients without diabetes, no quinolone was statisti-
cally associated with either hypo- or hyperglycemia but the statistical power of this 
analysis was low due to the small number of events (total N = 51). In patients with 
diabetes, significant odds ratios (ORs) for severe hypoglycemia (versus azithromy-
cin) were 4.5 (95% CI, 2.7–6.6) and 2.1 (95% CI, 1.4–3.3) for gatifloxacin and 
levofloxacin, respectively. Corresponding significant ORs for severe hyperglycemia 
were 4.5 (95% CI, 3.0–6.9) and 1.8 (95% CI, 1.2–2.7). Ciprofloxacin was not statis-
tically associated with either glucose perturbation. The effects of gatifloxacin sig-
nificantly exceeded those of levofloxacin and ciprofloxacin for both hypo- and 
hyperglycemia (all p < 0.001) [425].

The hypo- and hyperglycemic effects of gatifloxacin and ceftriaxone (control) 
were compared in hospitalized patients with community-acquired pneumonia/acute 
exacerbation of chronic bronchitis. This was done in a retrospective cohort study 
conducted using data collected in a tertiary care U.S. hospital from July 1, 2001 
through December 31, 2004. Of the 1,504 patients enrolled, 825 and 679 received 
gatifloxacin and ceftriaxone, respectively. The overall OR for hypoglycemia (i.e. 
blood sugar <46 mg%) for gatifloxacin (versus ceftriaxone) was 2.34 (95% CI, 
1.4–4.0), and was similar for those with (OR, 2.5) and those without (OR, 2.4) a 
diagnosis of diabetes. The overall OR for hyperglycemia (i.e. >200 mg%) for gati-
floxacin (versus ceftriaxone) was non-significant (1.06, [95% CI, 0.8–1.4]). In those 
with diabetes, the OR was 0.4 (95% CI, 0.2–0.6) while for those without diabetes, 
the OR was 1.64 (95% CI, 1.1–2.4) [426].

Studies have been conducted to evaluate the mechanism of this interaction. 
Altered pharmacokinetics of oral hypoglycemics do not appear to be the explana-
tion as gatifloxacin, ciprofloxacin, and moxifloxacin do not significantly alter 
glyburide pharmacokinetics [240, 427, 428].

Most studies have concentrated on a pharmacodynamic etiology for this inter-
action. In healthy volunteers treated for 14 days with various doses of once-daily 
intravenous gatifloxacin (200, 400, 600, 800 mg), a transient, dose-dependent 
reduction in fasting serum glucose concentration at the end of the infusion with-
out corresponding changes in serum insulin/C-peptide concentrations occurred. 
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No drug-associated effect was noted on predose fasting serum glucose concentrations 
throughout therapy or on the dynamics of the oral glucose tolerance test (OGTT) at 
the end of therapy [429].

In patients with type 2 diabetes mellitus stabilized on diet and exercise therapy, 
multiple oral dose gatifloxacin (400 mg once daily for 10 days) produced no signifi-
cant effects on the dynamics of the OGTT, fasting serum insulin and glucose profiles 
over 6 h after dosing on study days 1 and 10 and predose fasting insulin, glucose, 
and C-peptide concentrations on study days 2, 4, 6, 8, and 11 compared with pla-
cebo. The only significant drug-associated effect was a significant increase in the 
0- to 6-h postdose fasting serum insulin concentrations on study day 1. In the same 
study, 500 mg ciprofloxacin twice daily produced virtually identical results except 
that the significant drug-associated increase in the 0- to 6-h postdose fasting serum 
insulin concentrations occurred on study day 10 [430].

In patients with type 2 diabetes mellitus stabilized on metformin or metformin-
glyburide combination therapy, 400 mg oral gatifloxacin once daily for 14 days 
produced an initial hypoglycemia (study days 1 and 2) caused by elevations in 
serum insulin concentrations, followed by hyperglycemia (study day 4 onwards). 
In some cases, the hyperglycemia was symptomatic, requiring single doses of insu-
lin for correction. Serum glucose concentrations did not always return to baseline, 
even by 1 month after stopping the drug [422]. In a similar patient population being 
treated with glyburide, 10 days of 400 mg gatifloxacin once daily caused serum 
insulin concentrations to fall by 30–40% during OGTT. No significant effect on 
serum glucose concentrations was noted [427]. Last, moxifloxacin has been reported 
not to alter serum insulin dynamics in patients with type 2 diabetes mellitus stabi-
lized on glyburide therapy. The increases reported in serum glucose 0- to 6-h post-
dose AUC (mean 7%) and C

max
 (mean 6%), although statistically significant, were 

felt to be clinically-insignificant [240].
At present, gatifloxacin appears to be the quinolone most associated with pertur-

bations in glucose homeostasis, especially in patients diagnosed with diabetes mel-
litus and receiving insulin or oral hypoglycemic therapy. This effect is seen only 
with systemic use of the drug and not with topical (ophthalmic) use. Due to the 
prevalence of GHAs with systemic gatifloxacin therapy and its contraindication in 
patients with diabetes [431], the manufacturer made the decision to withdraw sys-
temic formulations from the marketplace worldwide [432].

9.4  Physiochemical Interactions

Physicochemical interactions involve physical incompatibilities between injectable 
quinolones and intravenous fluids and admixed medications. Studies of these 
types of interactions involve combinations of visual inspection (for precipitation), 
assessment of pH changes, and quantitation of drug and breakdown products. 
Table 9.4 illustrates the known incompatibilities of the injectable quinolones [433]. 
A case report of an interaction between indomethacin and ciprofloxacin, both admin-
istered as eyedrops following phototherapeutic keratectomy, has been published. 
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The interaction appeared to be physicochemical in nature, as a precipitate containing 
both drugs was deposited in the cornea [434].

9.5  Summary

The quinolone antimicrobials have proven to be important additions to our thera-
peutic armamentarium based on their broad spectra of activity, favorable pharmaco-
logic properties, and ease and cost-efficiency of administration. However, with their 

Table 9.4 Intravenous fluid and admixed drug incompatibilities with injectable quinolones

Quinolone

Incompatibilities

LVP IV fluid Admixed drugs

Ciprofloxacin Sodium 
bicarbonatea, 
sodium 
phosphatea

Amoxicillin, amphotericin B, amoxicillin/clavulanate, 
clindamycin, floxacillin, furosemideb, cefepimeb, 
ceftazidime, cefuroxime, heparinc, metronidazole, 
propofolb, hydrocortisoneb, potassium phosphatesb, 
mezlocillinc, ampicillin/sulbactamc, piperacillin, 
ticarcillin, aminophyllinec, teicoplanin, magnesiumb, 
dexamethasoneb, phenytoinb, warfarinb,  
methylprednisoloneb, TPNb, pantoprazoled,  
azithromycinb, drotrecogin alfa (activated)b,  
lansoprazoleb, pemetrexedb

Gatifloxacin None reported Amphotericin Bb, cefoperazoneb, cefoxitinb, diazepamb, 
furosemideb, heparinb, phenytoinb, piperacillinb, 
piperacillin/tazobactamb, potassium phosphatesb, 
vancomycinb, amphotericin B cholesteryl sulfate 
complexb, lansoprazoleb

Levofloxacin Mannitol, sodium 
bicarbonate

Acyclovirb, alprostadilb, furosemideb, heparinb,  
indomethacinb, insulinb, nitroglycerinb, nitroprussideb, 
propofolb, azithromycinb, drotrecogin alfa (activated) b, 
lansoprazoleb

Moxifloxacin None reported Not assessed
Ofloxacin None reportede Floxacillin, cefepimeb, amphotericin B cholesteryl sulfate 

complexb, doxorubicinb, heparinb, lansoprazoleb

Trovafloxacin 
(alatro-
floxacin)

Lactated Ringer’s, 
normal saline 
(with/without 
other diluents)

Aztreonamb, ceftazidimeb, ceftriaxoneb, famotidineb, 
furosemideb, heparinb, insulinb, magnesium sulfateb, 
midazolamb, morphineb, piperacillin/tazobactamb, 
ticarcillin/clavulanateb

Source: From Trissel [433]
LVP large volume parenteral
a Incompatible on simulated Y-site administration as well as when used as an LVP intravenous 
fluid
b Incompatible (evaluated only on simulated Y-site administration)
c Incompatible on simulated Y-site administration as well as when admixed into an LVP intrave-
nous fluid
d Incompatible (evaluated only in syringe)
e Use caution in light of the issues with mannitol and sodium bicarbonate LVP solutions and 
levofloxacin
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widespread use comes the realization that drug-drug interactions will occur with 
these agents. It is important that the clinician be aware of clinically-significant inter-
actions with these agents and pay attention to other potential interactions with drugs 
exhibiting narrow therapeutic/toxic dose ratios (Table 9.5).

Acknowledgement The author gratefully acknowledges the administrative assistance of Karina 
Sartorio.

References

 1. Yuk JH, Williams TW Jr. Drug interaction with quinolone antibiotics in intensive care unit 
patients [letter]. Arch Intern Med 1991;151:619.

 2. Lomaestro BM, Lesar TS. Concurrent administration of ciprofloxacin and potentially inter-
acting drugs [letter]. Am J Hosp Pharm 1989;46:1770.

 3. Bowes J, Graffunder EM, Lomaestro B, Venezia RA. Concomitant administration of drugs 
known to decrease the systemic availability of gatifloxacin. Pharmacotherapy 2002; 
22:800,801.

 4. Barton TD, Fishman NO, Weiner MG, et al. High rate of coadministration of di- or tri-valent 
cation-containing compounds with oral fluoroquinolones: risk factors and potential implica-
tions. Infect Control Hosp Epidemiol 2005;26:93–99.

 5. Hoffken G, Borner K, Glatzel PD, et al. Reduced enteral absorption of ciprofloxacin in the 
presence of antacids [letter]. Eur J Clin Microbiol 1985;4:345.

 6. Shiba K, Saito A, Shimada J, et al. Interactions of fleroxacin with dried aluminum hydroxide 
gel and probenecid. Rev Infect Dis 1989;11(suppl 5):S1097,S1908.

 7. Shiba K, Sakai O, Shimada J, Okazaki O, Aoki H, Hakusui H. Effects of antacids, ferrous 
sulfate, and ranitidine on absorption of DR-3355 in humans. Antimicrob Agents Chemother 
1992;36:2270–2274.

 8. Campbell NRC, Kara M, Hasinoff B, Haddara WM, McKay DW. Norfloxacin interaction 
with antacids and minerals. Br J Clin Pharmacol 1992;33:115,116.

Table 9.5 Clinically-significant pharmacokinetic quinolone-drug interactions

Interacting drug Results Comments

Ca, Mg, Al-containing 
antacids; Ca 
supplements; iron 
or mineral 
preparations; 
sucralfate; 
didanosine

Reduced quinolone 
absorption

Avoid quinolone therapy if possible; 
otherwise space administrations as far 
apart as possible

Theophylline Reduced theophylline 
metabolism

Follow levels if on enoxacin, grepafloxacin, 
tosufloxacin, prulifloxacin, pazufloxacin 
(IV), ciprofloxacin or norfloxacin; watch 
clinical status if on other quinolones

Caffeine Reduced caffeine 
metabolism

Reduce consumption of caffeinated  
foods/beverages, follow clinical status

Warfarin (?) Reduced warfarin 
metabolism

Follow INR intra- and post-quinolone 
therapy and adjust warfarin dose 
accordingly



3139 Quinolones

 9. Okhamafe AO, Akerele JO, Chukuka CS. Pharmacokinetic interactions of norfloxacin with 
some metallic medicinal agents. Int J Pharm 1991;68:11–18.

 10. Akerele JO, Akhamafe AO. Influence of co-administered metallic drugs on ofloxacin phar-
macokinetics. J Antimicrob Chemother 1991;28:87–94.

 11. Shiba K, Yoshida M, Sakai O, et al. Pharmacokinetics and clinical studies on NM441.  
Jap J Chemother 1996;44(suppl 1):263–278.

 12. Niki Y. Pharmacokinetics and safety assessment of tosufloxacin tosilate. J Infect Chemother 
2002;8:1–18.

 13. Minami R, Nakamura C, Inotsume N, et al. Effects of aluminum hydroxide and famotidine 
on bioavailability of tosufloxacin in healthy volunteers. Antimicrob Agents Chemother 
1998;42:453–455.

 14. Sanchez Navarro A, Martinez Cabarga M, Dominguez-Gil Hurle A. Oral absorption of 
ofloxacin administered together with aluminum. Antimicrob Agents Chemother 1994;38: 
2510–2512.

 15. Rambout L, Sahai J, Gallicano K, Oliveras L, Garber G. Effect of bismuth subsalicylate on 
ciprofloxacin bioavailability. Antimicrob Agents Chemother 1994;38:2187–2190.

 16. Sahai J, Healy D, Stotka J, Polk R. The influence of chronic administration of calcium car-
bonate on the bioavailability of oral ciprofloxacin. Br J Clin Pharmacol 1993;35:302–304.

 17. Frost DW, Lasseter KC, Noe AJ, Shamblen EC, Lettieri J. Effect of aluminum hydroxide and 
calcium carbonate antacids on the bioavailability of ciprofloxacin. Antimicrob Agents 
Chemother 1992;36:830–832.

 18. Fleming LW, Moreland TA, Stewart WK, Scott AC. Ciprofloxacin and antacids [letter]. 
Lancet 1986;2:294.

 19. Lomaestro BM, Baillie GR. Effect of staggered dose of calcium on the bioavailability of 
ciprofloxacin. Antimicrob Agents Chemother 1991;35:1004–1007.

 20. Sanchez Navarro A, Martinez Cabarga M, Dominguez-Gil Hurle A. Comparative study of the 
influence of Ca2+ on absorption parameters of ciprofloxacin and ofloxacin. J Antimicrob 
Chemother 1994;34:119–125.

 21. Lomaestro BM, Baillie GR. Effect of multiple staggered doses of calcium on the bioavail-
ability of ciprofloxacin. Ann Pharmacother 1993;27:1325–1328.

 22. Lacreta FP, Kaul S, Kollia GD, Duncan G, Randall DM, Grasela DM. Pharmacokinetics (PK) 
and safety of gatifloxacin in combination with ferrous sulfate or calcium carbonate in healthy 
volunteers. Proceedings of the 39th Interscience Conference on Antimicrobial Agents and 
Chemotherapy, San Francisco, CA, September, 1999. Abstract 198.

 23. Lehto P, Kivisto KT. Different effects of products containing metal ions on the absorption of 
lomefloxacin. Clin Pharmacol Ther 1994;56:477–482.

 24. Stass H, Wandel C, Delesen H, Moller JG. Effect of calcium supplements on the oral bioavail-
ability of moxifloxacin in healthy male volunteers. Clin Pharmacokinet 2001;40(suppl 1):27–32.

 25. Pletz MW, Petzold P, Allen A, Burkhardt O, Lode H. Effect of calcium carbonate on 
bioavailability of orally administered gemifloxacin. Antimicrob Agents Chemother 2003; 
47:2158–2160.

 26. Nix DE, Wilton JH, Ronald B, et al. Inhibition of norfloxacin absorption by antacids. 
Antimicrob Agents Chemother 1990;34:432–435.

 27. Flor S, Guay DRP, Opsahl JA, et al. Effects of magnesium-aluminum hydroxide and calcium 
carbonate antacids on bioavailability of ofloxacin. Antimicrob Agents Chemother 1990; 
34:2436–2438.

 28. Kays MB, Overholser BR, Mueller BA, Moe SM, Sowinski KM. Effects of sevelamer hydro-
chloride and calcium acetate on the oral bioavailability of ciprofloxacin. Am J Kid Dis 
2003;42:1253–1259.

 29. Kato R, Ueno K, Imano H, et al. Impairment of ciprofloxacin absorption by calcium polycar-
bophil. J Clin Pharmacol 2002;42:806–811.

 30. Neuhofel AL, Wilton JH, Victory JM, Hejmanowsky LG, Amsden GW. Lack of bioequiva-
lence of ciprofloxacin when administered with calcium-fortified orange juice: a new twist on 
an old interaction. J Clin Pharmacol 2002;42:461–466.



314 D.R.P. Guay

 31. Wallace AW, Victory JM, Amsden GW. Lack of bioequivalence of gatifloxacin when 
 coadministered with calcium-fortified orange juice in healthy volunteers. J Clin Pharmacol 
2003;43:92–96.

 32. Amsden GW, Whitaker A-M, Johnson PW. Lack of bioequivalence of levofloxacin when 
coadministered with a mineral-fortified breakfast of juice and cereal. J Clin Pharmacol 2003; 
43:990–995.

 33. Sahai J, Gallicano K, Oliveros L, Khaliq S, Hawley-Foss N, Garber G. Cations in the didanosine 
tablet reduce ciprofloxacin bioavailability. Clin Pharmacol Ther 1993;53:292–297.

 34. Knupp CA, Barbhaiya RH. A multiple-dose pharmacokinetic interaction study between 
didanosine (Videx®) and ciprofloxacin (Cipro®) in male subjects seropositive for HIV but 
asymptomatic. Biopharm Drug Dispos 1997;18:65–77.

 35. Damle BD, Mummaneni V, Kaul S, Knupp C. Lack of effect of simultaneously administered 
didanosine encapsulated enteric bead formulation (Videx EC) on oral absorption of indinavir, 
ketoconazole, or ciprofloxacin. Antimicrob Agents Chemother 2002;46:385–391.

 36. Kara M, Hasinoff BB, McKay D, Campbell NRC. Clinical and chemical interactions between 
iron preparations and ciprofloxacin. Br J Clin Pharmacol 1991;31:257–261.

 37. Polk RE, Healy DP, Sahai J, et al. Effect of ferrous sulfate and multivitamins with zinc on 
absorption of ciprofloxacin in normal volunteers. Antimicrob Agents Chemother 1989;33: 
1841–1844.

 38. Lehto P, Kivisto KT, Neuvonen PJ. The effect of ferrous sulphate on the absorption of nor-
floxacin, ciprofloxacin and ofloxacin. Br J Clin Pharmacol 1994;37:82–85.

 39. Shiba K, Sakamoto M, Saito A, et al. Effect of ferrous sulfate, tea, and milk on absorption of 
AM-1155, a 6-fluoro-8-methyoxy quinolone, in humans. Proceedings of the 35th Interscience 
Conference on Antimicrobial Agents and Chemotherapy, San Francisco, CA, September, 
1995. Abstract A43.

 40. Stass H, Kubitza D. Effect of iron supplements on the oral bioavailability of moxifloxacin, a 
novel 8-methoxyfluoroquinolone, in humans. Clin Pharmacokinet 2001;40(suppl 1):57–62.

 41. Martinez Cabarga M, Sanchez Navarro A, Colino Gandarillas CI, Dominguez-Gil A. Effects 
of two cations on gastrointestinal absorption of ofloxacin. Antimicrob Agents Chemother 
1991;35:2102–2105.

 42. Allen A, Bygate E, Faessel H, Isaac L, Lewis A. The effect of ferrous sulphate and sucralfate 
on the bioavailability of oral gemifloxacin in healthy volunteers. Int J Antimicrob Agents 
2000;15:283–289.

 43. How PP, Fischer JH, Arruda JA, et al. Effects of lanthanum carbonate on the absorption and 
oral bioavailability of ciprofloxacin. Clin J Am Soc Nephrol 2007;2:1235–1240.

 44. Nix DE, Watson WA, Lener ME, et al. Effects of aluminum and magnesium antacids and 
ranitidine on the absorption of ciprofloxacin. Clin Pharmacol Ther 1989;46:700–705.

 45. Hoffken G, Lode H, Wiley R, et al. Pharmacokinetics and bioavailability of ciprofloxacin and 
ofloxacin: effect of food and antacid intake. Rev Infect Dis 1988;10(suppl 1):S138,S139.

 46. Grasela TH Jr, Schentag JJ, Sedman AT, et al. Inhibition of enoxacin absorption by antacids 
or ranitidine. Antimicrob Agents Chemother 1989;33:615–617.

 47. Krishna G, Kisicki JC, Olsen S, et al. Effect of an aluminum- and magnesium-containing 
antacid on the bioavailability of garenoxacin in healthy volunteers. Pharmacotherapy 2007; 
27:963–969.

 48. Lober S, Ziege S, Rau M, et al. Pharmacokinetics of gatifloxacin and interaction with an 
antacid containing aluminum and magnesium. Antimicrob Agents Chemother 1999;43: 
1067–1071.

 49. Shimada J, Shiba K, Oguma T, et al. Effect of antacid on absorption of the quinolone lome-
floxacin. Antimicrob Agents Chemother 1992;36:1219–1224.

 50. Stass H, Bottcher MF, Ochmann K. Evaluation of the influence of antacids and H2 antago-
nists on the absorption of moxifloxacin after oral administration of a 400 mg dose to healthy 
volunteers. Clin Pharmacokinet 2001;40(suppl 1):39–48.

 51. Nix DE, Wilton JH, Ronald B, et al. Inhibition of norfloxacin absorption by antacids and 
sucralfate. Rev Infect Dis 1989;11(suppl 5):S1096.



3159 Quinolones

 52. Maesen FPV, Davies BI, Geraedts WH, Sumajow CA. Ofloxacin and antacids [letter]. 
J Antimicrob Chemother 1987;19:848,849.

 53. Jaehde U, Sorgel F, Stephan U, Schunack W. Effect of an antacid containing magnesium and 
aluminum on absorption, metabolism, and mechanism of renal elimination of pefloxacin in 
humans. Antimicrob Agents Chemother 1994;38:1129–1133.

 54. Lazzaroni M, Imbimbo BP, Bargiggia S, et al. Effects of magnesium-aluminum hydrox-
ide antacid on absorption of rufloxacin. Antimicrob Agents Chemother 1993;37: 
2212–2216.

 55. Granneman GR, Stephan U, Birner B, et al. Effect of antacid medication on the 
pharmacokinetics of temafloxacin. Clin Pharmacokinet 1992;22(suppl 1):83–89.

 56. Teng R, Dogolo LC, Willavize SA, Friedman HL, Vincent J. Effect of Maalox and omeprazole 
on the bioavailability of trovafloxacin. J Antimicrob Chemother 1997;39 (suppl B):93–97.

 57. Allen A, Vousden M, Porter A, Lewis A. Effect of Maalox® on the bioavailability of oral 
gemifloxacin in healthy volunteers. Chemotherapy 1999;45:504–511.

 58. Nix DE, Watson WA, Handy L, et al. The effect of sucralfate pretreatment on the pharma-
cokinetics of ciprofloxacin. Pharmacotherapy 1989;9:377–380.

 59. Garrelts JC, Godley PJ, Peterie JD, et al. Sucralfate significantly reduces ciprofloxacin con-
centrations in serum. Antimicrob Agents Chemother 1990;34:931–933.

 60. Van Slooten AD, Nix DE, Wilton JH, Love JH, Spivey JM, Goldstein HR. Combined use of 
ciprofloxacin and sucralfate. DICP Ann Pharmacother 1991;25:578–582.

 61. Ryerson B, Toothaker R, Schleyer I, Sedman A, Colburn W. Effect of sucralfate on enoxacin 
pharmacokinetics. Proceedings of the 29th Interscience Conference on Antimicrobial Agents 
and Chemotherapy, Houston, TX, September, 1989. Abstract 214.

 62. Lubowski TJ, Nightingale CH, Sweeney K, Quintiliani R. Effect of sucralfate on 
pharmacokinetics of fleroxacin in healthy volunteers. Antimicrob Agents Chemother 1992;36: 
2758–2760.

 63. Lee L-J, Hafkin B, Lee I-D, Hoh J, Dix R. Effects of food and sucralfate on a single oral dose 
of 500 mg of levofloxacin in healthy subjects. Antimicrob Agents Chemother 1997;41: 
2196–2200.

 64. Nix D, Schentag J. Lomefloxacin (L) absorption kinetics when administered with ranitidine 
(R) and sucralfate (S). Proceedings of the 29th Interscience Conference on Antimicrobial 
Agents and Chemotherapy, Houston, TX, September, 1989. Abstract 1276.

 65. Stass H, Schuhly U, Moller JG, Delesen H. Effects of sucralfate on the oral bioavailability of 
moxifloxacin, a novel 8-methoxyfluoroquinolone. Clin Pharmacokinet 2001;40(suppl 1): 
49–55.

 66. Lehto P, Kivisto KT. Effect of sucralfate on absorption of norfloxacin and ofloxacin. 
Antimicrob Agents Chemother 1994;38:248–251.

 67. Parpia SH, Nix DE, Hejmanowski LG, et al. Sucralfate reduces the gastrointestinal absorp-
tion of norfloxacin. Antimicrob Agents Chemother 1989;33:99–102.

 68. Kawakami J, Matsuse T, Kotaki H, et al. The effect of food on the interaction of ofloxacin 
with sucralfate in healthy volunteers. Eur J Clin Pharmacol 1994;47:67–69.

 69. Zix JA, Geerdes-Fenge HF, Rau M, et al. Pharmacokinetics of sparfloxacin and interaction 
with cisapride and sucralfate. Antimicrob Agents Chemother 1997;41:1668–1672.

 70. Kamberi M, Nakashima H, Ogawa K, Oda N, Nakano S. The effect of staggered dosing of 
sucralfate on oral bioavailability of sparfloxacin. Br J Clin Pharmacol 2000;49:98–103.

 71. Golper T, Hartstein AI, Morthland VH, Christensen JM. Effects of antacids and dialysate 
dwell times on multiple dose pharmacokinetics of oral ciprofloxacin in patients on continu-
ous ambulatory peritoneal dialysis. Antimicrob Agents Chemother 1987;31:1787–1790.

 72. Preheim LC, Cuevas TA, Roccaforte JS, Mellencamp MA, Bittner MJ. Ciprofloxacin and 
antacids [letter]. Lancet 1986;2:48.

 73. Miyata K, Ohtani H, Tsujimoto M, et al. Antacid interaction with new quinolones: dose 
regimen recommendations based on pharmacokinetic modeling of clinical data for cipro-
floxacin, gatifloxacin and norfloxacin and metal cations. Int J Clin Pharmacol Ther 2007;45: 
63–70.



316 D.R.P. Guay

 74. Tuncel T, Bergisadi N. In vitro adsorption of ciprofloxacin hydrochloride on various antacids. 
Pharmazie 1992;47:304,305.

 75. Wallis SC, Charles BG, Gahan LR, Filippich LJ, Bredhauer MG, Duckworth PA. Interaction 
of norfloxacin with divalent and trivalent pharmaceutical cations. In vitro complexation and 
in vivo pharmacokinetic studies in the dog. J Pharm Sci 1996;85:803–809.

 76. Ross DL, Elkington SK, Knaub SR, Riley CM. Physicochemical properties of the fluoroqui-
nolone antimicrobials VI. Effect of metal-ion complexation on octan-1-ol-water partitioning. 
Int J Pharmaceutics 1993;93:131–138.

 77. Ross DL, Riley CM. Physicochemical properties of the fluoroquinolone antimicrobials 
V. Effect of fluoroquinolone structure and pH on the complexation of various fluoroquinolo-
nes with magnesium and calcium. Int J Pharmaceutics 1993;93:121–129.

 78. Ross DL, Riley CM. Physicochemical properties of the fluoroquinolone antimicrobials III. 
complexation of lomefloxacin with various metal ions and the effect of metal ion complex-
ation on aqueous solubility. Int J Pharmaceutics 1992;87:203–213.

 79. Helena M, Teixeira SF, Vilas-Boas LS, Gil VMS, Teixeira F. Complexes of ciprofloxacin 
with metal ions contained in antacid drugs. J Chemother 1995;7:126–132.

 80. Mallick S, Pattnaik S, Swain K, et al. Interaction characteristics and thermodynamic behavior 
of gatifloxacin by aluminum hydroxide. Drug Devel Indust Pharm 2007;33:535–541.

 81. Adepoju-Bello AA, Coker HA, Eboka CJ, et al. The physiochemical and antibacterial proper-
ties of ciprofloxacin-Mg2+ complex. Nigerian Quart J Hosp Med 2008;18:133–136.

 82. Sonia Rodriguez Cruz M, Gonzalez Alonso I, Sanchez-Navarro A, Luisa Sayalero Marinero 
M. In vitro study of the interaction between quinolones and polyvalent cations. Pharm Acta 
Helv 1999;73:237–245.

 83. Sultana N, Arayne MS, Yasmeen N. In vitro availability of ofloxacin in presence of metals 
essential to human body. Pak J Pharm Sci 2007;20:42–47.

 84. Hussain F, Arayne MS, Sultana N. Interactions between sparfloxacin and antacids-- dissolution 
and adsorption studies. Pak J Pharm Sci 2006;19:16–21.

 85. Sultana N, Arayne MS, Furqan H. In vitro availability of lomefloxacin hydrochloride in pres-
ence of essential and trace elements. Pak J Pharm Sci 2005;18:59–65.

 86. Sultana N, Arayne MS, Yasmeen N. In vitro availability of ofloxacin in presence of metals 
essential to human body. Pak J Pharm Sci 2007;20:36–42.

 87. Arayne MS, Sultana N, Hussain F. Interactions between ciprofloxacin and antacids— 
dissolution and adsorption studies. Drug Metab Drug Interact 2005;21:117–129.

 88. Arayne MS, Sultana N, Haroon U, et al. In vitro availability studies of enoxacin in presence 
of H2 receptor antagonists. Pak J Pharm Sci 2007;20:235–243.

 89. Hoffken G, Lode H, Wiley P D, et al. Pharmacokinetics and interaction in the bioavailability 
of new quinolones. Proceedings of the International Symposium of the New Quinolones, 
Geneva, Switzerland, July, 1986. Abstract 141.

 90. Sorgel F, Seelmann R, Granneman G R, Locke C. Effect of cimetidine on the pharmacokinet-
ics of temafloxacin. Clin Pharmacokinet 1992;22(suppl 1):75–82.

 91. Wingender W, Foerster D, Beermann D, et al. Effect of gastric emptying time on rate and 
extent of the systemic availability of ciprofloxacin. Proceedings of the 14th International 
Congress of Chemotherapy, Kyoto, Japan, June, 1985. Abstract P-37–91.

 92. Sorgel F, Mahr G, Uwe Koch H, Stephan U, Wiesemann HG, Malter U. Effects of cimetidine 
on the pharmacokinetics of pefloxacin in healthy volunteers. Rev Infect Dis 1988;10 
(suppl 1):S137.

 93. Misiak PM, Eldon MA, Toothaker RD, Sedman AJ. Effects of oral cimetidine or ranitidine 
on the pharmacokinetics of intravenous enoxacin. J Clin Pharmacol 1993;33:53–56.

 94. Levofloxacin. Data on file (protocol HR 355/1/GB/101). Raritan, NJ: RW Johnson 
Pharmaceutical Research Institute.

 95. Ludwig E, Graber H, Szekely E, Csiba A. Metabolic interactions of ciprofloxacin. Diagn 
Microbiol Infect Dis 1990;13:135–141.

 96. Lebsack ME, Nix D, Ryerson B, et al. Effect of gastric acidity on enoxacin absorption. Clin 
Pharmacol Ther 1992;52:252–256.



3179 Quinolones

 97. Efthymiopoulos C, Bramer SL, Maroli A. Effect of food and gastric pH on the bioavailability 
of grepafloxacin. Clin Pharmcokinet 1997;33(suppl 1):18–24.

 98. Gries JM, Honorato J, Taburet AM, et al. Cimetidine does not alter sparfloxacin pharmacoki-
netics. Int J Clin Pharmacol Ther Toxicol 1995;33:585–587.

 99. Perry CM, Barman Balfour JA, Lamb HM. Gatifloxacin. Drugs 1999;58:683–696.
 100. Stass HH, Ochmann K. Study to evaluate the interaction between BAY 12–8039 and 

ranitidine. Proceedings of the 20th International Congress of Chemotherapy, Sydney, 
Australia, June–July, 1997. Abstract 3357.

 101. Stuht H, Lode H, Koeppe P, Rost KL, Schaberg T. Interaction study of lomefloxacin and 
ciprofloxacin with omeprazole and comparative pharmacokinetics. Antimicrob Agents 
Chemother 1995;39:1045–1049.

 102. Allen A, Vousden M, Lewis A. Effect of omeprazole on the pharmacokinetics of oral gemi-
floxacin in healthy volunteers. Chemotherapy 1999;45:496–503.

 103. Washington C, Hou E, Hughes N, et al. Effect of omeprazole on bioavailability of an oral 
extended-release formulation of ciprofloxacin. Am J Health-Sys Pharm 2006;63:653–656.

 104. Nix DE, Lebsack ME, Chapelsky M, Sedman AJ, Busch J, Norman A. Effect of oral antacids 
on disposition of intravenous enoxacin. Antimicrob Agents Chemother 1993;37:775–777.

 105. Yuk JH, Nightingale CH, Sweeney KR, et al. Relative bioavailability in healthy volunteers of 
ciprofloxacin administered through a nasogastric tube with and without enteral feeding. 
Antimicrob Agents Chemother 1989;33:1118–1120.

 106. Lubowski TJ, Nightingale CH, Sweeney K, Quintiliani R. The relative bioavailability of 
temafloxacin administered through a nasogastric tube with and without enteral feeding. Clin 
Pharmacokinet 1992;22(suppl 1):43–47.

 107. Noer BL, Angaran DM. The effect of enteral feedings on ciprofloxacin pharmacokinetics. 
Pharmacotherapy 1990;10:254. Abstract 154.

 108. Healy DP, Brodbeck MC, Clendenning CE. Ciprofloxacin absorption is impaired in patients 
given enteral feedings orally and via gastrostomy and jejunostomy tubes. Antimicrob Agents 
Chemother 1996;40:6–10.

 109. Mueller BA, Brierton DG, Abel SR, Bowman L. Effect of enteral feeding with Ensure on oral 
bioavailabilities of ofloxacin and ciprofloxacin. Antimicrob Agents Chemother 1994;38: 
2101–2105.

 110. Dudley MN, Marchbanks CR, Flor SC, Beals S. The effect of food or milk on the absorption 
kinetics of ofloxacin. Eur J Clin Pharmacol 1991;41:569–571.

 111. Neuvonen PJ, Kivisto KT. Milk and yoghurt do not impair the absorption of ofloxacin.  
Br J Clin Pharmacol 1992;33:346–348.

 112. Hoogkamer JFW, Kleinbloesem CH. The effect of milk consumption on the pharmacokinet-
ics of fleroxacin and ciprofloxacin in healthy volunteers. Drugs 1995;49(suppl 2):346–348.

 113. Stass H, Kubitza D. Effects of dairy products on the oral bioavailability of moxifloxacin, a 
novel 8-methoxyfluoroquinolone, in healthy volunteers. Clin Pharmacokinet 2001; 
40(suppl 1):33–38.

 114. Neuvonen PJ, Kivisto KT, Lehto P. Interference of dairy products with the absorption of 
ciprofloxacin. Clin Pharmacol Ther 1991;50:498–502.

 115. Kivisto KT, Ojala-Karlsson P, Neuvonen PJ. Inhibition of norfloxacin absorption by dairy 
products. Antimicrob Agents Chemother 1992;36:489–491.

 116. Saito A, Tarao F. Influence of milk on absorption of NM441, a prodrug type of quinolone 
antibiotic. Jap J Chemother 1996; 44(suppl 1):221–228.

 117. Papai K, Budai M, Ludanyi K, et al. In vitro food-drug interaction study: which milk compo-
nent has a decreasing effect on the bioavailability of ciprofloxacin? J Pharm Biomed Anal 
2010;52:37–42.

 118. Mallet L, Huang A. Coadministration of gatifloxacin and multivitamin preparation contain-
ing minerals: potential treatment failure in an elderly patient. Ann Pharmacother 2005; 
39:150–152.

 119. Suda KJ, Garey KW, Danziger LH. Treatment failures secondary to drug interactions with 
divalent cations and fluoroquinolone. Pharm World Sci 2005;27:81,82.



318 D.R.P. Guay

 120. Quain RD, Barton TD, Fishman NO, et al. Coadministration of oral levofloxacin with agents 
that impair its absorption: potential impact on emergence of resistance. Int J Antimicrob 
Agents 2005;26:327–330.

 121. Cohen KA, Lautenbach E, Weiner MG, et al. Coadministration of oral levofloxacin with 
agents that impair absorption: impact on antibiotic resistance. Infect Control Hosp Epidemiol 
2008;29:975–977.

 122. Stutman HR, Parker KM, Marks MI. Potential of moxalactam and other new antimicrobial 
agents of bilirubin-albumin displacement in neonates. Pediatrics 1985;75:294–298.

 123. Graber H, Ludwig E, Magyar T, Csiba A, Szekely E. Ofloxacin does not influence antipyrine 
metabolism. Rev Infect Dis 1989;11(suppl 5):S1093,S1094.

 124. Ludwig E, Graber H, Szekely E, Csiba A. Effect of ciprofloxacin on antipyrine metabolism. 
Rev Infect Dis 1989;(suppl 5):S1100,S1101.

 125. Ludwig E, Szekely E, Csiba A, Graber H. The effect of ciprofloxacin on antipyrine metabo-
lism. J Antimicrob Chemother 1988;22:61–67.

 126. Rybak MJ, Bowles SK, Chandrasekar PH, Edwards DJ. Increased theophylline concentra-
tions secondary to ciprofloxacin. Drug Intell Clin Pharm 1987;21:879–881.

 127. Duraski RM. Ciprofloxacin-induced theophylline toxicity [letter]. South Med J 1988; 
81:1206.

 128. Paidipaty B, Erickson S. Ciprofloxacin-theophylline drug interaction [letter]. Crit Care Med 
1990;18:685,686.

 129. Holden R. Probable fatal interaction between ciprofloxacin and theophylline [letter]. Br Med 
J 1988;297:1339.

 130. Bem JL, Mann RD. Danger of interaction between ciprofloxacin and theophylline [letter]. Br 
Med J 1988;296:1131.

 131. Spivey JM, Laughlin PH, Goss TF, Nix DE. Theophylline toxicity secondary to ciprofloxacin 
administration. Ann Emerg Med 1991;20:1131–1134.

 132. Thomson AH, Thomson GD, Hepburn M, Whiting B. A clinically significant interaction 
between ciprofloxacin and theophylline. Eur J Clin Pharmacol 1987;33:435,436.

 133. Rogge MC, Solomon WR, Sedman AJ, et al. The theophylline-enoxacin interaction: II. 
changes in disposition of theophylline and its metabolites during intermittent administration 
of enoxacin. Clin Pharmacol Ther 1989;46:420–428.

 134. Davis RL, Kelly HW, Quenzer RW, et al. Effect of norfloxacin on theophylline metabolism. 
Antimicrob Agents Chemother 1989;33:212–214.

 135. Bowles SK, Popovski Z, Rybak MJ, et al. Effect of norfloxacin on theophylline pharmacoki-
netics at steady state. Antimicrob Agents Chemother 1988;32:510–512.

 136. Schwartz J, Jauregui L, Lettieri J, Bachmann K. Impact of ciprofloxacin on theophylline 
clearance and steady-state concentrations in serum. Antimicrob Agents Chemother 
1988;32:75–77.

 137. Gregoire SL, Grasela TH Jr, Freer JP, et al. Inhibition of theophylline clearance by coadmin-
istered ofloxacin without alteration of theophylline effects. Antimicrob Agents Chemother 
1987;31:375–378.

 138. Ho G, Tierney MG, Dales RE. Evaluation of the effect of norfloxacin on the pharmacokinet-
ics of theophylline. Clin Pharmacol Ther 1988;44:35–38.

 139. Nix DE, Norman A, Schentag JJ. Effect of lomefloxacin on theophylline pharmacokinetics. 
Antimicrob Agents Chemother 1989;33:1006–1008.

 140. Rogge MC, Solomon WR, Sedman AJ, et al. The theophylline–enoxacin interaction: I. effect 
of enoxacin dose size on theophylline disposition. Clin Pharmacol Ther 1988;44:579–587.

 141. Sorgel F, Mahr G, Granneman R, Stephan U. Effects of two quinolone antibacterials, tema-
floxacin and enoxacin, on theophylline pharmacokinetics. Clin Pharmacokinet 1992; 
22(suppl 1):65–74.

 142. Wijnands WJA, Vree TB, van Herwaarden CLA. Enoxacin decreases the clearance of theo-
phylline in man. Br J Clin Pharmacol 1985;20:583–588.

 143. Takagi K, Hasegawa T, Ogura Y, et al. Comparative studies on interaction between theophyl-
line and quinolones. J Asthma 1988;25:63–71.



3199 Quinolones

 144. Wijnands WJA, Vree TB, van Herwaarden CLA. The influence of quinolone derivatives on 
theophylline clearance. Br J Clin Pharmacol 1986;22:677–683.

 145. Sano M, Yamamoto I, Ueda J, et al. Comparative pharmacokinetics of theophylline following 
two fluoroquinolones co-administration. Eur J Clin Pharmacol 1987;32:431,432.

 146. Kinzig-Schippers M, Fuhr U, Cesana M, et al. Absence of effect of rufloxacin on 
 theophylline pharmacokinetics in steady-state. Antimicrob Agents Chemother 1998;42: 
2359–2364.

 147. Takagi K, Yamaki K, Nadai M, Kuzuya T, Hasegawa T. Effect of a new quinolone, sparfloxa-
cin, on the pharmacokinetics of theophylline in asthmatic patients. Antimicrob Agents 
Chemother 1991;35:1137–1141.

 148. Sano M, Kawakatsu K, Ohkita C, et al. Effects of enoxacin, ofloxacin and norfloxacin on 
theophylline disposition in humans. Eur J Clin Pharmacol 1988;35:161–165.

 149. Robson RA, Begg EJ, Atkinson HC, Saunders CA, Frampton CM. Comparative effects of 
ciprofloxacin and lomefloxacin on the oxidative metabolism of theophylline. Br J Clin 
Pharmacol 1990;29:491–493.

 150. LeBel M, Vallee F, St. Laurent M. Influence of lomefloxacin on the pharmcokinetics of 
theophylline. Antimicrob Agents Chemother 1990;34:1254–1256.

 151. Seelmann R, Mahr G, Gottschalk B, Stephan U, Sorgel F. Influence of fleroxacin on the phar-
macokinetics of theophylline. Rev Infect Dis 1989;11(suppl 5):S1100.

 152. Soejima R, Niki Y, Sumi M. Effect of fleroxacin on serum concentrations of theophylline. 
Rev Infect Dis 1989;11(suppl 5):S1099.

 153. Beckman J, Elsasser W, Gundert-Remy U, Hertrampf R. Enoxacin—a potent inhibitor of 
theophylline metabolism. Eur J Clin Pharmacol 1987;33:227–230.

 154. Wijnands WJA, Cornel JH, Martea M, Vree TB. The effect of multiple dose oral lomefloxa-
cin on theophylline metabolism in man. Chest 1990;98:1440–1444.

 155. Niki Y, Soejima R, Kawane H, et al. New synthetic quinolone antibacterial agents and serum 
concentration of theophylline. Chest 1987;92:663–669.

 156. Wijnands WJA, van Herwaarden CLA, Vree TB. Enoxacin raises plasma theophylline con-
centrations [letter]. Lancet 1984;2:108,109.

 157. Raoof S, Wollschlager C, Khan FA. Ciprofloxacin increases serum levels of theophylline. 
Am J Med 1987;82(suppl 4A):115–118.

 158. Gisclon LG, Curtin CR, Fowler CL, Nayak RK. Absence of pharmacokinetic interaction 
between intravenous theophylline and orally administered levofloxacin. Proceedings of the 
35th Interscience Conference on Antimicrobial Agents and Chemotherapy, San Francisco, 
CA, September, 1995. Abstract A39.

 159. Dickens GR, Wermeling D, Vincent J. Phase I pilot study of the effects of trovafloxacin (CP-
99,219) on the pharmacokinetics of theophylline in healthy men. J Clin Pharmacol 
1997;37:248–252.

 160. Vincent J, Teng R, Dogolo LC, Willavize S A, Friedman HL. Effect of trovafloxacin, a new 
fluoroquinolone antibiotic, on the steady-state pharmacokinetics of theophylline in healthy 
volunteers. J Antimicrob Chemother 1997;39(suppl B):81–86.

 161. Fourtillan J B, Granier J, Saint-Salvi B, et al. Pharmacokinetics of ofloxacin and theophylline 
alone and in combination. Infection 1986;14(suppl 1):S67–S69.

 162. Batty KT, Davis TME, Ilett KF, Dusci LJ, Langton SR. The effect of ciprofloxacin on theo-
phylline pharmacokinetics in healthy subjects. Br J Clin Pharmacol 1995;39:305–311.

 163. Efthymiopoulos C, Bramer SL, Maroli A, Blum B. Theophylline and warfarin interaction 
studies with grepafloxacin. Clin Pharmacokinet 1997;33(suppl 1):39–46.

 164. Niki Y, Hashiguchi K, Miyashita N, Nakajima M, Matsushima T, Soejima R. Effects of 
AM-1155 on serum concentration of theophylline. Proceedings of the 36th Interscience 
Conference on Antimicrobial Agents and Chemotherapy, New Orleans, LA, September, 
1996. Abstract F73.

 165. Stass HH, Kubitza D, Schweitert H, Wemer R. BAY 12–8039 does not interact with theophyl-
line. Proceedings of the 20th International Congress of Chemotherapy, Sydney, Australia, 
June–July, 1997. Abstract 3356.



320 D.R.P. Guay

 166. Stass H, Kubitza D. Lack of pharmacokinetic interaction between moxifloxacin, a novel 
8-methoxyfluoroquinolone, and theophylline. Clin Pharmacokinet 2001;40(suppl 1):63–70.

 167. Davy M, Allen A, Bird N, Rost KL, Fuder H. Lack of effect of gemifloxacin on the steady-state 
pharmacokinetics of theophylline in healthy volunteers. Chemotherapy 1999;45:478–484.

 168. Niki Y, Watanabe S, Yoshida K, et al. Effect of pazufloxacin mesilate on the serum concentra-
tion of theophylline. J Infect Chemother 2002;8:33–36.

 169. Hashiguchi K, Miyashita N, Kubota Y, et al. Effect of pazufloxacin on serum concentration 
of theophylline. Chemotherapy (Tokyo) 1995;43:270–275.

 170. Fattore C, Cipolla G, Gatti G, et al. Pharmacokinetic interactions between theophylline and 
prulifloxacin in healthy volunteers. Clin Drug Invest 1998;16:387–392.

 171. Kinzig-Schippers M, Fuhr U, Zaigler M, et al. Interaction of pefloxacin and enoxacin with 
the human cytochrome P450 enzyme CYP 1A2. Clin Pharmacol Ther 1999;65:262–274.

 172. Carbo M, Segura J, de la Torre R, et al. Effect of quinolones on caffeine disposition. Clin 
Pharmacol Ther 1989;45:234–240.

 173. Healy DP, Polk RE, Kanawati L, et al. Interaction between oral ciprofloxacin and caffeine in 
normal volunteers. Antimicrob Agents Chemother 1989;33:474–478.

 174. Mahr G, Sorgel F, Granneman R, et al. Effects of temafloxacin and ciprofloxacin on the 
pharmacokinetics of caffeine. Clin Pharmacokinet 1992;22(suppl 1):90–97.

 175. Harder S, Staib AH, Beer C, et al. 4-quinolones inhibit biotransformation of caffeine.  
Eur J Clin Pharmacol 1988;35:651–656.

 176. Peloquin CA, Nix DE, Sedman AJ, et al. Pharmacokinetics and clinical effects of caffeine 
alone and in combination with oral enoxacin. Rev Infect Dis 1989;11(suppl 5):S1095.

 177. Stille W, Harder S, Mieke S, et al. Decrease of caffeine elimination in man during coadmin-
istration of 4-quinolones. J Antimicrob Chemother 1987;20:729–734.

 178. Janknegt R. Drug interactions with quinolones. J Antimicrob Chemother 1990;26(suppl D): 
7–29.

 179. Healy DP, Schoenle JR, Stotka J, Polk RE. Lack of interaction between lomefloxacin and 
caffeine in normal volunteers. Antimicrob Agents Chemother 1991;35:660–664.

 180. LeBel M, Teng R, Dogolo LC, Willavize S, Friedman HL, Vincent J. The effect of steadystate 
trovafloxacin on the steady-state pharmacokinetics of caffeine in healthy subjects. Proceedings 
of the 36th Interscience Conference on Antimicrobial Agents and Chemotherapy, New 
Orleans, LA, September, 1996. Abstract A1.

 181. Stahlberg HJ, Gohler K, Guillaume M, Mignot A. Effects of gatifloxacin (GTX) on the phar-
macokinetics of theophylline in healthy young volunteers. J Antimicrob Chemother 
1999;44(suppl A):136. Abstract P435.

 182. Manita S, Toriumi C, Kusajima H, Momo K. The influence of gatifloxacin (AM-1155) on 
pharmacokinetics and metabolism of theophylline in rats and humans. Proceedings of the 
38th Interscience Conference on Antimicrobial Agents and Chemotherapy, San Diego, CA, 
September, 1998. Abstract A-16a.

 183. Parent M, LeBel M. Meta-analysis of quinolone-theophylline interactions. DICP Ann 
Pharmacother 1991;25:191–194.

 184. Barnett G, Segura J, de la Torre R, Carbo M. Pharmacokinetic determination of relative 
potency of quinolone inhibition of caffeine disposition. Eur J Clin Pharmcol 1990;39: 
63–69.

 185. Hasegawa T, Nadai M, Haghgoo S, et al. Influence of a newly-developed quinolone, T-3761, 
on pharmacokinetics of theophylline in rats. Antimicrob Agents Chemother 1995;39: 
2138–2140.

 186. Toon S, Hopkins KJ, Garstang FM, et al. Enoxacin-warfarin interaction: pharmacokinetic 
and stereochemical aspects. Clin Pharmacol Ther 1987;42:33–41.

 187. Millar E, Coles S, Wyld P, Nimmo W. Temafloxacin does not potentiate the anticoagulant 
effect of warfarin in healthy subjects. Clin Pharmacokinet 1992;22(suppl 1):102–106.

 188. Rindone JP, Keuey CL, Jones WN, Garewal HS. Hypoprothrombinemic effect of warfarin is 
not influenced by ciprofloxacin. Clin Pharm 1991;10:136–138.



3219 Quinolones

 189. Rocci ML Jr, Vlasses PH, Dislerath LM, et al. Norfloxacin does not alter warfarin’s disposition 
or anticoagulant effect. J Clin Pharmacol 1990;30:728–732.

 190. Bianco TM, Bussey HI, Farnett LE, Linn WD, Roush MK, Wong YWJ. Potential warfarin–
ciprofloxacin interaction in patients receiving long-term anticoagulation. Pharmacotherapy 
1992;12:435–439.

 191. Israel DS, Stotka JL, Rock W, et al. Effect of ciprofloxacin on the pharmacokinetics and 
pharmacodynamics of warfarin. Clin Infect Dis 1996;22:251–256.

 192. Levofloxacin. Data on file (protocol LOFBO-PH10-098). Raritan, NJ: RW Johnson 
Pharmaceutical Research Institute.

 193. Teng R, Apseloff G, Vincent J, Pelletier SM, Willavize AS, Friedman HL. Effect of trova-
floxacin (CP-99,129) on the pharmacokinetics and pharmacodynamics of warfarin in healthy 
male subjects. Proceedings of the 36th Interscience Conference on Antimicrobial Agents and 
Chemotherapy, New Orleans, LA, September, 1996. Abstract A2.

 194. Muller FO, Hundt HKL, Muir AR, et al. Study to investigate the influence of 400 mg BAY 
12–8039 (M) given once daily to healthy volunteers on PK and PD of warfarin (W). 
Proceedings of the 38th Interscience Conference on Antimicrobial Agents and Chemotherapy, 
San Diego, CA, September, 1998. Abstract A-13.

 195. Sparfloxacin (Zagam®) [package insert]. Research Triangle Park, NC: Bertek Pharmaceuticals, 
February 2003.

 196. Davy M, Bird N, Rost KL, Fuder H. Lack of effect of gemifloxacin on the steady-state phar-
macodynamics of warfarin in healthy volunteers. Chemotherapy 1999;45:491–495.

 197. Washington C, Hou SY, Hughes NC, et al. Ciprofloxacin prolonged-release tablets do not affect 
warfarin pharmacokinetics and pharmacodynamics. J Clin Pharmacol 2007;47:1320–1326.

 198. Kotsiou A, Diamanti E, Potamianou A, et al. Anticoagulant-induced changes on antibiotic con-
centrations in the serum and bones. Eur J Drug Metab Pharmacokinet 2008;33:173–179.

 199. Jolson HM, Tanner LA, Green L, Grasela TH Jr. Adverse reaction reporting of interaction 
between warfarin and fluoroquinolones. Arch Intern Med 1991;151:1003,1004.

 200. Kamada A. Possible interaction between ciprofloxacin and warfarin. DICP Ann Pharmacother 
1990;24:27,28.

 201. Leor J, Matetzki S. Ofloxacin and warfarin [letter]. Ann Intern Med 1988;109:761.
 202. Linville D, Emory C, Graves L. Ciprofloxacin and warfarin interaction [letter]. Am J Med 

1991;90:765.
 203. Linnville T, Matanin D. Norfloxacin and warfarin [letter]. Ann Intern Med 1989;110:751,752.
 204. Mott FE, Murphy S, Hunt V. Ciprofloxacin and warfarin [letter]. Ann Intern Med 1989; 

1989;111:542,543.
 205. Dugoni-Kramer BM. Ciprofloxacin–warfarin interaction [letter]. DICP Ann Pharmacother 

1991;25:1397.
 206. Renzi R, Finkbeiner S. Ciprofloxacin interaction with sodium warfarin. Am J Emerg Med 

1991;9:551,552.
 207. Ravnan SL, Locke C. Levofloxacin and warfarin interaction. Pharmacotherapy 2001; 

21:884,885.
 208. Ellis RJ, Mayo MS, Bodensteiner DM. Ciprofloxacin–warfarin coagulopathy: a case series. 

Am J Hematol 2000;63:28–31.
 209. Jones CB, Fugate SE. Levofloxacin and warfarin interaction. Ann Pharmacother 

2002;36:1554–1557.
 210. Artymowicz RJ, Cino BJ, Rossi JG, Walker JL, Moore S. Possible interaction between gati-

floxacin and warfarin [letter]. Am J Health-Sys Pharm 2002;59;1205,1206.
 211. Byrd DC, Gaskins SE, Parrish AM, Freeman LB. Warfarin and ciprofloxacin interaction: case 

report and controversy. J Am Board Fam Pract 1999;12:486–488.
 212. Anonymous. Fluoroquinolones and warfarin: suspected interactions. Can Fam Physician 

2004;50:1417.
 213. Vadlamudi RS, Smalligan RD, Ismail HM. Interaction between warfarin and levofloxacin: 

case series. South Med J 2007;100:720–724.



322 D.R.P. Guay

 214. Chock AW, Stading JA. Indeterminable international normalized ratio with concurrent use of 
warfarin and gatifloxacin. Am J Health-Sys Pharm 2006;63:1539–1542.

 215. Schelleman H, Bilker WB, Brensinger CM, et al. Warfarin with fluoroquinolones, sulfon-
amides, or azole antifungals: interactions and the risk of hospitalization for gastrointestinal 
bleeding. Clin Pharmacol Ther 2008;84:581–588.

 216. Glasheen JJ, Fugit RV, Prochazka AV. The risk of overanticoagulation with antibiotic use in 
outpatients on stable warfarin regimens. J Gen Intern Med 2005;20:653–656.

 217. McCall KL, Scott JC, Anderson HG. Retrospective evaluation of a possible interaction 
between warfarin and levofloxacin. Pharmacotherapy 2005;25:67–73.

 218. Mercadal Orfila G, Gracia Garcia B, Leiva Badosa E, et al. Retrospective assessment of potential 
interaction between levofloxacin and warfarin. Pharm World Sci 2009;31:224–229.

 219. Stroud LF, Mamdami MM, Kopp A, et al. The safety of levofloxacin in elderly patients on 
warfarin. Am J Med 2005;118:1417.

 220. Fischer HD, Juurlink DN, Mamdani MM, et al. Hemorrhage during warfarin therapy associ-
ated with cotrimoxazole and other urinary tract anti-infective agents. a population-based 
study. Arch Intern Med 2010;170:617–621.

 221. Ahmed A, Stephens JC, Kauc CA, et al. Impact of preemptive warfarin dose reduction on 
anticoagulation after initiation of trimethoprim-sulfamethoxazole or levofloxacin. J Thromb 
Thrombol 2008;26:44–48.

 222. Mant T, Morrison P, Millar E. Absence of drug interaction between temafloxacin and low 
dose heparin. Clin Pharmacokinet 1992;22(suppl 1):98–101.

 223. Avent CK, Krinsky D, Kirklin JK, et al. Synergistic nephrotoxicity due to ciprofloxacin and 
cyclosporine. Am J Med 1988;85:452,453.

 224. Elston RA, Taylor J. Possible interaction of ciprofloxacin with cyclosporin A [letter]. 
J Antimicrob Chemother 1988;21:679,680.

 225. Thomson DJ, Menkis AH, McKenzie FN. Norfloxacin–cyclosporine interaction. 
Transplantation 1998;46:312,313.

 226. Nasir M, Rotellar C, Hand M, Kulczycki L, Alijani MR, Winchester JF. Interaction between 
ciclosporin and ciprofloxacin [letter]. Nephron 1991;57:245,246.

 227. McLellan R, Drobitch RK, McLellan H, Acott PD, Crocker JFS, Renton KW. Norfloxacin 
interferes with cyclosporin disposition in pediatric patients undergoing renal transplantation. 
Clin Pharmacol Ther 1995;58:322–327.

 228. Federico S, Carrano R, Capone D, et al. Pharmacokinetic interaction between levofloxacin 
and ciclosporin or tacrolimus in kidney transplant recipients: ciclosporin, tacrolimus and 
levofloxacin in renal transplantation. Clin Pharmacokinet 2006;45:169–175.

 229. Kruger HU, Schuler U, Proksch B, et al. Investigations of potential interaction between cip-
rofloxacin and cyclosporin A in patients with renal transplants. Antimicrob Agents Chemother 
1990;34:1048–1052.

 230. Lang J, de Villaine FJ, Guemi A, et al. Absence of pharmacokinetic interaction between 
pefloxacin and cyclosporin A in patients with renal transplants. Rev Infect Dis 1989; 
11(suppl 5):S1094.

 231. Lang J, de Villaine FJ, Garraffo R, Touraine J-L. Cyclosporine (cyclosporin A) pharmacoki-
netics in renal transplant patients receiving ciprofloxacin. Am J Med 1989;87(suppl 5A): 
82S–85S.

 232. Pichard L, Fabre I, Fabre G, et al. Screening for inducers and inhibitors of cytochrome P-450 
(cyclosporin A oxidase) in primary cultures of human hepatocytes and in liver microsomes. 
Drug Metab Dispos 1990;18:595–606.

 233. Robinson JA, Venezio FR, Costanzo-Nordin MR, et al. Patients receiving quinolones and 
cyclosporin after heart transplantation. J Heart Transplant 1990;9:30,31.

 234. Tan KKC, Trull AK, Shawket S. Co-administration of ciprofloxacin and cyclosporin: lack of 
evidence for a pharmacokinetic interaction. Br J Clin Pharmacol 1989;28:185–187.

 235. Hooper TL, Gould FK, Swinburn CR, et al. Ciprofloxacin: a preferred treatment for legionella 
infections in patients receiving cyclosporin A [letter]. J Antimicrob Chemother 1988;22: 
952,953.



3239 Quinolones

 236. Van Buren DH, Koestner J, Adedoyin A, et al. Effect of ciprofloxacin on cyclosporine 
 pharmacokinetics. Transplantation 1990;50:888,889.

 237. Levofloxacin. Data on file (protocol N93-059). Raritan, NJ: RW Johnson Pharmaceutical 
Research Institute.

 238. Capone D, Carrano R, Gentile A, et al. Pharmacokinetic interaction between tacrolimus and 
levofloxacin in kidney transplant recipients [abstract]. Nephrol Dial Transpl 2001; 
16:A207.

 239. Olsen SJ, Uderman HD, Kaul S, Kollia GD, Birkhofer MJ, Grasela DM. Pharmacokinetics 
(PK) of concomitantly administered gatifloxacin and digoxin. Proceedings of the 39th 
Interscience Conference on Antimicrobial Agents and Chemotherapy, San Francisco, CA, 
September, 1999. Abstract 199.

 240. Stass H, Kubitza D. Profile of moxifloxacin drug interactions. Clin Infect Dis 2001; 
32(suppl 1):S47–S50.

 241. Vouden M, Allen A, Lewis A, Ehren N. Lack of pharmacokinetic interaction between gemi-
floxacin and digoxin in healthy elderly volunteers. Chemotherapy 1999;45:485–490.

 242. Chien S-C, Rogge MC, Williams RR, Natarajan J, Wong F, Chow AT. Absence of a pharma-
cokinetic interaction between digoxin and levofloxacin. J Clin Pharm Ther 2002;27:7–12.

 243. Johnson RD, Dorr MB, Hunt TL, Conway S, Talbot GH. Pharmacokinetic interaction of 
sparfloxacin and digoxin. Clin Ther 1999;21:368–379.

 244. Vincent J, Hunt T, Teng R, Robarge L, Willavize SA, Friedman HL. The pharmacokinetic 
effects of coadministration of morphine and trovafloxacin in healthy subjects. Am J Surg 
1998;176(suppl 6A):32S–38S.

 245. Morran C, McArdle C, Pettitt L, et al. Pharmacokinetics of orally administered ciprofloxacin 
in abdominal surgery. Am J Med 1989;87(suppl 5A):86S–88S.

 246. Grant EM, Zhong MK, Fitzgerald JF, Nicolau DP, Nightingale C, Quintiliani R. Lack of 
interaction between levofloxacin and oxycodone: pharmacokinetics and drug disposition. 
J Clin Pharmacol 2001;41:206–209.

 247. Labbe L, Robitaille NM, Lefez C et al. Effects of ciprofloxacin on the stereoselective disposi-
tion of mexiletine in man. Ther Drug Monit 2004;26:492–498.

 248. Kamali F, Thomas SHL, Edwards C. The influence of steady-state ciprofloxacin on the phar-
macokinetics and pharmacodynamics of a single dose of diazepam in healthy volunteers. Eur 
J Clin Pharmacol 1993;44:365–367.

 249. Wijnands WJA, Trooster JFG, Teunissen PC, et al. Ciprofloxacin does not impair the elimina-
tion of diazepam in humans. Drug Metab Dispos 1990;18:954–957.

 250. Grasela DM, LaCreta FP, Kollia GD, Randall DM, Uderman HD. Open-label, nonrandom-
ized study of the effects of gatifloxacin on the pharmacokinetics of midazolam in healthy 
male volunteers. Pharmacotherapy 2000;20:330–335.

 251. Waite NM, Rybak MJ, Krakovsky DJ, et al. Influence of subject age on the inhibition of 
oxidative metabolism by ciprofloxacin. Antimicrob Agents Chemother 1991;35:130–134.

 252. Loi C-M, Parker BM, Cusack BJ, Vestal RE. Aging and drug interactions. III. individual and 
combined effects of cimetidine and ciprofloxacin on theophylline metabolism in healthy male 
and female nonsmokers. J Pharmacol Exp Ther 1997;280:627–637.

 253. Chandler MHH, Toler SM, Rapp RP, et al. Multiple-dose pharmacokinetics of concurrent 
oral ciprofloxacin and rifampin therapy in elderly patients. Antimicrob Agents Chemother 
1990;34:442–447.

 254. Murillo O, Pachón ME, Euba G, et al. Antagonistic effect of rifampin on the efficacy of  
high-dose levofloxacin in staphylococcal experimental foreign-body infection. Antimicrob 
Agents Chemother 2008;52:3681–3686.

 255. Bernard E, Garraffo R, Leclercq-Boscherel B, Garret C, Bidault R, Dellamonica P. Drug 
interaction between grepafloxacin (GFX) and rifampin (RIF) in healthy volunteers. 
Proceedings of the 39th Interscience Conference on Antimicrobial Agents and Chemotherapy, 
San Francisco, CA, September, 1999. Abstract 6.

 256. Schrenzel J, Dayer P, Leemann T, Weidekamm E, Portmann R, Lew DP. Influence of rifampin 
on fleroxacin pharmacokinetics. Antimicrob Agents Chemother 1993;37:2132–2138.



324 D.R.P. Guay

 257. Orisakwe OE, Agbasi PU, Afonne OJ, Ofeofule SI, Obi E, Orish CN. Rifampicin pharma-
cokinetics with and without ciprofloxacin. Am J Ther 2001;8:151–153.

 258. Orisakwe OE, Afonne OJ, Agbasi PU, Ofoefule SI. Urinary excretion of rifampicin in the 
presence of ciprofloxacin. Am J Ther 2004;11:171–174.

 259. Orisakwe OE, Akunyili DN, Agbasi PU, Ezejiofor NA. Some plasma and saliva pharmacoki-
netics parameters of rifampicin in the presence of pefloxacin. Am J Ther 2004;11:283–287.

 260. Orisakwe OE, Agbasi PU, Ofoefule SI, et al. Effect of pefloxacin on the urinary excretion of 
rifampicin. Am J Ther 2004;11:13–16.

 261. Weiner M, Burman W, Luo C-C, et al. Effects of rifampin and multidrug resistance gene 
polymorphism on concentrations of moxifloxacin. Antimicrob Agents Chemother 2007;51: 
2861–2866.

 262. Nijland HMJ, Ruslami R, Juwon Suroto A, et al. Rifampin reduces plasma concentrations of 
moxifloxacin in patients with tuberculosis. Clin Infect Dis 2007;45:1001–1007.

 263. McIlleron H, Norman J, Kanyok TP, et al. Elevated gatifloxacin and reduced rifampicin con-
centrations in a single-dose interaction study amongst healthy volunteers. J Antimicrob 
Chemother 2007;60:1398–1401.

 264. Ofoefule SI, Obodo CE, Orisakwe OE, et al. Some plasma pharmacokinetic parameters of 
isoniazid in the presence of a fluoroquinolone antibacterial agent. Am J Ther 2001;8: 
243–246.

 265. Ofoefule SI, Obodo CE, Orisakwe OE, et al. Salivary and urinary excretion and plasma saliva 
concentration ratios of isoniazid in the presence of co-administered ciprofloxacin. Am J Ther 
2002;9:15–18.

 266. Lou S, Li W, Hu Q. Influence of cefoperazone and azithromycin on the pharmacokinetics of 
pazufloxacin in rats. Eur J Drug Metab Pharmacokinet 2007;32:219–223.

 267. Abou-Auda HS, Mustafa AA, Al-Humayyd MS. Pharmacokinetic interaction of ketocon-
azole and itraconazole with ciprofloxacin. Biopharm Drug Dispos 2008;29:29–35.

 268. Issa MM, Nejem RN, El-Abadia NS. Oral ciprofloxacin affects the pharmacokinetics of par-
acetamol in saliva. Clin Drug Invest 2006;26:223–226.

 269. Issa MM, Nejem RM, El-Abadia NS, et al. Effects of paracetamol on the pharmacokinetics 
of ciprofloxacin in plasma using a microbiological assay. Clin Drug Invest 2007;27: 
463–467.

 270. Ilo CE, Ezejiofor NA, Agbakoba N, et al. Effect of chloroquine on the urinary excretion of 
ciprofloxacin. Am J Ther 2008;15:419–422.

 271. Ilo CE, Ilondu NA, Okwoli N, et al. Effect of chloroquine on the bioavailability of ciprofloxa-
cin in humans. Am J Ther 2006;13:432–435.

 272. Marcelin-Jimenez G, Angeles AP, Martinez-Rossier L, et al. Ciprofloxacin bioavailability is 
enhanced by oral co-administration with phenazopyridine: a pharmacokinetic study in a 
Mexican population. Clin Drug Invest 2006;26:323–328.

 273. Kunii T, Fukasawa T, Yasui-Furukori N, et al. Interaction study between enoxacin and fluvox-
amine. Ther Drug Monitor 2005;27:349–353.

 274. Hedaya MA, El-Afify DR, El-Maghraby GM. The effect of ciprofloxacin and clarithromycin 
on sildenafil oral bioavailability in human volunteers. Biopharm Drug Dispos 2006;27: 
103–110.

 275. Cooper JG, Harboe K, Frost SK, et al. Ciprofloxacin interacts with thyroid replacement 
therapy. BMJ 2005;330:1002.

 276. Momo K, Homma M, Kohda Y, et al. Drug interaction of tizanidine and ciprofloxacin: case 
report [letter]. Clin Pharmacol Ther 2006;80:717–719.

 277. Granfors MT, Backman JT, Neuvonen M, et al. Ciprofloxacin greatly increases concentra-
tions and hypotensive effects of tizanidine by inhibiting its cytochrome P450 1A2-mediated 
presystemic metabolism. Clin Pharmacol Ther 2004;76:598–606.

 278. Thompson JA, Bianco JA, Benyunes MC, et al. Phase Ib trial of pentoxifylline and cipro-
floxacin in patients treated with interleukin-2 and lymphokine-activated killer cell therapy for 
metastatic renal cell carcinoma. Cancer Res 1994;54:3436–3441.



3259 Quinolones

 279. Cleary JD. Ciprofloxacin (CIPRO) and pentoxifylline (PTF): a clinically significant drug 
interaction. Pharmacotherapy 1992;12:259 (abstract 106).

 280. Raoul JM, Peterson MR, Peterson TC. A novel drug interaction between the quinolone 
antibiotic ciprofloxacin and a chiral metabolite of pentoxifylline. Biochem Pharmacol 2007; 
74:639–646.

 281. Peterson TC, Peterson MR, Wornell PA, et al. Role of CYP1A2 and CYP2E1 in the pentoxi-
fylline ciprofloxacin drug interaction. Biochem Pharmacol 2004;68:395–402.

 282. Markowitz JS, Gill HS, Devane CL, Mintzer JE. Fluoroquinolone inhibition of clozapine 
metabolism [letter]. Am J Psychiatry 1997;153:881.

 283. Markowitz JS, DeVane CL. Suspected ciprofloxacin inhibition of olanzapine resulting in 
increased plasma concentration [letter]. J Clin Psychopharmacol 1999;19:289–291.

 284. Herrlin K, Segerdahl M, Gustafsson LL, Kalso E. Methadone, ciprofloxacin, and adverse 
drug reactions [letter]. Lancet 2000;356:2069,2070.

 285. Brownlowe K, Sola C. Clozapine toxicity in smoking cessation and with ciprofloxacin. 
Psychosomatics 2007;48:170–175 (letter).

 286. Sambhi RS, Puri R, Jones G. Interaction of clozapine and ciprofloxacin: a case report [letter]. 
Eur J Clin Pharmacol 2007;63:895,896.

 287. Brouwers EE, Sohne M, Kuipers S, et al. Ciprofloxacin strongly inhibits clozapine metabo-
lism: two case reports: Clin Drug Invest 2009;29:59–63.

 288. Raaska K, Neuvonen PJ. Ciprofloxacin increases serum clozapine and N-desmethylclozapine: 
a study in patients with schizophrenia. Eur J Clin Pharmacol 2000;56:585–589.

 289. Dalle J-H, Auvrignon A, Vassal G, Leverger G. Interaction between methotrexate and cipro-
floxacin. J Pediatr Hematol Oncol 2002;24:321,322.

 290. Takahashi H, Higuchi H, Shimizu T. Severe lithium toxicity induced by combined levofloxa-
cin administration [letter]. J Clin Psychiatry 2000;61:321,322.

 291. Scholten PC, Droppert RM, Zwinkels MGJ, Moesker HL, Nauta JJP, Hoepelman IM. No 
interaction between ciprofloxacin and an oral contraceptive. Antimicrob Agents Chemother 
1998;42:3266–3268.

 292. Chien SC, Chow AT, Rogge MC, Williams RR, Hendrix CW. Pharmacokinetics and safety of 
oral levofloxacin in human immunodeficiency virus-infected individuals receiving concomi-
tant zidovudine. Antimicrob Agents Chemother 1997;41:1765–1769.

 293. Villani P, Viale P, Signorini L, et al. Pharmacokinetic evaluation of oral levofloxacin in human 
immunodeficiency virus-infected subjects receiving concomitant antiretroviral therapy. 
Antimicrob Agents Chemother 2001;45:2160–2162.

 294. Kamali F. No influence of ciprofloxacin on ethanol disposition. Eur J Clin Pharmacol 
1994;47:71–74.

 295. Tillonen J, Homann N, Rautio M, Jousimies-Somer H, Salaspuro M. Ciprofloxacin decreases 
the rate of ethanol elimination in humans. Gut 1999;44:347–352.

 296. Jokinen MJ, Olkkola KT, Ahonen J, Neuvonen PJ. Effect of ciprofloxacin on the pharmacoki-
netics of ropivacaine. Eur J Clin Pharmacol 2003;58:653–657.

 297. Isohanni MH, Ahonen J, Neuvonen PJ, et al. Effect of ciprofloxin on the pharmacokinetics of 
intravenous lidocaine. Eur J Anaesthesiol 2005;22:795–799.

 298. Springuel P. Risk of seizures from concomitant use of ciprofloxacin and phenytoin in patients 
with epilepsy. CMAJ 1998;158:104,105.

 299. Hull RL. Possible phenytoin–ciprofloxacin interaction [letter]. Ann Pharmacother 1993;27:1283.
 300. Pollak PT, Slayter KL. Hazards of doubling phenytoin dose in the face of an unrecognized 

interaction with ciprofloxacin. Ann Pharmacother 1997;31:61–64.
 301. Dillard ML, Fink RM, Parkerson R. Ciprofloxacin–phenytoin interaction [letter]. Ann 

Pharmacother 1992;26:263.
 302. Brouwers PJ, DeBoer LE, Guchelaar H-J. Ciprofloxacin–phenytoin interaction [letter]. Ann 

Pharmacother 1997;31:498.
 303. Otero M-J, Moran D, Valverde M-P, Dominguez-Gil A. Interaction between phenytoin and 

ciprofloxacin [letter]. Ann Pharmacother 1999;33:251,252.



326 D.R.P. Guay

 304. Job ML, Arn SK, Strom JG, Jacobs NF, D’Souza MJ. Effect of ciprofloxacin on the pharmacoki-
netics of multiple-dose phenytoin serum concentrations. Ther Drug Monitor 1994;16:427–431.

 305. Davis RL, Quenzer RW, Kelly HW, Powell JR. Effect of the addition of ciprofloxacin on 
theophylline pharmacokinetics in subjects inhibited by cimetidine. Ann Pharmcother 
1992;26:11–13.

 306. Gillum JG, Israel DS, Scott RB, Climo MW, Polk RE. Effect of combination therapy with 
ciprofloxacin and clarithromycin on theophylline pharmacokinetics in healthy volunteers. 
Antimicrob Agents Chemother 1996;40:1715,1716.

 307. Loi C-M, Parker BM, Cusack BJ, Vestal RE. Individual and combined effects of cimetidine 
and ciprofloxacin on theophylline metabolism in male nonsmokers. Br J Clin Pharmacol 
1993;36:195–200.

 308. Pavithra BH, Prakash N, Jayakumar K. Modification of pharmacokinetics of norfloxacin fol-
lowing oral administration of curcumin in rabbits. J Vet Sci 2009;10:293–297.

 309. Hasegawa T, Nadai M, Kuzuya T, et al. The possible mechanism of interaction between xan-
thines and quinolone. J Pharm Pharmacol 1990;42:767–772.

 310. Fuhr U, Strobl G, Manaut F, et al. Quinolone antibacterial agents: relationship between 
structure and in vitro inhibition of the human cytochrome P-450 isoform CYP1A2. Mol 
Pharmacol 1993;43:191–199.

 311. Fuhr U, Anders E-M, Mahr G, Sorgel F, Staib AH. Inhibitory potency of quinolone antibacte-
rial agents against cytochrome P-450 1A2 activity in vivo and in vitro. Antimicrob Agents 
Chemother 1992;36:942–948.

 312. Sarkar M, Polk RE, Guzelian PS, Hunt C, Karnes HT. In vitro effect of fluoroquinolones on 
theophylline metabolism in human liver microsomes. Antimicrob Agents Chemother 
1990;34:594–599.

 313. Zhang h, Wei M-j, Zhao C-y, et al. Determination of the inhibiting potential of 6 fluoroquino-
lones on CYP1AZ and CYP1C9 in human liver microsomes. Acta Pharmacol Sin 2008; 29: 
1507–1514.

 314. Wingender W, Beerman D, Foerster D, et al. Mechanism of renal excretion of ciprofloxacin, a 
new quinolone carboxylic acid derivative in humans. Chemioterapia 1985;4(suppl2):403,404.

 315. Levofloxacin. Data on file (protocol HR355/1/GB/101). Raritan, NJ: RW Johnson 
Pharmaceutical Research Institute.

 316. Shimada J, Yamaji T, Ueda Y, Uchida H, Kusajima H, Irikura T. Mechanism of renal excre-
tion of AM-715, a new quinolone carboxylic acid derivative, in rabbits, dogs, and humans. 
Antimicrob Agents Chemother 1983;23:1–7.

 317. Jaehde U, Sorgel F, Reiter A, Sigl G, Naber KG, Schunack W. Effect of probenecid on the 
distribution and elimination of ciprofloxacin in humans. Clin Pharmacol Ther 1995; 
58:532–541.

 318. Nakashima M, Uematsu T, Kosuge K, et al. Single- and multiple-dose pharmacokinetics of 
AM-1155, a new 6-fluoro-8-methoxy quinolone, in humans. Antimicrob Agents Chemother 
1995;39:2635–2640.

 319. Totsuka K, Kikuchi K, Shimizu K. Pharmacokinetics in concomitant administration with 
probenecid and clinical study of NM441. Jap J Chemother 1996; 44(suppl 1):279–288.

 320. Stass H, Sachse R. Effect of probenecid on the kinetics of a single oral 400 mg dose of moxi-
floxacin in healthy volunteers. Clin Pharmacokinet 2001;40(suppl 1):71–76.

 321. Sudoh T, Fujimura A, Shiga T, et al. Renal clearance of lomefloxacin is decreased by furo-
semide. Eur J Clin Pharmacol 1994;46:267–269.

 322. Sudoh T, Fujimura A, Harada K, Sunaga K, Ohmori M, Sakamoto K. Effect of ranitidine on 
renal clearance of lomefloxacin. Eur J Clin Pharmacol 1996;51:95–98.

 323. Okuda M, Kimura N, Inui K. Interactions of fluoroquinolone antibacterials, DX-619 and 
levofloxacin, with creatinine transport by renal organic cation transporter hOCT2. Drug 
Metab Pharmacokinet 2006;21:432–436.

 324. Shimizu A, Miyoshi M, Sugie M, et al. Possible involvement of P-glycoprotein in renal 
excretion of pazufloxacin in rats. Eur J Pharmacol 2004;501:151–159.



3279 Quinolones

 325. Hu JH, Liu XD, Xie L, et al. Possible multiple transporters were involved in hepatobiliary 
excretion of antofloxacin in rats. Xenobiotica 2007;37:579–591.

 326. Martin DE, Shen J, Griener J, Raasch R, Patterson JH, Cascio W. Effects of ofloxacin on 
the pharmacokinetics and pharmacodynamics of procainamide. J Clin Pharmacol 1996;36: 
85–91.

 327. Bauer LA, Black DJ, Lill JS, et al. Levofloxacin and ciprofloxacin decrease procainamide 
and N-acetylprocainamide renal clearances. Antimicrob Agents Chemother 2005;49: 
1649–1651.

 328. Van Wart S, Phillips L, Ludwig EA, et al. Population pharmacokinetics and pharmacodynam-
ics of garenoxacin in patients with community-acquired respiratory tract infections. 
Antimicrob Agents Chemother 2004;48:4766–4777.

 329. Christ W. Central nervous system toxicity of quinolones: human and animal findings. 
J Antimicrob Chemother 1990;26(suppl B):219–225.

 330. Anastasio GD, Menscer D, Little JM Jr. Norfloxacin and seizures [letter]. Ann Intern Med 
1988;109:169,170.

 331. Lucet J-C, Tilly H, Lerebours G, Gres J-J, Piguet H. Neurological toxicity related to pefloxa-
cin [letter]. J Antimicrob Chemother 1988;21:811,812.

 332. Rollof J, Vinge E. Neurologic adverse effects during concomitant treatment with 
ciprofloxacin, NSAIDs, and chloroquine: possible drug interaction. Ann Pharmacother 
1993;27:1058,1059.

 333. Slavich IL, Gleffe RF, Haas EJ. Grand mal epileptic seizures during ciprofloxacin therapy 
[letter]. JAMA 1989;261:558,559.

 334. Simpson KJ, Brodie MJ. Convulsions related to enoxacin [letter]. Lancet 1985;2:161.
 335. Rumsey S, Wilkinson TJ, Scott SD. Ciprofloxacin-induced seizures—the need for increased 

vigilance. Aust J Hosp Pharm 1995;25:145–147.
 336. Yamamoto K, Naitoh Y, Inoue Y, et al. Seizure discharges induced by the combination of new 

quinolone carboxylic acid drugs and non-steroidal anti-inflammatory drugs. Chemotherapy 
1988;36(suppl 2):300–324.

 337. Bellon A, Perez-Garcia G, Coverdale JH, et al. Seizures associated with levofloxacin: case 
presentation and literature review. Eur J Clin Pharmacol 2009;65:959–962.

 338. Agbaht K, Bitik B, Piskinpasa S, et al. Ciprofloxacin-associated seizures in a patient with 
underlying thyrotoxicosis: case report and literature review. Int J Clin Pharmacol Ther 2009; 
47:303–310.

 339. Matsuno K, Kunihiro E, Yamatoya O, et al. Surveillance of adverse reactions due to cipro-
floxacin in Japan. Drugs 1995;49:(suppl 2):495,496.

 340. Naora K, Katagiri Y, Ichikawa N, Hayashibara M, Iwamoto K. Enhanced entry of ciprofloxa-
cin into the rat central nervous system induced by fenbufen. J Pharmacol Exp Ther 
1991;258:1033–1037.

 341. Ichikawa N, Naora K, Hayashibara M, Katagiri Y, Iwamoto K. Effect of fenbufen on the entry 
of new quinolones, norfloxacin and ofloxacin, into the central nervous system in rats. J Pharm 
Pharmacol 1992;44:915–920.

 342. Naora K, Katagiri Y, Iwamoto K, Tanaka K, Yamaguchi T, Sekine Y. Effect of fenbufen on 
the pharmacokinetics of sparfloxacin in rats. J Antimicrob Chemother 1992;30:673–683.

 343. Naora K, Katagiri Y, Ichikawa N, Hayashibara M, Iwamoto K. A possible reduction in 
the renal clearance of ciprofloxacin by fenbufen in rats. J Pharm Pharmacol 1990;42: 
704–707.

 344. Katagiri Y, Naora K, Ichikawa N, Hayashibara M, Iwamoto K. Absence of pharmacokinetic 
interaction between ofloxacin and fenbufen in rats. J Pharm Pharmacol 1989;41:717–719.

 345. Naora K, Katagiri Y, Ichikawa N, Hayashibara M, Iwamoto K. A minor possibility of  
pharmacokinetic interaction between enoxacin and fenbufen in rats. J Pharmacobiodyn 
1990;13:90–96.

 346. Kamali F. Lack of a pharmacokinetic interaction between ciprofloxacin and fenbufen. J Clin 
Pharm Ther 1994;19:257–259.



328 D.R.P. Guay

 347. Fillastre JP, Leroy A, Borsa-Lebas F, Etienne I, Gy C, Humbert G. Lack of effect of ketoprofen 
on the pharmacokinetics of pefloxacin and ofloxacin [letter]. J Antimicrob Chemother 
1993;31:805,806.

 348. Fillastre JP, Leroy A, Borsa-Lebas F, Etienne I, Gy C, Humbert G. Effects of ketoprofen 
(NSAID) on the pharmacokinetics of pefloxacin and ofloxacin in healthy volunteers. Drugs 
Exp Clin Res 1992;18:487–492.

 349. Iqbal Z, Khan A, Naz A, et al. Pharmacokinetic interaction of ciprofloxacin with diclofenac: 
a single-dose, two-period crossover study in healthy adult volunteers. Clin Drug Invest 2009; 
29:275–281.

 350. Halliwell RF, Lambert JJ, Davey PG. Actions of quinolones and nonsteroidal anti-inflamma-
tory drugs on g-aminobutyric acid currents of rat dorsal root ganglion neurons. Rev Infect Dis 
1989;11(suppl 5):S1398,S1399.

 351. Halliwell RF, Davey PG, Lambert JJ. The effects of quinolones and NSAIDs upon GABA-
evoked currents recorded from rat dorsal root ganglion neurones. J Antimicrob Chemother 
1991;27:209–218.

 352. Akahane K, Sekiguchi M, Une T, Osada Y. Structure-epileptogenicity relationship of quino-
lones with special reference to their interaction with g-aminobutyric acid receptor sites. 
Antimicrob Agents Chemother 1989;33:1704–1708.

 353. Segev S, Rehavi M, Rubinstein E. Quinolones, theophylline, and diclofenac interactions with 
the g-aminobutyric acid receptor. Antimicrob Agents Chemother 1988;32:1624–1626.

 354. Hori S, Shimada J, Saito A, Matsuda M, Miyahara T. Comparison of the inhibitory effects of 
new quinolones on g-aminobutyric acid receptor binding in the presence of antiinflammatory 
drugs. Rev Infect Dis 1989;11(suppl 5):S1397,S1398.

 355. Motomura M, Kataoka Y, Takeo G, et al. Hippocampus and frontal cortex are the potential 
mediatory sites for convulsions induced by new quinolones and non-steroidal anti-
 inflammatory drugs. Int J Clin Pharmacol Ther Toxicol 1991;29:223–227.

 356. Kawakami J, Shimokawa M, Yamamoto K, et al. Inhibition of GABAA receptor-mediated 
current responses by enoxacin (new quinolone) and felbinac (non-steroidal antiinflammatory 
drug) in Xenopus oocytes injected with mouse-brain messenger RNA. Biol Pharm Bull 
1993;16:726–728.

 357. Christ W, Gindler K, Gruene S, et al. Interactions of quinolones with opioids and fenbufen, a 
nonsteroidal antiinflammatory drug: involvement of dopaminergic neurotransmission. Rev 
Infect Dis 1989;11(suppl 5):S1393,S1394.

 358. Kawakami J, Yamamoto K, Asanuma A, Yanagisawa K, Sawada Y, Iga T. Inhibitory effect of 
new quinolones on GABAA receptor-mediated response and its potentiation with felbinac in 
Xenopus oocytes injected with mouse-brain mRNA: correlation with convulsive potency 
in vivo. Toxicol Appl Pharmacol 1997;145:246–254.

 359. Imanishi T, Akahane K, Akaike N. Attenuated inhibition by levofloxacin, l-isomer of ofloxa-
cin, on GABA response in the dissociated rat hippocampal neurons. Neurosci Lett 
1995;193:81–84.

 360. Akahane K, Tsutomi Y, Kimura Y, Kitano Y. Levofloxacin, an optical isomer of ofloxacin, 
has attenuated epileptogenic activity in mice and inhibitory potency in GABA receptor bind-
ing. Chemotherapy 1994;40:412–417.

 361. Yakushiji T, Shirasaki T, Akaike N. Non-competitive inhibition of GABAA responses by a 
new class of quinolones and non-steroidal anti-inflammatories in dissociated frog sensory 
neurones. Br J Pharmacol 1992;105:13–18.

 362. Kim J, Ohtani H, Tsujimoto M, at al. Quantitative comparison of the convulsive activity of 
combinations of twelve fluoroquinolones with five nonsteroidal antiinflammatory agents. 
Drug Metab Pharmacokinet 2009;24:167–174.

 363. Halliwell RF, Davey PG, Lambert JJ. A patch clamp study of the effects of ciprofloxacin and 
biphenyl acetic acid on rat hippocampal neurone GABAA and ionotropic glutamate recep-
tors. Neuropharmacology 1995;34:1615–1624.

 364. Tsuji A, Sato H, Okezaki E, Nagata O, Kato H. Effect of the anti-inflammatory agent fen-
bufen on the quinolone-induced inhibition of g − aminobutyric acid binding to rat brain mem-
branes in vitro. Biochem Pharmacol 1988;37:4408–4411.



3299 Quinolones

 365. Ito T, Miura Y, Kadokawa T, Hori S, Shimada J, Migahara T. Effects of enoxacin and its 
combination with 4-biphenylacetate, an active metabolite of fenbufen, on population spikes 
in rat hippocampal slices. Pharmacol Toxicol 1991;68:220–225.

 366. Ito Y, Ishige K, Aizawa M, Fukuda H. Characterization of quinolone antibacterial-induced 
convulsions and increases in nuclear AP-1 DNA- and CRE-binding activities in mouse brain. 
Neuropharmacology 1999;38:717–723.

 367. Marchand S, Pariat C, Bouquet S, Courtois P, Couet W. Pharmacokinetic-pharmacodynamic 
modelling of the convulsant interaction between norfloxacin and biphenyl acetic acid in rats. 
Br J Pharmacol 2000;129:1609–1616.

 368. Marchand S, Pariat C, Boulanger A, Bouquet S, Couet W. A pharmacokinetic/
pharmacodynamic approach to show that not all fluoroquinolones exhibit similar sensitivity 
toward the proconvulsant effect of biphenyl acetic acid in rats. J Antimicrob Chemother 
2001;48:813–820.

 369. Smolders I, Gousseau C, Marchand S, Couet W, Ebinger G, Michotte Y. Convulsant and 
subconvulsant doses of norfloxacin in the presence and absence of biphenylacetic acid alter 
extracellular hippocampal glutamate but not gamma-aminobutyric acid levels in conscious 
rats. Antimicrob Agents Chemother 2002;46:471–477.

 370. Kohno K, Niwa M, Nozaki M, et al. Role of nitric oxide in the convulsive seizures induced by 
fluoroquinolones coadministered with 4-biphenylacetic acid. Gen Pharmacol 1997;29:767–770.

 371. Masukawa T, Nakanishi K, Natsuki R, et al. Role of nitric oxide in the convulsions following 
the coadministration of enoxacin with fenbufen in mice. Jpn J Pharmacol 1998;76:425–429.

 372. Jaillon P, Morganroth J, Brumpt I, Talbot G. Overview of electrocardiographic and cardiovas-
cular safety for sparfloxacin. Sparfloxacin Safety Group. J Antimicrob Chemother 
1996;37(suppl A):161–167.

 373. Demolis JL, Charransol A, Funck-Bretano C, Jaillon P. Effects of a single oral dose of sparfloxa-
cin on ventricular repolarization in healthy volunteers. Br J Clin Pharmacol 1996;41:499–503.

 374. Morganroth J, Talbot GH, Dorr MB, Johnson RD, Geary W, Magner D. Effect of single 
ascending, supratherapeutic doses of sparfloxacin on cardiac repolarization (QTc interval). 
Clin Ther 1999;21:818–828.

 375. Lipsky BA, Baker CA. Fluoroquinolone toxicity profiles: a review focusing on newer agents. 
Clin Infect Dis 1999;28:352–364.

 376. Lode H, Vogel F, Elies W. Grepafloxacin: a review of its safety profile based on clinical trials 
and postmarketing surveillance. Clin Ther 1999;21:61–74.

 377. Springsklee M, Reiter C, Meyer JM. Safety and tolerability profile of moxifloxacin. 
Proceedings of the 13th European Congress of Clinical Microbiology and Infectious Diseases, 
Berlin, Germany, March, 1999. Abstract P-0208.

 378. Frothingham R. Rates of torsades de pointes associated with ciprofloxacin, ofloxacin, levo-
floxacin, gatifloxacin, and moxifloxacin. Pharmacotherapy 2001;21:1468–1472.

 379. Samaha FF. QTC interval prolongation and polymorphic ventricular tachycardia in associa-
tion with levofloxacin [letter]. Am J Med 1999;107:528,529.

 380. Owens RC Jr, Ambrose PG. Torsades de pointes associated with fluoroquinolones. 
Pharmacotherapy 2002;22:663–672.

 381. Bertino JS Jr, Owens RC Jr, Carnes TD, Iannini PB. Gatifloxacin-associated corrected QT 
interval prolongation, torsades de pointes, and ventricular fibrillation in patients with known 
risk factors. Clin Infect Dis 2002;34:861–863.

 382. Amankwa K, Krishnan SC, Tisdale JE. Torsades de pointes associated with fluoroquinolones: 
importance of concomitant risk factors. Clin Pharmacol Ther 2004;75:242–247.

 383. Nair MK, Patel K, Starer PJ. Ciprofloxacin-induced torsades de pointes in a methadone- 
dependent patient. Addiction 2008;103:2062–2064.

 384. Keivanidou A, Arnaoutoglou C, Krommydas A, et al. Ciprofloxacin induced acquired long QT 
syndrome in a patient under class III antiarrhythmic therapy. Cardiol J 2009;16:172–174.

 385. Knorr JP, Moshfeghi M, Sokoloski MC. Ciprofloxacin-induced Q-T interval prolongation. 
Am J Health-Syst Pharm 2008;65:547–551.

 386. Altin T, Ozcan O, Turhan S, et al. Torsade de pointes associated with moxifloxacin: a rare but 
potentially fatal adverse event. Can J Cardiol 2007,23:907,908.



330 D.R.P. Guay

 387. Kazmierczak J, Peregud-Pogorzelska M, Rzeuski R. QT interval prolongation and torsades 
de pointes due to a coadministration of ciprofloxacin and azimilide in a patient with implant-
able cardioverter-defibrillator. Pacing Clin Electrophysiol 2007;30:1043–1046.

 388. Dupont H, Timsit JF, Souweine B, et al. Torsades de pointes probably related to sparfloxacin 
[letter]. Eur J Clin Microbiol Infect Dis 1996;15:350,351.

 389. Nykamp DL, Blackmon CL, Schmidt PE, et al. QTc prolongation associated with combination 
therapy of levofloxacin, imipramine, and fluoxetine. Ann Pharmacother 2005;39:543–546.

 390. Letsas KP, Sideris A, Kounas SP, et al. Drug-induced QT interval prolongation after ciprofloxa-
cin administration in a patient receiving olanzapine [letter]. Int J Cardiol 2006;109:273,274.

 391. Paltoo B, O’Donoghue S, Mousavi MS. Levofloxacin induced polymorphic ventricular 
tachycardia with normal QT interval. Pacing Clin Electrophysiol 2001;24:895–897.

 392. Zambon A, Polo Friz H, Contiero P, et al. Effect of macrolide and fluoroquinolone 
antibacterials on the risk of ventricular arrhythmia and cardiac arrest: an observational study 
in Italy using case-control, case-crossover and case-time-control designs. Drug Safety 2009; 
32:159–167.

 393. Paran Y, Mashav N, Henis O, et al. Drug-induced torsades de pointes in patients aged 80 years 
or more. Anagolu Kardiyol Derg 2008;8:260–265.

 394. Kang J, Wang L, Chen XL, Triggle DJ, Rampe D. Interactions of a series of fluoroquinolone 
antibacterial drugs with the human cardiac K + channel HERG. Mol Pharmacol 
2001;59:122–126.

 395. Anderson ME, Mazur A, Yang T, Roden DM. Potassium current antagonist properties and 
proarrhythmic consequences of quinolone antibiotics. J Pharmacol Exp Ther 2001; 
296:806–810.

 396. Hagiwara T, Satoh S, Kasai Y, Takasuna K. A comparative study of the fluoroquinolone anti-
bacterial agents on the action potential duration in guinea pig ventricular myocardia. Jpn J 
Pharmacol 2001;87:231–234.

 397. Bischoff U, Schmidt C, Netzer R, Pongs O. Effects of fluoroquinolones on HERG currents. 
Eur J Pharmacol 2000;406:341–343.

 398. Patmore L, Fraser S, Mair D, Templeton A. Effects of sparfloxacin, grepafloxacin, moxifloxacin, 
and ciprofloxacin on cardiac action potential duration. Eur J Pharmacol 2000;406:449–452.

 399. Lacroix P, Crumb WJ, Durando L, et al. Prulifloxacin: in vitro (HERG current) and in vivo 
(conscious dog) assessment of cardiac risk. Eur J Pharmacol 2003;477:69–72.

 400. Akita M, Shibazaki Y, Izumi M, et al. Comparative assessment of prulifloxacin, sparfloxacin, 
gatifloxacin, and levofloxacin in the rabbit model of proarrhythmia. J Toxicol Sci 2004; 
29:63–71.

 401. Satoh Y, Sugiyama A, Chiba K, Tamura K, Hashimoto K. QT-prolonging effects of sparfloxa-
cin, a fluoroquinolone antibiotic, assessed in the in vivo canine model with monophasic 
action potential monitoring. J Cardiovasc Pharmacol 2000;36:510–515.

 402. Chiba K, Sugiyama A, Satoh Y, Shiina H, Hashimoto K. Proarrhythmic effects of fluoroqui-
nolone antibacterial agents: in vivo effects as physiologic substrate for torsades. Toxicol Appl 
Pharmacol 2000;169:8–16.

 403. Morganroth J, Hunt T, Dorr MB, Magner D, Talbot GH. The cardiac pharmacodynamics of 
therapeutic doses of sparfloxacin. Clin Ther 1999;21:1171–1181.

 404. Morganroth J, Hunt T, Dorr MB, Magner D, Talbot GH. The effect of terfenadine on the 
cardiac pharmacodynamics of sparfloxacin. Clin Ther 1999;21:1514–1524.

 405. Iannini PB, Doddamani S, Byazrova E, Curciumara I, Kramer H. Risk of torsades de pointes 
with non-cardiac drugs. prolongation of QT interval is probably a class effect of fluoroquino-
lones [letter]. BMJ 2001;322:46,47.

 406. Demolis JL, Kubitza D, Tenneze L, Funck-Brentano C. Effect of a single oral dose of moxi-
floxacin (400 mg and 800 mg) on ventricular repolarization in healthy subjects. Clin 
Pharmacol Ther 2000;68:658–666.

 407. Noel GJ, Goodman DB, Chien S, Solanki B, Padmanabhan M, Natarajan J. Measuring the 
effects of supratherapeutic doses of levofloxacin on healthy volunteers using four methods of QT 
correction and periodic and continuous ECG recordings. J Clin Pharmacol 2004;44:464–473.



3319 Quinolones

 408. Noel GJ, Natarajan J, Chien S, Hunt TL, Goodman DB, Abels R. Effects of three fluoroqui-
nolones on QT interval in healthy adults after single doses. Clin Pharmacol Ther 2003;73: 
292–303.

 409. Doig JC. Drug-induced cardiac arrhythmias: incidence, prevention and management. Drug 
Safety 1997;17:265–275.

 410. Roden DM. A practical approach to torsades de pointes. Clin Cardiol 1997;20:285–290.
 411. Janeira LF. Torsades de pointes and long QT syndromes. Clin Fam Phys 1995;52:1447–1453.
 412. Yu C-C, Kelly PA, Burckart GJ, Zeevi A. Sirolimus inhibition of lymphocyte proliferation is 

not antagonized by ciprofloxacin and other quinolone antibiotics. Transplant Proc 
2001;33:2989–2991.

 413. Kelly PA, Burckart GJ, Anderson D, Shapiro R, Zeevi A. Ciprofloxacin does not block the 
antiproliferative effect of tacrolimus [letter]. Transplantation 1997;63:172,173.

 414. Garbel SM, Pound MW, Miller SM. Hypoglycemia associated with the use of levofloxacin. 
Am J Health-Sys Pharm 2009;66:1014–1019.

 415. Roberge RJ, Kaplan R, Frank R, Fore C. Glyburide–ciprofloxacin interaction with resistant 
hypoglycemia. Ann Emerg Med 2000;36:160–163.

 416. Lin G, Hays DP, Spillane L. Refractory hypoglycemia from ciprofloxacin and glyburide 
interaction. J Toxicol Clin Toxicol 2004;42:295–297.

 417. Menzies DJ, Dorsainvil PA, Cunha BA, Johnson DH. Severe and persistent hypoglycemia 
due to gatifloxacin interaction with oral hypoglycemic agents. Am J Med 2002;113: 
232–234.

 418. LeBlanc M, Belanger C, Cossette P. Severe and resistant hypoglycemia associated with con-
comitant gatifloxacin and glyburide therapy. Pharmacotherapy 2004;24:926–931.

 419. Bobba RK, Arsura EL. Hyperglycemia in an elderly diabetic patient: drug-drug or drug- 
disease interaction? [letter] South Med J 2006;99:94,95.

 420. Khovidhunkit W, Sunthornyothin S. Hypoglycemia, hyperglycemia, and gatifloxacin. Ann 
Intern Med 2004;141:969.

 421. Happe MR, Mulhall BP, Maydonovitch CL, Holtzmuller KC. Gatifloxacin-induced hyperg-
lycemia. Ann Intern Med 2004;141:968,969.

 422. Tequin® (gatifloxacin) package insert. Princeton, NJ: Bristol Myers-Squibb, October 2002.
 423. Frothingham R. Glucose homeostasis abnormalities associated with the use of gatifloxacin. 

Clin Infect Dis 2005;41:1269–1276.
 424. Park-Wyllie LY, Juurlink DN, Kopp A, et al. Outpatient gatifloxacin therapy and dysglycemia 

in older adults. N Engl J Med 2006;354:1352–1361.
 425. Aspinall SL, Good CB, Jiang R, et al. Severe dysglycemia with fluoroquinolones: a class 

effect? Clin Infect Dis 2009;49:402–408.
 426. Onyenwenyi AJ, Winterstein AG, Hatton RC. An evaluation of the effects of gatifloxacin on 

glucose homeostasis. Pharm World Sci 2008;30:544–549.
 427. Grasela D, Lacreta F, Kollia G, Randall D, Stoltz R, Berger S. Lack of effect of multipledose 

gatifloxacin (GAT) on oral glucose tolerance (OGTT), glucose and insulin homeostasis, and 
glyburide pharmacokinetics (PK) in patients with type II non-insulin-dependent diabetes 
mellitus (NIDDM). Proceedings of the 39th Interscience Conference on Antimicrobial 
Agents and Chemotherapy, San Francisco, CA, September, 1999. Abstract 196.

 428. Zheng HX, Huang Y, Frassetto LA, et al. Elucidating rifampin’s inducing and inhibiting 
effects on glyburide pharmacokinetics and blood glucose in healthy volunteers: unmasking 
the differential effects of enzyme induction and transporter inhibition for a drug and its pri-
mary metabolite. Clin Pharmacol Ther 2009;85:78–85.

 429. Gajjar DA, LaCreta FP, Uderman HD, et al. A dose-escalation study of the safety, tolerability, 
and pharmacokinetics of intravenous gatifloxacin in healthy adult men. Pharmacotherapy 
2000;20(6 pt 2):49S–58S.

 430. Gajjar DA, LaCreta FP, Kollia GD, et al. Effect of multiple-dose gatifloxacin or ciprofloxa-
cin on glucose homeostasis and insulin production in patients with noninsulin dependent 
diabetes mellitus maintained with diet and exercise. Pharmacotherapy 2000;20(6 pt. 2): 
76S–86S.



332 D.R.P. Guay

 431. Bristol-Myers Squibb. Dear Healthcare Provider Letter. February 15, 2006. Available at http://
www.fda.gov/Safety/MedWatch/SafetyInformation/SafetyAlertsforHumanMedicalProducts/
ucm.150760.htm (accessed 8/10/10).

 432. FDA. Determination that Tequin (gatifloxacin) was withdrawn from sale for reasons of safety 
or effectiveness. Fed Reg 2008;73:52357,52358.

 433. Trissel LA. Handbook on Injectable Drugs. 14th ed. Bethesda, MD: American Society of 
Health-System Pharmacists, 2007.

 434. Szentmary N, Kraszni M, Nagy ZZ. Interaction of indomethacin and ciprofloxacin in the 
cornea following phototherapeutic keratectomy. Graefes Arch Clin Exp Ophthalmol 
2004;242:614–616.



333S.C. Piscitelli et al. (eds.), Drug Interactions in Infectious Diseases, Infectious Disease,
DOI 10.1007/978-1-61779-213-7_10, © Springer Science+Business Media, LLC 2011

Abstract Due to increasing resistance in Gram-positive organisms, use of glyco-
peptides, lipopeptides, and lipoglycopeptides will steadily increase. These three 
classes of drugs are primarily renally eliminated; therefore, CYP 450 interactions 
are not of concern. Daptomycin, the only agent in the class of lipopeptides, should 
be closely monitored with other drugs that are likely to cause muscle damage, espe-
cially HMG CoA reductase inhibitors, due to adverse events related to increases in 
creatinine phosphokinase levels, a marker of muscle injury. The newest class, 
 lipoglycopeptides, includes three agents: telavancin, oritavancin, and dalbavancin. 
Telavancin, the only agent of this class approved in the United States, is known to 
affect the QT

c
 interval and should be used cautiously with other agents known 

to have similar effects. Drug interactions with the glycopeptide, vancomycin, are 
likely to involve other renally eliminated drugs; renal function should be closely 
monitored when vancomycin, daptomycin, or telavancin is prescribed concurrently 
with other nephrotoxic agents. As use of these lipoglycopeptides increases, more 
information regarding possible drug interactions will be available to clinicians.

10.1  Introduction

While glycopeptide antibiotics have been available in practice for over 50 years, 
lipopetides and lipoglycopeptide antibiotics are relatively new. Vancomycin is the 
only glycopeptide antibiotic currently available in the U.S.A. Teicoplanin is  a 
glycopeptide that is only available in Europe and will not be discussed in this chapter. 
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However, teicoplanin does not have any significant drug-drug interactions. 
Daptomycin is the only available lipopeptide and telavancin, a lipoglycopeptide 
was approved by the Food and Drug Administration in 2009 [1]. Oritavancin and 
dalbavancin are lipoglycopeptides awaiting governmental approval. Both dalbavan-
cin and oritavancin have a serum half-life profile quite different than currently avail-
able products  (150–300 h vs. 6–12 h) and a typical course of therapy with these new 
agents would be ~2 doses of drug [1]. Possible adverse reaction with having a half-
life of this magnitude would be of significant concern should oritavancin and/or 
dalbavancin be marketed.

While these three antibiotic classes are chemically different there are many simi-
larities among these compounds. The drugs tend to be large molecules which limits 
or delays antibiotic penetration to various sites in the body [2–4]. This large molec-
ular weight (Table 10.1) also contributes to a low bioavailability when these com-
pounds are administered orally. All of these compounds with the exception of 
vancomycin are extensively protein bound (>90%, Table 10.1) leaving but a small 
free fraction of antibiotic that can cross biological barriers and interact with bacteria 
[2, 3]. High levels of protein binding can be theoretically associated with drug-drug 
binding displacement interactions. However, clinically significant protein binding 
displacement has not been reported with these compounds. The kidneys are primar-
ily responsible for the elimination of these three classes of antibiotics [2–4] 
(Table 10.1). Thus adjustments in dose are warranted when age related or biologic 
induced renal dysfunction is present. Many of these agents have been associated 
with nephrotoxicity directly or when used in conjunction with other nephrotoxic 
agents such as aminoglycosides, non-steroidal anti-inflammatory agents, ACE 
inhibitors, loop diuretics, etc. (Table 10.2). Because these agents are primarily 
renally eliminated there is generally modest concerns with the need for dose adjust-
ment in liver failure, liver enzyme induction, or drug-drug interactions associated 
with CYP liver enzyme metabolism. Another common concern among glyco/lipo/
lipoglyco class members is the possibility of infusion reactions, the so-called red 
man or red neck syndrome (Table 10.2).

As with all class compounds, differences do exist with respect to individual 
 pharmacokinetic parameters particularly in terms of the length of half-live and the 
size of distribution volume (Table 10.1). Generally speaking however, these three 

Table 10.1 Pharmacokinetic properties of vancomycin, daptomycin, and telavancin

Vancomycin Daptomycin Telavancin

Class Glycopeptide Lipopeptide Lipoglycopeptide
Molecular weight 1485.71 1620.67 1792.1
Oral bioavailability – – –
% Renal elimination 95% 78% 72%
Serum half-life 6–12 h 8 h 7.5 h
%Protein binding 10–50% >90% >90%
Pregnancy class C B C
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antibiotic classes are relatively free of typical CYP drug-drug interactions. We will 
review each member of these three antibiotic classes differentiating each drug in 
terms of their pharmacokinetic parameters and likely drug interaction potential.

10.2  Vancomycin (Glycopeptide)

Vancomycin has been and remains to date the gold standard antibiotic for the man-
agement of methicillin/oxacillin resistant S. aureus (MRSA/ORSA) infections [5]. 
While this agent has been available clinically for over 60 years the vast majority of 
our clinical experience has been at substantially lower doses than what are currently 
recommended. The IDSA/ASHP/SIDP published a position paper on the therapeutic  
monitoring of vancomycin in January 2009 [5]. In this consensus opinion and in 
accordance with previously published treatment guidelines recommending  clinicians 
obtain trough concentrations two to four times the previous standard (5–10 mg/L), 
a loading doe of 25–30 mg/kg (actual body weight) and maintenance doses of 
15–20 mg/kg (actual body weight) are to be used when treating patients for serious 
gram positive infections. Because of the substantially larger doses currently being 
used, clinicians should monitor patients carefully for infusion reactions and 
nephrotoxicity.

Table 10.2 Potential drug-drug interactions of vancomycin, daptomycin, and telavancin

Vancomycin Daptomycin Telavancin

Liver CYP enzyme induction – – –
Drug-drug CYP interaction 

with metabolism
– – –

Other drug-drug interactions Nephrotoxic Nephrotoxic Nephrotoxic
Agentsa Agentsa Agentsa

Statins Formulated with Hydroxyl-
propyl-Beta-cyclodextrinb

Protein binding displacement – – –
Antibiotic antagonism – – –
QTc prolongation – – 5 msc

Laboratory test interference Anticoagulation testsd

Protein dipstick
Infusion reactionse Definite Possible Possible
a Concomitant use of Loop Diuretics, ACE inhibitors, Aminoglycosides, Amphotericin B, 
NSAID’s, Polymyxins could contribute to the development of nephrotoxicity; reduced drug elimi-
nation of adefovir, cisplatin, cyclosporine, methotrexate, tacrolimus, telbivudine, tenofivir with 
concomitant vancomycin are cautioned in individual drug package inserts [49]
b Can accumulate in renal dysfunction. Use caution when in combination with other agents using 
this solubilizer
c In itself not likely an issue but used with other agents capable of increasing the QTc interval or in 
a patient with a QTc interval >500 msec, concomitant use could be a problem
d Can artificially alter PT, INR, APTT, Activated Clotting Time, and Factor Xa based test results – 
draw blood for these test as close to next telavancin dose as possible
e Redman or Redneck syndrome
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10.2.1  Absorption

Because of the large molecular size of vancomycin, very little absorption occurs 
after oral administration. In patients with normal renal function who received 
vancomycin  500 mg orally every 6 h, resulted in vancomycin serum concentrations 
of 2.4–3.0 mcg/mL [6]. Therefore, to treat systemic infections, vancomycin must be 
administered intravenously. However, in the management of Clostridium difficile 
infections, oral administration is the preferred route as the drug remains in the 
 intestinal lumen at the site of infection [7, 8]. In the rare cases of a patient with both 
pseudomembranous colitis and severe renal failure, therapeutic concentrations were 
achieved in the serum secondary to increased oral absorption due decreased integ-
rity of the intestinal lumen [9, 10].

10.2.2  Distribution

The pharmacokinetics of vancomycin distribution has been characterized using 
one-, two-, three and non-compartment models. Protein binding is generally esti-
mated to be approximately 50%. Vancomycin binds to albumin and appears to have 
a low affinity for alpha-1-acid-glycoprotein [4].

10.2.3  Metabolism

Vancomycin does not undergo significant hepatic metabolism and thus is not a source 
for CYP drug interactions either by induction or competitive metabolism [4].

10.2.4  Elimination

Vancomycin is primarily eliminated renally (95%), and drug clearance correlates 
well with creatinine clearance [4]. Conventional hemodialysis methods do not 
extensively remove vancomycin from the serum. However, high flux dialysis 
 methods have been reported to clear vancomycin much more effectively [11]. 
Additionally, clinicians should be aware concomitant use of drugs that affect a 
patient’s hemodynamics (e.g., dopamine, dobutamine, furosemide) may also result 
in higher clearance of vancomycin. Patients who continue on vancomycin after dis-
continuation of these agents may require adjustments due to decreased clearance.

10.2.5  Scope of Problem

Vancomycin has been associated with nephrotoxicity, although the incidence 
decreased since the drug’s initial introduction as the purity of the drug formulation 
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has improved. However, with current clinical practice recommending much larger 
loading and maintenance doses of vancomycin plus the almost exclusive use of 
generic products with potentially higher concentrations of impurities, there may be 
a greater risk of nephrotoxicity than reported in years past where lower doses were 
used and the product was branded. In cases of renal dysfunction, vancomycin does 
accumulate. Monitoring of serum trough concentrations is recommended to prevent 
nephrotoxicity in patients at high risk of toxicity either due to pre-existing renal 
impairment, use of aggressive dosing strategies to achieve troughs of 15–20 mg/L, 
or prolonged courses of vancomycin of 5 days or greater [5]. Potential drug interac-
tions involve the use of vancomycin in conjunction with other nephrotoxic agents, 
most commonly aminoglycosides. Vancomycin degradation products (VDP)  
have been reported to accumulate in patients with renal dysfunction. VDP have  
also resulted in the reporting of falsely high concentrations of vancomycin with 
some assays as VDP are falsely interpreted as vancomycin (factor B vancomycin) 
[12]. Additionally, vancomycin can rarely cause and/or contribute to neutropenia; 
neutrophil counts should be monitored when used with other agents that may cause 
neutropenia.

10.3  Daptomycin (Lipopeptide)

10.3.1  Pharmacology

Much of our clinical experience to date with daptomycin has been at daily doses of 
4 mg/kg (skin and soft tissue infection) and 6 mg/kg (right sided endocarditis and 
bacteremia) [2]. However, many infectious diseases consultants and critical care 
physicians choose to go off label using daily doses of up to 12 mg/kg so our experi-
ence with daptomycin adverse events could change as we explore the upper daily 
dosing limit for daptomycin [13–19].

While there would theoretically exist the potential for a variety of drug-drug 
interactions, daptomycin has remained relatively free of such problems. Like 
 vancomycin and other lipoglycopeptides, daptomycin is primarily cleared renally 
avoiding induction of CYP liver enzymes or competing with other drugs for metab-
olism [20]. Even in terms of the drug’s antibacterial action combining daptomycin 
with other antibiotics may result in synergy, an additive effect or indifference [21]. 
Only rarely is any type of antagonism demonstrated although use with tobramycin 
has been reported to reduce area under the serum concentration time curve (AUC) 
by 15% [2].

Concomitant use of daptomycin with other known nephrotoxic agents may 
increase the risk of nephrotoxicity and the use of “statins” in conjunction with dap-
tomycin may increase the risk of muscle enzyme (creatine phosphokinase-CPK) 
elevation [2, 22–24]. While infusion reactions should be a concern with any of the 
glycopeptide, lipopeptide, and lipoglycopeptide classes, there are published studies 
using 2 min intravenous push doses of daptomycin compared to traditional 30 min 
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intravenous infusions demonstrating the bolus dosing method are as well tolerated 
by patients as the 30 min infusion [25].

10.3.2  Absorption

Because of the large molecular size of daptomycin, oral absorption would not likely 
result in therapeutic serum concentrations.

10.3.3  Distribution

The volume of distribution is small for daptomycin, and daptomycin is highly pro-
tein bound (90–95%) in a concentration independent manner. Hepatic dysfunction 
did not alter the rate of protein binding. Studies indicate a slow distribution of dap-
tomycin into the tissues from the serum [2].

10.3.4  Metabolism

The exact metabolism of daptomycin is not completely understood. Induction or 
inhibition of cytochrome P450 isoforms has not been demonstrated with daptomy-
cin. While metabolites are detected in the urine, no metabolites are detected in 
serum, suggesting the possibility of renal metabolism of daptomycin [2].

10.3.5  Elimination

Daptomycin is eliminated renally, with approximately 50–60% excreted as 
unchanged. Dose adjustments in renal dysfunction are recommended by the manu-
facturer [2].

10.3.6  Scope of Problem

Theoretically, because daptomycin is a highly protein bound drug, concomitant use 
of other highly protein bound drugs could result in displacement of drug. While 
alpha-1 glycoprotein has been identified as one of the proteins that bind daptomy-
cin, other protein targets have not been identified. Alternatively, in critically ill 
patients who may have reduced levels of serum proteins, higher free drug concen-
trations of daptomycin may be present.
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10.4  Telavancin (Lipoglycopeptide)

10.4.1  Pharmacology

Telavancin attacks the cell wall by inhibiting polymerization of the bacterial cell 
wall, The drug also interferes with transpeptidation by binding to the d-ala-d-ala 
terminal sequence. Lastly like daptomycin, telavancin causes depolarization of 
the outer membrane of the gram positive cell wall. Telavancin is primarily a gram 
positive antibiotic active against staphylococci, streptococci, and enterococci. 
The drug has no gram negative activity and has limited activity against anaerobes 
[1, 3, 26].

10.4.2  Absorption

Similar to vancomycin, telavancin and other lipopeptides and lipoglycopeptides are 
not systemically absorbed following oral administration.

10.4.3  Distribution

Similar to daptomycin, telavancin is highly protein bound (approximately 90%). 
Albumin is the main protein responsible for binding telavancin; hepatic or renal 
impairment does not affect the rate of binding. The volume of distribution is small 
at 0.1 L/kg [3]. In difficult to treat infections such as meningitis limited animal stud-
ies have demonstrated the superior performance of telavancin vs. vancomycin in 
clearing bacteria causing meningitis and sterilizing CSF [27]. Comparable perfor-
mance has been demonstrated in animal models of osteomyelitis comparing 
telavancin and vancomycin. Telavancin also appears to penetrate and demonstrate 
biologic activity in bacterial biofilms [28, 29].

10.4.4  Metabolism

Telavancin has not demonstrated CYP450 3A4 activity following a midazolam 
probe [30]. Approximately 3–6% of the telavancin dose is converted to a 
7-hydroxy metabolite which is excreted in the urine. The mechanism of telavan-
cin’s metabolism is unknown at this time. Mild to moderate hepatic impairment 
does not affect the pharmacokinetics of telavancin and no dosage adjustment is 
recommended [3].
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10.4.5  Elimination

Two-thirds to three-quarters of telavancin is eliminated renally unchanged. Dose 
adjustments are recommended in patients with a creatinine clearance of less than 
50 mL/min [3]. Clinical outcome in patients with reduced renal function as well as 
elderly patients (>65 years) who may have age related renal impairment have not 
done as well in terms of clinical outcome compared to patients with normal renal 
function [3]. Current dosage adjustment for renal failure possibly may not be pro-
viding the required amount of telavancin to overcome clinical infection keeping in 
mind that the drug is a concentration dependent killer. Additionally, one of the 
excipients in the intravenous solution is hydroxypropyl-beta-cyclodextrin, known to 
accumulate in patients with renal dysfunction [3]. Hemodialysis has been found to 
remove ~6% of a single dose of 7.5 mg/kg in patients with end stage renal disease 
undergoing hemodialysis. Continuous venovenous hemofiltration is much more 
efficient at removing telavancin from the bloodstream. The amount of telavancin 
removal is dependent on the rate of ultrafiltration [3].

10.4.6  Scope of Problem

While not extensively studied, there does not appear to be any antibiotic-antibiotic 
antagonistic combinations reported to date with telavancin.

Because of the highly protein bound nature of telavancin, the potential exists for 
drug interaction in patients also receiving other drugs that are highly bound to  proteins, 
especially albumin. Although no reports of clinically significant protein binding 
 displacement events have been reported to date. Clinicians should be aware of the 
potential interaction and monitor patients accordingly. A higher incidence of side 
effects has been reported with telavancin in clinical trials as compared to  vancomycin 
[3]. The most common adverse events with this new agent include nausea, emesis, 
foamy urine, and a metallic after taste following parenteral administration.

Care should be used in patients with renal dysfunction to monitor for drug 
 accumulation but also because the drug is formulated with hydroxypropyl-beta-
cyclodextrin, this agent may also accumulate in patients with renal failure. Two 
other antimicrobials that carry warning about cyclodextrin use in renal impairment 
are itraconazole and voriconazole. In clinical trials telavancin has been shown to 
cause more nephrotoxicity than the comparator, vancomycin (15 vs 7%) [31–33]. 
However, vancomycin dosages were 2 g/day in patients with normal renal function. 
These differences may not be present at higher, more contemporary dosing of van-
comycin. Concern should also be directed at concomitant use of telavancin and 
other drugs known to contribute to nephrotoxicity.

Telavancin has also been show to increase QTc intervals [34]. On average the 
increase is relatively small, i.e. ~5 msec but if used in conjunction with other agents 
or in the background of conditions known to increase QTc there could be an adverse 
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clinical outcome. Telavancin is also not recommended in pregnancy and is a  category 
C drug [3]. Current dosage recommendations for telavancin call for a daily dose of 
10 mg/kg to be determined based on actual body weight. Possible red man or red 
neck infusion related reactions are clearly a risk with the use of telavancin.

Because telavancin binds to phospholipids there are some significant drug- 
laboratory test interactions [3]. Telavancin artificially interferes with the determi-
nation of prothrombin time, internal normalization ratio, activated partial 
thromboplastin time, activated clotting time, and coagulation studies based on  factor 
Xa test. A clear distinction needs to be made that the drug interferes with the test 
result of various coagulation studies but does not actually alter the coagulation state. 
As telavancin is administered every 24 h, the easiest maneuver to avoid this 
interaction  is to obtain blood for these studies in the terminal 6 h of the dosing interval 
(i.e., 6 h or less before the next telavancin dose). Telavancin can also interfere with 
qualitative dipstick protein assay methods.

10.5  Important Drug Interactions

10.5.1  Vancomycin

10.5.1.1  Aminoglycosides

Mechanism: Both aminoglycosides and vancomycin are known to cause damage to 
similar sites in the renal tubules. The use of these two agents concomitantly can 
result in additive toxicity.

Literature: Several studies have demonstrated the toxicities encountered when 
using the combination vancomycin and aminoglycosides. In a prospective study 
with 34 patients and 39 courses of vancomycin performed by Mellor and colleagues, 
six courses of vancomycin alone were compared with 27 courses of vancomycin 
plus aminoglycoside, either concurrently or within 3 weeks of the first dose of van-
comycin [35]. The mean total dose and duration of vancomycin therapy was 
28.3 ± 18.1 g and 15.3 ± 9.3 days, respectively, approximately 1.8 g/day. 
Nephrotoxicity was defined as a rise of ³0.5 mg/dL if initial creatinine was 3 g/dL 
or less; if initial creatinine was greater than 3 g/dL, a rise of ³1.0 mg/dL was indica-
tive of nephrotoxicity. Three patients developed acute nephrotoxicity (7.1%); 9.1% 
of patients developed nephrotoxicity within the 2 weeks following vancomycin 
therapy. All cases of nephrotoxicity demonstrated an abrupt rise in creatinine 
 following septicemia or gastrointestinal hemorrhage. Additionally, two patients 
reported tinnitus and dizziness. One patient was diagnosed with acute hearing loss, 
but the authors concluded this was not due to drug toxicity.

In an retrospective evaluation of 229 courses of antibiotic therapy, Cimino and 
colleagues examined the relationship of serum vancomycin and aminoglyco-
side concentrations to nephrotoxicity [36]. Antibiotic courses were divided into 



342 M.A. Ullman and J.C. Rotschafer

three groups: aminoglycoside alone (148 cases), vancomycin alone (41 cases), and 
vancomycin concurrently with aminoglycoside (40). Nephrotoxicity was defined as 
a rise of >0.5 mg/dL in serum creatinine, when compared to baseline. Normal  values 
for vancomycin and aminoglycosides were peak: 20–40 mg/L, trough: <10 mg/L; 
and peak: 4–9 mg/L, trough: <2 mg/L, respectively. Overall, a 17% incidence of 
nephrotoxicity was noted. When broken down in the three groups, 18% of patients 
developed nephrotoxicity with aminoglycosides alone, 15% with vancomycin alone, 
and 15% with concurrent vancomycin and aminoglycosides. While higher serum 
creatinine concentrations were associated with increased nephrotoxicity in patients 
with aminoglycosides alone and higher daily doses of vancomycin (36.3 ± 4.8  
mg/kg/day versus 24.0 ± 1.1 mg/kg/day) were associated with nephrotoxicity in 
patients with vancomycin alone, the only significant relationship of concurrent van-
comycin and aminoglycoside therapy to higher incidence of nephrotoxicity was 
found to be serum drug concentrations which exceeded the normal values.

Rybak et al. studied the nephrotoxicity of vancomycin alone and in combination 
with an aminoglycoside in 231 courses of antibiotic therapy in 224 patients (168 – 
vancomycin alone, 63 – vancomycin and aminoglycoside, 103 – aminoglycoside 
alone) [37]. Nephrotoxicity was defined as an increase of 0.5 mg/dL of serum crea-
tinine or 50% increase above baseline, whichever was greater. Targeted vancomycin 
peak and trough concentrations were 30–40 mg/L and <15 mg/L, respectively. 
Targeted aminoglycoside peak and trough concentrations were 4–10 mg/L and 
<2 mg/L, respectively. The incidence of nephrotoxicity was 5% in the vancomycin 
alone group, 11% in aminoglycoside alone group, and 22% in patients receiving 
both vancomycin and an aminoglycoside; these differences were all found to 
 statistically different. Following a multivariate analysis, increased incidence of 
nephrotoxicity was found to be associated with concurrent vancomycin and 
 aminoglycoside therapy, treatment with vancomycin of greater than 10 days, and 
vancomycin serum trough concentrations greater than 10 mg/L.

A recent clinical trial compared daptomycin with standard therapy, either anti-
staphylococcal penicillin or vancomycin in combination with an aminoglycoside, 
for the treatment of bacteremia and endocarditis [38]. Cosgrove and colleagues 
 utilized patient information collected during the trial to specifically analyze the inci-
dence of nephrotoxicity in relation of use of low dose gentamicin (mean daily dose 
of 3.1 mg/kg). A total of 236 patients were analyzed for adverse event data related 
to kidney function: 120 received daptomycin; 53 received vancomycin, of which 49 
also received low-dose gentamicin; and 63 received antistaphylococcal penicillins, 
of which 59 also received low-dose gentamicin. A clinically significant decrease in 
creatinine clearance (CrCl) was defined as a decrease in CrCl to <50 mL/min if 
baseline CrCl was ³50 mL/min. In patients with a baseline CrCl < 50 mL/min, 
a  significant decrease in CrCl occurred if CrCl decrease to <10 mL/min. A sustained 
decrease in CrCl was defined if ³2 sequential decreased CrCl measurements. CrCl 
was calculated by the Cockroft-Gault equation. After data evaluation, 8% in the 
daptomycin arm, 22% in the vancomycin arm, and 25% in the antistaphylococcal 
penicillin arm were found to have a decreased creatinine clearance. The median 
length of aminoglycosides therapy with vancomycin and antistaphylococcal peni-
cillins was only 5 and 4 days, respectively. Twenty-two percent of patients who 
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received low dose gentamicin experienced decreased creatinine clearance versus 
only 8% of patients who did not, a statistically significant difference. After multi-
variate analysis , only age greater than 65 and receipt of any gentamicin were indi-
vidual risk factors for nephrotoxicity. No differences were noted in the incidence of 
nephrotoxicity when comparing antistaphylococcal penicillins and vancomycin 
other than nephrotoxicity with antistaphylococcal penicillins occurred earlier in 
therapy when  compared to vancomycin. The authors suggest this finding may indi-
cate that  nephrotoxicity seen with vancomycin and gentamicin is more sustained.

Clinical Importance: Guidelines for the treatment of endocarditis recommend the 
use of low-dose aminoglycosides with vancomycin for treatment with cases due to 
penicillin resistant gram-positive strains, particularly MRSA [39]. Some clinicians 
may also expand the synergistic use of aminoglycosides with vancomycin in other 
types of infections involving MRSA, based on recommendations for endocarditis. 
For most of these infections, vancomycin trough concentrations of 15-20 mg/L will 
be targeted, based on new guidelines released [5].

Management: If possible, patients should be evaluated as to whether the use of an 
aminoglycoside is essential with vancomycin therapy. Patients receiving concurrent 
therapy of vancomycin and aminoglycosides should be carefully monitored for develop-
ment of nephrotoxicity, especially in cases where vancomycin trough concentrations  
of 15-20 mg/L are targeted and in patients with possibly impaired baseline renal func-
tion. If nephrotoxicity develops, switching to alternative agents should be considered.

10.5.1.2  Indomethacin

Mechanism: In infants, indomethacin has been shown to lead to decreased renal 
elimination of vancomycin.

Literature: In a study of 11 neonates with patent ductus arteriosus (PDA) who 
received vancomycin, six infants received indomethacin while the five others did 
not and served as controlled [40]. The pharmacokinetics of vancomycin in these two 
groups was compared. In the neonates who received both indomethacin and vanco-
mycin, the volume of distribution was 0.71 L/kg (control 0.48 L/kg), the half-life 
was 24.6 h (control 7.0 L/kg), and the serum clearance was 23 mL/kg/h (control  
54 mL/kg/h).

Clinical Importance: The authors of the study recommended, based on these results, 
neonates with PDA receiving indomethacin should be adequately treated with once-
daily doses of vancomycin. Additionally, maintenance dosing of vancomycin should 
be approximately half of the dose used in neonates not receiving indomethacin.

Management: While these findings have not been confirmed on a larger scale in the 
neonatal population or in other patient populations, care should be used when admin-
istering vancomycin with other renally eliminated drugs, especially in patients demon-
strating impaired renal function. Appropriate dose adjustments for all renally eliminated 
drugs, including vancomycin, should be employed when renal impairment is present.
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10.5.1.3  Vecuronium

Mechanism: Vancomycin can depress neuromuscular function as well as skeletal 
muscle function.

Literature: A case report of a 34-kg patient received vancomycin as surgical pro-
phylaxis during an exploratory laparoscopy [41]. Prior to the administration of the 
vancomycin, tracheal intubation was performed using vecuronium, and the patient’s 
muscular response was appropriately monitored using the train-of-four (electrical 
stimulation of the ulnar nerve). T1 function had returned to 35% and T4 was barely 
perceptible 20 min after induction of anesthesia. When the infusion of 1 g vancomy-
cin was started, a rapid decrease of T1 to less than 10% and absence of a T4 response 
was noted. Within 3 min of the completion of the vancomycin infusion, the T1 and 
T4 response recovered steadily. Neuromuscular function continued to increase after 
reversal of the vecuronium with atropine and edrophonium after completion of sur-
gery. Five minutes after administration of the edrophonium, responses decreased to 
levels prior to administration. While the patient was awake and able to control 
breathing, she was not able to sustain head lift. Twenty minutes after the injection 
of edrophonium, the patient regained adequate muscle tone response. No other side 
effects were noted. The serum concentration of the vancomycin 25 min after the 
start of infusion was found to be 70 mg/L.

Clinical Importance: Given the patient’s smaller weight in addition to administra-
tion of 1 g of vancomycin over 35 min, the peak concentration is larger than what 
has typically be encountered clinically. However, given new recommendations of 
aggressive vancomycin dosing, larger serum concentrations are likely to be seen 
with vancomycin. The authors of the case report also note several papers that also 
supported evidence of vancomycin having an effect on neuromuscular function 
occurring at typical vancomycin peak concentrations of 40–50 mg/L.

Management: Clinicians should be aware of the potential interaction of vancomy-
cin with neuromuscular blockers. Strategies to prevent large peaks of vancomycin 
such as infusing over at least an hour or more (dependent on the dose) and care-
fully evaluating the appropriate dose based on patient’s actual body weight and 
renal functions will help to reduce the possibility of vancomycin-related neuro-
muscular blockade. In patients receiving surgical neuromuscular blockade use or 
in patients in intensive care units receiving neuromuscular blockers, neuromuscu-
lar function should be appropriately monitored when used in conjunction with 
vancomycin.

10.5.1.4  Heparin

Mechanism: Heparin and vancomycin are incompatible in admixtures or y-sites 
due the concentration-dependent acid–base reaction that leads to precipitation and 
inactivation of vancomycin.
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Literature: Barg and colleagues present a case of persistent staphylococcal 
 bacteremia in an intravenous drug abuser [42]. The patient presented with fever, 
shaking chills, and diaphoresis; he admitted to intravenous heroin use for the past 
3 years, with the femoral veins as a frequent place of injection. Upon presentation, 
swelling and tenderness at the injection site in the right groin was noted. A subcla-
vian venous line was placed due to lack of peripheral venous access. Antibiotic 
treatment was initiated with vancomycin and tobramycin, with the tobramycin being 
soon discontinued after Staphylococcus aureus was identified as the causative 
pathogen. Additionally, continuous heparin anticoagulation was initiated after the 
discovery of deep vein thrombosis, confirmed by venogram. Both heparin and van-
comycin were infused in the same line. Fevers and positive blood cultures persisted 
for 7 days despite antibiotic treatment. On the seventh day, another intravenous line 
was placed. With the availability of two intravenous lines, heparin and vancomycin 
were administered in separate lines. Within 24 h of the second line placement, fevers 
dispersed and blood cultures became (and remained) negative. Further investiga-
tions performed by the authors of the case examined the effects of co-administering 
vancomycin and heparin in vitro. At higher vancomycin concentrations of 1–5 mg 
and heparin concentrations of 1–1,000 units/mL (concentrations similar to what 
would be seen if administered through the same line), a white precipitate was 
 immediately formed. Concentrations of vancomycin similar to those seen in the 
serum (5, 50, and 100 mg/mL) when combined with less than 1 unit/mL of heparin 
did not demonstrate the formation of any precipitate.

Clinical Importance: Because of the high incidence of both staphylococcal 
 infections and deep vein thrombosis in intravenous drug users, the likelihood of the 
co-administration of both of these drugs is high.

Management: Clinicians should be appropriately educated that vancomycin and 
heparin should not be administered through the same intravenous line. While using 
sodium chloride for admixtures (instead of dextrose) may reduce the likelihood of 
precipitation, these two drugs should be administered via separate lines whenever 
possible.

10.5.1.5  Bile Acid Sequestrants

Mechanism: Agents such as cholestyramine and colestipol are used to treat hyper-
lipidemia by utilizing their ability to bile acids in the intestines. These agents are 
also able to bind other materials in the intestines such as co-administered drugs and 
cytotoxins.

Literature: Taylor and Barlett studied the binding of Clostridium difficile cytotox-
ins and vancomycin by cholestyramine and colestipol using an in vitro and hamster 
model of C. difficile colitis [43]. The use of cholestyramine and colestipol alone 
displayed extreme reductions in toxin to below assay sensitivity in vitro. When van-
comycin was combined with either of the agents, less than 25% of the vancomycin 
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concentration was detectable. Colestipol bound a greater amount of vancomycin 
than cholestyramine, but vancomycin was more strongly bound to cholestyramine. 
In the hamster model, the use of cholestyramine alone, vancomycin alone, and 
cholestyramine plus vancomycin resulted in a smaller percentage of mortality 
 during the treatment period of 5 days. When following these animals for an addi-
tional 11 days, all three treatment arms prevented death longer than controls alone. 
Vancomycin prevented 100% cumulative mortality for a longer time period than use 
of cholestyramine alone or cholestyramine plus vancomycin. The authors speculate 
that the 100% mortality reported after the additional 11 days was likely due to re-
acquisition of C. difficile from the environment rather from the ability of the drug(s) 
to adequately treat the infection.

Clinical Importance: Cholestyramine and colestipol are not recommended as alter-
native treatments for the treatment of persistent C. difficile colitis [7], primarily due 
to the likelihood that these agents will bind the two medications recommended for 
treatment, i.e., vancomycin and metronidazole.

Management: Because of the dosing schedule of vancomycin (usually every 6–8 h 
initially), attempts to avoid interactions by creative scheduling to separate admini-
stration times as far apart as possible (at least 1–2 h before administration or 4–6 h 
after administration) are likely to fail. Use of oral vancomycin for treatment of  
C. difficile should not be in combination with oral binding agents. In cases where 
patients have been prescribed cholestyramine for the treatment of hyperlipidemia 
while also need to use vancomycin to treat C. difficile infections, alternative agents 
for hyperlipidemia should be used during the duration of  vancomycin treatment.

10.5.2  Daptomycin

10.5.2.1  HMG CoA Reductase Inhibitors

Mechanism: Both daptomycin and HMG CoA reductase inhibitors are known to 
cause increase levels of creatine phosphokinase (CPK), a marker of muscle injury.

Literature: Literature has been published on each agent’s individual ability to 
increase CPK and possible cause rhabdomyolysis and has been included in each 
product’s labeling [2, 44]. Odero and colleagues published a case report of rhab-
domyolysis and acute renal failure associated with the administration of daptomy-
cin, simvastatin, niacin, and esomeprazole [22]. Daptomycin was initially started at 
7.2 mg/kg q24h; 4 days after initiation, the dose was changed to 7.2 mg/kg q48h, 
after noting a serum creatinine of 1.5 mg/dL. After 16 days of treatment with dap-
tomycin, patient complaints included muscle weakness and pains in the proximal 
thighs and arms. Daptomycin was discontinued and linezolid initiated; simvastatin 
and niacin were still continued. A maximal serum CPK level of 8,995 Units/L and 
serum creatinine of 3.4 mg/dL were noted. Creatinine levels returned to baseline 
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levels 6 days after daptomycin discontinuation; CPK concentrations were noted to 
be 125 Units/L on the seventh day after daptomycin discontinuation. While the 
authors note that simvastatin and niacin both have the potential to cause rhabdomy-
olysis, they also note that the patient had tolerated simvastatin and niacin previ-
ously, with no complaints.

Clinical Importance: Given the high prevalence of HMG CoA reductase inhibitor 
use among patients and the increasing incidence of methicillin-resistant 
Staphylococcus aureus, these two agents will be likely used together more often. 
Clinicians should be aware of the potential interaction and be prepared to monitor 
these patients frequently who require co-administration of these two agents, espe-
cially when daptomycin is used for longer periods of time and/or maximal doses of 
the HMG CoA reductase inhibitor are used.

Management: Weekly measurements of CPK levels are recommended in the use of 
daptomycin alone. More frequent CPK monitoring (two to three times a week) 
 during the concomitant use of these two agents is recommended, particularly in 
patients who also have renal impairment when receiving both medications [2]. 
Additionally, patients should be evaluated for unexplained muscle pain and/or 
weakness, especially in the distal extremities.

When used alone, in patients who have a CPK elevation of greater than 1,000 Units/L 
with signs and symptoms or greater than 2,000 Units/L without signs or symptoms, 
daptomycin should be discontinued, per manufacturer’s recommendations. 
Furthermore, other drugs associated with rhabdomyolysis, like HMG CoA reductase 
inhibitors, should be discontinued temporarily until CPK levels return to baseline.

10.5.2.2  Aminoglycosides

Mechanism: Not fully known

Literature: While the mechanism is unknown, studies of co-administration of 
 daptomycin and tobramycin showed that daptomycin helped protect against 
tobramycin-induced nephrotoxicity in rats [45, 46]. In this same experiment, the use 
of vancomycin and tobramycin demonstrated greater damage to the proximal 
tubular  cells. A further investigation into this phenomenon alluded to the possibility 
of daptomycin directly interacting with the tobramycin molecule to prevent 
tobramycin-induced changes in the proximal tubular cells.

Clinical Importance: Daptomycin has been studied in vitro and in vivo in animals 
in combination with aminoglycosides; large scale trials of the combination of these 
two drugs in humans have not been performed. The antimicrobial and clinical ben-
efits gained from the addition of an aminoglycoside to a daptomycin regimen have 
not been fully elucidated. The small number of patients that did receive daptomycin 
with gentamicin in a large scale trial comparing daptomycin to vancomycin and 
antistaphylococcal penicillins demonstrated a smaller cumulative percentage of 
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patients who experienced a significant decrease in creatinine clearance when 
 compared to daptomycin or vancomycin/antistaphylococcal penicillins with or 
without aminoglycosides.

Management: Administration of both of these drugs should not cause significant 
negative effects in terms of renal function. Because the antimicrobial benefits (such 
as synergy) of this combination of drugs have not been fully studied in human 
 trials, the use of both of these agents together should be evaluated on an individual 
basis [47].

10.5.2.3  PT/INR Laboratory Results

Mechanism: Daptomycin may interact with recombinant thromboplastin reagents, 
leading to a prolongation of PT and increase in INR due to laboratory artifacts [2].

Literature: Package insert

Clinical Importance: Because of the likelihood of interaction, in patients who are 
started on daptomycin and need PT and/or INR laboratory results, clinicians should 
note any unexpected changes in PT and/or INR results. Daptomycin has not been 
found to interact with warfarin; therefore, the clinician should suppose the interac-
tion to be due to a lab assay interaction and not drug-drug interaction.

Management: In cases where an abnormal PT and/or INR measurement is docu-
mented, the clinicians should schedule another assessment of PT and INR just prior 
to the next dose of daptomycin. Additionally, other sources of interactions should be 
evaluated as relevant.

10.5.3  Telavancin

10.5.3.1  QTc Prolonging Drugs

Mechanism: Because telavancin has been shown to prolong the QT
c
 interval during 

clinical trials, the possibility exists that concomitant use with other drugs known to 
prolong the QT

c
 interval would have additive effects. Prolonged QT

c
 intervals can 

lead to torsades de points, ventricular arrhythmias, and sudden cardiac death.

Literature: A large body of literature exists on the potential for arrhythmias 
 following administration of one or more drugs known to prolong the QT

c
 intervals 

[48] (Table 10.3). For telavancin, a randomized, multi-dose clinical study conducted 
in healthy subjects found that mean changes in QT

c
 intervals were 4.1 and 4.5 msec 

 following administration of 7.5 and 15 mg/kg doses, respectively [3, 48]. None of 
the study subjects demonstrated any significant ECG abnormalities or clinical 
symptoms beyond the interval changes. Change in QT

c
 intervals were not found to 

correlate to concentrations of telavancin.



34910 Glycopeptides, Lipopeptides, and Lipoglycopeptides

Clinical Importance: Given that telavancin has only recently been approved, no 
clinical reports of substantial effects of QT

c
 interval prolongation following the use 

of telavancin for treatment of infections have been published as of now.

Management: Interactions of this type are best managed by using alternative treat-
ments that do not carry the QT

c
 prolongation risk, if possible. If no alternatives 

exist, clinicians should consider cardiac monitoring for patients who require treat-
ment with one or more drugs known to prolong the QT

c
 interval. Clinicians should 

also use caution with telavancin in patients who already exhibits QT
c
 prolongation 

prior to treatment.

10.5.3.2  Coagulation Panels

Mechanism: Because of the nature of telavancin to bind artificial phospholipid sur-
faces, telavancin will bind these types of surfaces which are commonly used in 
anticoagulation tests [3].

Table 10.3 QTc prolonging agents [50, 51]
Select agents with risk of QT

c
  

prolongation
Select agents with possible risk of QT

c
 

prolongation

Amiodarone Alfuzosin
Astemizolea Amantadine
Bepridilb Atazanavir
Chlorpromazine Azithromycin
Cisaprideb,c Clozapine
Clarithromycin Dronedaroneb

Dofetilide Flecanide
Droperidol Foscarnet
Erythromycin Fosphenytoin
Haloperidol Gatifloxacin
Levomethadylb Gemifloxacin
Mesoridazineb Levofloxacin
Methadone Lithium
Pentamidine Moxifloxacin
Pimozideb Ondansetron
Procainamide Paliperidone
Quinidine Risperidone
Sotalol Tacrolimus
Sparfloxacina,b Tamoxifen
Terfenadinea Telithromycin
Thioridazineb Venlafaxine

Voriconazole
Ziprasadone

a No longer available in the United States
b Co-comittant use with telavancin is contraindicated
c Only available through a restricted access program
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Literature: Package insert

Clinical Importance: The degree of binding is dependent upon the commercial 
assay used, as reagents differ among these assays. False elevations of PT, INR, 
aPTT, and ACT have been noted, and, in patients where monitoring of these levels 
is used to dose antithrombotic agents, clinicians should be aware of this possibility 
and should attempt to schedule telavancin doses and lab draws at times so not as to 
interfere.

Management: The likelihood of the interaction decreases as the plasma concentra-
tions decrease; therefore, in cases for patients who need to daily monitor these 
lab values, the ideal time for these lab draws to take place is just prior to the admin-
istration of the next telavancin dose. In cases, where multiple lab draws are needed 
per day, as in the case of adjustment of heparin by aPTT values, use of another 
 antimicrobial agent might be preferred.

10.6  Summary and Conclusions

Use of these agents is likely to increase as the incidence of methicillin-resistant  
S. aureus infections increases. In general, few drug interactions exist for these 
classes of drugs. The key drug interaction to consider with vancomycin is the con-
comitant use of other nephrotoxic agents, especially in those patients who may 
already exhibit decreased renal function. Use of daptomycin with HMG CoA 
reductase inhibitors should be limited and monitored closely due to the possibility 
of rhabdomyolysis. More information regarding possible drug interactions with 
telavancin will likely be available as the drug becomes more widely used; caution 
should be used when administering telavancin with other QT

c
 prolonging drugs or 

in patients who present with a QT
c
 prolongation.
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Abstract The chapter on miscellaneous antibiotics reviews the drug interactions 
with antibiotics such as chloramphenicol, tetracycline and the aminoglycosides 
which are older agents that are less frequently prescribed, so many clinicians may 
not be familiar with their interactions with other medications. It also reviews the 
interactions with tigecycline and quinupristin-dalfopristin, two agents that are the 
only available agents from classes of antibiotics that are used clinically today. Many 
of the interactions reviewed such as with linezolid are based on single case reports 
or a limited series of patients. This chapter serves as a convenient resource for the 
drug interactions associated with these older antibiotics and as a compilation of the 
multiple case reports of drug interactions with antibiotics such as linezolid.

11.1  Introduction

This chapter discusses the interactions of antibiotics that may be the only available 
agents from a class of antibiotics that is used clinically today. Chloramphenicol and 
tetracycline are older agents that are less frequently prescribed; so many clinicians 
may not be familiar with their interactions with other medications. Many of the 
interacting agents also are less frequently prescribed, such as first-generation oral 
hypoglycemic agents. Since many of the interactions in this chapter are based on 
single case reports, it is often difficult to determine the mechanism of the interaction 
and if a true interaction exists. The existence of some interactions may be questioned 
because of other potential causes that may have been present when the interaction 
was discovered.

The interactions described in this chapter are summarized in Table 11.1.
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11.2  Chloramphenicol

Chloramphenicol is a broad-spectrum antibiotic that has been shown to interact 
with a number of medications, including analgesics-antipyretics, other antibiotics, 
oral hypoglycemic agents, anticoagulants, and anticonvulsants. Most of these inter-
actions are limited to case reports with small numbers of patients. The mechanism 
of the interaction for several of the interactions is unknown or is limited to specula-
tion. Five to fifteen percent of chloramphenicol is excreted as free chloramphenicol 
in the urine, the remainder of a dose is metabolized in the liver to inactive metabo-
lites, principally the glucuronide metabolite.

11.2.1  Acetaminophen

Chloramphenicol has been reported to increase, decrease, and have no effect on the 
half-life of acetaminophen. Spika and colleagues evaluated the effect of multiple 
doses of acetaminophen on chloramphenicol metabolism in patients with bacterial 
meningitis [1]. Significant differences in chloramphenicol peak serum concentration, 
volume of distribution, half-life, and clearance occurred between samples obtained 
before and during treatment with acetaminophen. Peak serum concentrations fell; 
volume of distribution and clearance increased, and half-life became shorter. The 
greatest change was in clearance, which increased by more than 300% from base-
line values. During treatment with acetaminophen, the percent of chloramphenicol 
excreted unchanged in the urine decreased; its succinate metabolite remained 
unchanged, while the glucuronide metabolite increased by approximately 300%. 
Kearns also evaluated the effect of acetaminophen in acutely ill pediatric patients [2]. 
Chloramphenicol pharmacokinetic parameters were compared between a group of 
patients receiving acetaminophen and a group not receiving acetaminophen. There 
was no statistical difference in the chloramphenicol pharmacokinetic parameters 
between the two groups. However, there was a clinically significant increase in 
chloramphenicol clearance and decrease in half-life between the initial dose and 
final dose in the patients receiving acetaminophen. Following acetaminophen ther-
apy, the chloramphenicol half-life decreased by approximately 33%, from 3.4 to 
2.2 h, while its clearance increased by more than 50%, from 5.5 to 8.9 mL/min/kg. 
The peak chloramphenicol serum concentrations were lower after the final dose 
than at steady state, 15.7 versus 22.7 mg/L, respectively. Stein was unable to docu-
ment any effect of acetaminophen on chloramphenicol metabolism in hospitalized 
adult patients [3]. In a randomized crossover design, patients received either 
chloramphenicol or chloramphenicol with acetaminophen for 48 h. There was no 
significant difference in peak and trough chloramphenicol concentrations, half-life, 
or area under the concentration-time curve between the two treatment periods.

Although the mechanism of this interaction is unclear, it appears to be an alteration 
in clearance. This interaction may take several days to manifest its full effect, and in 
some studies patients may not have been studied for a long enough period of time to 
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evaluate fully the effects of acetaminophen on chloramphenicol pharmacokinetic 
parameters. Although Spika suggested that the increase in chloramphenicol clear-
ance was due to an increased in glucuronidation, other investigators have not 
 confirmed this.

This interaction may be important in patients receiving chloramphenicol for the 
treatment of central nervous system infections or infections due to organisms that 
are resistant to more traditional antibiotics. Reduced peak concentrations or increases 
in clearance without appropriate adjustments in dosage regimens to account for 
these changes may result in therapeutic failures. Patients receiving chloramphenicol 
and acetaminophen should have chloramphenicol serum concentrations monitored 
every 2–3 days during a course of therapy, especially during the later part of therapy 
when it appears that chloramphenicol levels may begin to decline. Dosage regimens 
should be adjusted to maintain chloramphenicol concentrations within the desired 
therapeutic range. Other agents such as aspirin or ibuprofen may be used as alterna-
tives to acetaminophen for antipyresis and analgesia.

11.2.2  Anticonvulsants

Anticonvulsants have been shown to increase the metabolism of chloramphenicol 
by increasing its hepatic metabolism. Phenobarbital has been shown to stimulate the 
metabolism of chloramphenicol in several case reports [4, 5]. In addition, chloram-
phenicol has been shown to reduce the metabolism of phenytoin and phenobarbital 
when both agents are administered concurrently [6–10]. The onset of these interac-
tions appears to be rapid and may persist for several days after chloramphenicol is 
discontinued.

The reduction in phenytoin and phenobarbital metabolism is mostly likely due to 
a competition for metabolic enzymes. The clinical significance of the interaction is 
the potential for patients to develop phenytoin and/or phenobarbital toxicity after 
beginning chloramphenicol therapy. Patients may show signs of lethargy, excessive 
sedation, nystagmus, hallucinations, or other mental status changes. Because 
 phenytoin undergoes nonlinear metabolism, toxic serum concentrations may not 
occur for several days after starting chloramphenicol. After the maximum rate of 
phenytoin metabolism is exceeded, serum concentrations will rise rapidly and may 
remain elevated for a period of time after the chloramphenicol is discontinued. Due 
to phenobarbital’s long half-life, its sedative effects can be expected to resolve 
slowly as the serum concentration falls.

Patients receiving chloramphenicol with either phenytoin or phenobarbital must 
have their anticonvulsant serum concentrations monitored frequently, preferably 
every 3–5 days if possible, to detect increases in the concentrations. Patients also 
should be monitored clinically for the development of signs and symptoms of 
 phenytoin and/or phenobarbital toxicity.

Phenobarbital has been shown to increase the metabolism of chloramphenicol, 
resulting in a reduction in its peak serum concentrations. Bloxham reported two 
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patients who received chloramphenicol and phenobarbital for the treatment of 
 meningitis [4]. In one patient, peak chloramphenicol serum concentrations fell from 
31 mg/L on day 2 and day 3 to less than 5 mg/L on day 5. Patients receiving concur-
rent therapy with chloramphenicol and phenobarbital should have chloramphenicol 
concentrations monitored daily to monitor for reductions in the serum concentra-
tion. The chloramphenicol dosage regimen needs to be adjusted to maintain thera-
peutic concentrations and prevent therapeutic failures.

11.2.3  Oral Hypoglycemic Agents

Several investigators have documented chloramphenicol’s ability to decrease the 
hepatic metabolism of tolbutamide, resulting in increases in its half-life and serum 
concentrations [10, 11]. Patients receiving tolbutamide and chloramphenicol 
concurrently may experience greater reductions in their serum glucose values and 
hypoglycemia with its associated complications. However, frank hypoglycemia has 
not been reported when this combination has been given together.

Petitpierre and Fabre reported the ability of chloramphenicol to inhibit the renal 
excretion of chlorpropamide [12]. They reported that five patients taking these 
agents together experienced an increase in their chlorpropamide half-lives from 
30 to 36 h to up to 40–146 h. Hypoglycemia was not documented in these patients.

Patients taking oral hypoglycemic agents should monitor their blood glucose fre-
quently when taking chloramphenicol. The oral hypoglycemic dosage regimen may 
need to be adjusted to maintain the blood glucose within a desirable range. Patients 
should also be instructed to monitor for signs of hypoglycemia and to carry glucose-
containing products to reverse any episodes of hypoglycemia that may develop. If 
possible, alternative antibiotics should be selected to avoid this interaction. Since a 
patient’s blood glucose may be controlled on a stable oral hypoglycemic dose, 
switching oral hypoglycemic agents to avoid this interaction is not recommended.

11.2.4  Antibiotics

11.2.4.1  Penicillins

Chloramphenicol has been reported to antagonize the effect of beta-lactam antibiotics. 
A number of reports have been published suggesting that bacteriostatic and bacteri-
cidal antibiotics may antagonize each other in vitro [13, 14] and in vivo [15, 16]. 
Despite this information, many authorities do not believe that this is a clinically 
significant interaction and have used this combination of antibiotics as a standard of 
practice for many years for the treatment of bacterial meningitis.

French and colleagues described a case in which chloramphenicol and ceftazidime 
were used together to treat an infant with Salmonella meningitis [16]. The combination 
failed to eradicate the infection, but subsequent treatment with ceftazidime alone 
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was successful. In vitro tests of serum and cerebrospinal fluid taken at that time 
showed that the serum could inhibit the growth of an inoculum of the salmonella at 
a dilution of 1:2, and the cerebrospinal fluid at a dilution of 1:16, but that neither 
fluid could kill the organism at any dilution. A specimen of cerebrospinal fluid taken 
during treatment with ceftazidime alone inhibited and killed the standard inoculum 
of salmonella in vitro at a dilution of 1:32.

Minor degrees of antagonism have been demonstrated in occasional laboratory 
experiments between almost any pair of drugs, but generally the most consistent 
interfering drugs are bacteriostatic agents such as chloramphenicol, tetracyclines, 
and macrolides [14]. All these agents appear to act predominantly as inhibitors of 
protein synthesis in microorganisms. They actively antagonize agents such as the 
penicillins, which primarily block the synthesis of cell-wall mucopeptides. It is 
believed that protein synthesis must proceed actively in order to permit active muco-
peptide synthesis; therefore, inhibitors of protein synthesis can antagonize inhibitors 
of cell-wall synthesis.

11.2.4.2  Rifampin

Prober [17] and Kelly [18] each reported two cases in which the coadministration of 
rifampin and chloramphenicol resulted in significantly lower chloramphenicol serum 
concentrations. Two patients were treated with chloramphenicol for H. influenzae. 
During the last 4 days of treatment, the patients received 20 mg/kg/day of rifampin. 
After 12 doses of chloramphenicol, the peak serum concentrations of chloramphenicol 
in these two patients were 21.5 and 38.5 mg/L, respectively, and trough concentra-
tions were 13.7 and 28.8 mg/L. After the administration of rifampin, peak chloram-
phenicol concentrations progressively declined. By day 3 of rifampin coadministration, 
the peak concentration of chloramphenicol was reduced by 85.5%, to 3.1 mg/L in 
one patient, and by 63.8%, to 8 mg/L in the second patient. Serum concentrations 
increased back into the therapeutic range after the daily dose of chloramphenicol was 
increased to 125 mg/kg/day. The reduction in serum concentrations was most likely 
due to rifampin stimulating the hepatic metabolism of chloramphenicol, increasing 
its clearance and decreasing its serum concentrations.

Patients should have chloramphenicol concentrations monitored daily while they 
are receiving rifampin. The chloramphenicol dosage regimen may need to be 
adjusted to maintain concentrations within the therapeutic range, since subtherapeutic 
concentrations may result in therapeutic failure. Patients also should be monitored 
clinically for their response to therapy.

11.2.5  Anticoagulants

Chloramphenicol may enhance the hypoprothrombinemic response to oral antico-
agulants. Christensen documented a two- to fourfold increase in dicumarol half-life 
when coadministered with chloramphenicol [10].
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Several potential mechanisms may be responsible for this interaction. 
Chloramphenicol has been shown to inhibit the metabolism of dicumarol, probably 
by inhibiting hepatic microsomal enzymes [10]. Some investigators have proposed 
that chloramphenicol decreases vitamin K production by gastrointestinal bacteria 
[19, 20]; however, bacterial production of vitamin K appears to be less important 
than dietary intake. Moreover, chloramphenicol does not usually have much effect 
on bowel flora [21]. Vitamin K depletion by chloramphenicol may affect the 
 production vitamin K-dependent clotting factors in the hepatocyte [22].

The clinical consequences of an increased prothrombin time (PT) or interna-
tional normalized ratio (INR) would be increased risk of bleeding. This includes 
minor bleeding such as nosebleeds and bleeding from the gums, but also major 
bleeding into the gastrointestinal tract, central nervous system, or retroperitoneal 
space. The PT/INR should be monitored daily when chloramphenicol is started or 
discontinued in patients taking oral anticoagulants. There may be an increase in clot 
formation and thromboembolic complications if the warfarin dose is not increased 
after the chloramphenicol is stopped.

11.2.6  Immunosuppressive Agents

11.2.6.1  Cyclosporine and Tacrolimus

Several reports have appeared in the literature describing an interaction between 
chloramphenicol and immunosuppressive agents, specifically cyclosporine and tac-
rolimus. Bui and Huang reported the interaction in a renal transplant patient receiv-
ing cyclosporine [23]. The patient required cyclosporine 50–75 mg twice daily to 
maintain trough concentrations in the 100–150 mg/L prior to hospital admission. 
The patient’s cyclosporine dose required increasing to 300 mg twice daily during 
her hospital admission to maintain similar trough concentrations because of rifampin 
therapy for the treatment of line sepsis. Ten days after the rifampin was stopped, 
chloramphenicol 875 mg 6 h was started for the treatment of an Enterococcus sinus-
itis. The trough cyclosporine concentration on the following day increased to 
280 mg/L. Despite stepwise lowering of the cyclosporine dose to 50–100 mg/day, 
the concentrations continued to rise for the next 2 weeks, reaching a plateau of 
600 mg/L. After stopping the chloramphenicol, the cyclosporine concentration sta-
bilized between 100 and 150 mg/L on a dose of 50 mg twice daily. Steinfort and 
McConachy reported a similar experience in a heart transplant patient receiving 
chloramphenicol and cyclosporine [24]. Mathis reported a 41.3% increase in trough 
cyclosporine concentration in 3 renal transplant patients following the addition of 
chloramphenicol to their medication regimens [25]. Mean cyclosporine doses were 
reduced by 44–49% in order to maintain therapeutic cyclosporine concentrations.

Several reports have documented a similar interaction between chloramphenicol 
and tacrolimus in transplant patients [26–28]. Schulman and colleagues reported a 
7.5-fold increase in tacrolimus dose-adjusted AUC, 22.7 vs 171 mg*h/L and an 
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increased in tacrolimus half-life from 9.1 to 14.7 h following the addition of 
chloramphenicol to a stable tacrolimus regimen [26]. Taber and colleagues docu-
mented the chloramphenicol-tacrolimus interaction in a liver transplant patient. The 
patient was stabilized on an outpatient tacrolimus dose of 5 mg twice daily with 
trough concentrations ranging between 9 and 11 ng/mL. The tacrolimus 12-h trough 
concentration increased to more than 60 ng/mL after 3 days of chloramphenicol 
1,850 mg every 6 h. The patient complained of lethargy, fatigue, headaches, and 
tremors. The tacrolimus concentration decreased to 8.2 ng/mL 7 days after the 
chloramphenicol was stopped. The tacrolimus regimen was restarted at 5 mg twice 
daily resulting in stable trough concentrations between 6.7 and 11.0 ng/mL [27]. 
Bakri reported an approximately fourfold increase in the tacrolimus blood concen-
tration of a renal transplant patient after the initiation of chloramphenicol 750 mg 
4 times daily [28]. The tacrolimus concentration ranged between 5 and 11 ng/mL on 
stable regimen of 4 mg twice daily but increased to >30 ng/mL within 3 days after 
starting chloramphenicol. The patients also experienced a slight rise in serum 
 creatinine and a significant increase in his serum potassium level during this time. 
The tacrolimus dose was reduced to 1.5 mg twice daily and the blood concentration 
fell to 18–25 ng/mL. Chloramphenicol was stopped after 15 days of therapy and the 
patient’s tacrolimus blood concentration stabilized between 8 and 15 mg/mL on a 
regimen of 3 mg twice daily. Mathis also reported up to a 207% increase in trough 
tacrolimus concentration in another 3 renal transplant patients following the  addition 
of chloramphenicol to their medication regimens [25]. Mean tacrolimus doses were 
reduce by 25–34% in order to maintain therapeutic cyclosporine concentrations.

11.2.7  Antifungal Agents

11.2.7.1  Voriconazole

Chloramphenicol was shown to inhibit the metabolism of voriconazole in a  pediatric 
patient with fungal ventriculitis [29]. A voriconazole dose of approximately 4 mg/kg 
twice daily resulted in plasma voriconazole trough concentrations of 2.2 and 3.5 
mcg/mL while the patient was also receiving chloramphenicol. The voriconazole 
dose had to be increased to 9 mg/kg twice in order to maintain concentrations within 
the range to treat Aspergillus infections.

The mechanism of the interaction is most likely due to chloramphenicol’s 
 inhibition of the cytochrome P450 3A4 enzyme that is responsible for the metabo-
lism of cyclosporine and tacrolimus. If chloramphenicol has to be used in a patient 
receiving cyclosporine or tacrolimus, a prospective decrease in dose may be war-
ranted. Cyclosporine and tacrolimus concentrations should be closely monitored 
with appropriate dose adjustments while patients are receiving chloramphenicol. 
Cyclosporine and tacrolimus administration should be stopped in patients with 
 elevated trough concentrations, especially in patients slowing signs of cyclosporine 
or tacrolimus toxicity until the concentrations returned to the normal therapeutic 
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range. The agents may be restarted at appropriately adjusted doses to maintain the 
trough concentrations within the therapeutic range. Chloramphenicol inhibits 
 voriconazole metabolism by inhibiting P450 3A4 and possibly 2C19 isoenzymes. 
Voriconazole doses will need to be adjusted with the initiation and discontinuation 
of chloramphenicol therapy. Monitoring voriconazole concentrations may be 
 warranted in order concentration within the range need to effectively treat serious 
fungal infections.

11.3  Clindamycin

11.3.1  Nondepolarizing Neuromuscular Blocking Agents

Clindamycin has been shown to interact with nondepolarizing neuromuscular 
 blocking agents and aminoglycoside antibiotics. Becker and Miller investigated the 
neuromuscular blockade induced by clindamycin alone and when mixed with 
d-tubocurarine or pancuronium in an in vitro guinea pig lumbrical nerve-muscle 
preparation [30]. Clindamycin initially increased twitch tension, but with higher 
concentrations twitch tensions subsequently decreased. With 15–20% twitch depres-
sion induced by clindamycin, neostigmine or calcium slightly but not completely 
antagonized the blockade. Clindamycin at a dose that did not depress twitch tension 
potentiated d-tubocurarine- and pancuronium-induced neuromuscular blockade.

Several clinical reports document clindamycin’s ability to prolong neuromus-
cular blockade following depolarizing and nondepolarizing neuromuscular block-
ing agents [31–33]. Best and colleagues reported on a patient who received 
clindamycin 300 mg IV 30 min before surgery to repair a nasal fracture [31]. 
Succinylcholine 120 mg was administered to facilitate intubation with no addi-
tional nondepolarizing neuromuscular blocking agents administered during the 
surgery. Approximately 5 h after surgery and 20 min after receiving clindamycin 
600 mg intravenously, the patient complained of profound overall body weakness 
and was noted to have  bilateral ptosis, difficulty speaking, and rapid shallow res-
pirations. After several minutes her weakness rapidly became more profound, 
with 1/5 muscle strength noted in all extremities. Nerve stimulation showed 
marked neuromuscular blockade with the train-of-four (TOF) stimulation noted to 
be 0/4. The patient was treated with neostigmine 4 mg IV and glycopyrrolate 
0.8 mg IV enabling the patient to move all extremities and develop a more normal 
respiratory pattern. Follow-up nerve stimulation showed a TOF of 4/4 and within 
20 min of the reversal agent the patient returned to baseline muscle strength (5/5) 
in all extremities.

Clindamycin-induced neuromuscular blockade is difficult to reverse. No reversal 
could be obtained by using either calcium or neostigmine [34]. The mode of action 
of clindamycin on neuromuscular function is complex. Although it has a local 
 anesthetic effect on myelinated nerves, it also stimulates the nerve terminal and 
simultaneously blocks the postsynaptic cholinergic receptor. It appears that its major 
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neuromuscular blocking effect is a direct depressant action on the muscle by the 
un-ionized form of clindamycin [35]. Clindamycin also has been shown to decrease 
the quantal content of acetylcholine released with presynaptic stimulation in-vitro 
[36], possibly the result of effects on presynaptic voltage gated Ca+2 channels [37].

This interaction may be of clinical significance in patients receiving clindamycin 
and depolarizing or nondepolarizing neuromuscular blocking agent during the  
 perioperative period or in an intensive-care unit. This interaction may result in a 
prolonged period of neuromuscular blockade, resulting in recurarization with 
 respiratory failure and an extended period of mechanical ventilation.

Patients receiving this combination of agents should be monitored clinically with 
peripheral nerve stimulation using train-of-four or other mode of nerve stimulation 
to assess neuromuscular function and degree of neuromuscular blockade.

11.3.2  Aminoglycosides

One report suggests that clindamycin may increase the risk of nephrotoxicity when 
administered concurrently with aminoglycoside antibiotics. Butkus and colleagues 
reported three patients who developed acute renal failure when gentamicin and 
 clindamycin were administered concurrently [38]. The evidence for combined neph-
rotoxicity consisted of the temporal relationship between administration of the antibi-
otics and the development of acute renal failure with rapid recovery after the antibiotics 
were stopped.

11.3.3  Paclitaxel

The pharmacokinetics of paclitaxel 175 mg/m2 was studied in 16 patients with ovarian 
cancer [39]. Paclitaxel was administered alone and with clindamycin doses of 600 and 
1,200 mg/dose. There was a slight reduction in paclitaxel C

max
 and AUC with increas-

ing doses of clindamycin. The baseline paclitaxel C
max

 and AUC were 3.25 ± 1.22 
mg/mL and 8.40 ± 2.88 mg h/mL, respectively but fell progressively with the coadmin-
istration of clindamycin 600 mg/dose (3.02 ± 0.81 mg/mL and 7.49 ± 1.94 mg h/mL) 
and 1,200 mg/dose (2.87 ± 0.89 mg/mL and 7.45 ± 2.24 mg h/mL).

This interaction is supported by circumstantial evidence. Although both agents 
were administered concurrently, none of the patients had gentamicin concentrations 
monitored during therapy. The reversible renal failure is consistent with that seen 
with aminoglycosides. It occurs during the course of therapy and resolves rapidly 
once the aminoglycoside antibiotic is stopped. There is no evidence to suggest that 
the administration of clindamycin in the setting of appropriately dosed aminoglyco-
side antibiotics leads to an increased risk of nephrotoxicity. The changes in pacli-
taxel concentrations following the coadministration of clindamycin are minimal and 
probably not clinical relevant. No alterations in the paclitaxel dose are recommended 
when it is coadministered with clindamycin.
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11.4  Sulfonamides

11.4.1  Warfarin

Several reports have described an enhanced hypoprothrombinemic response to 
 warfarin when sulfamethoxazole, usually in combination with trimethoprim, was 
added to a patient’s therapy [40–43]. Two pharmacokinetic studies in healthy adults 
confirmed that sulfamethoxazole enhances the hypoprothrombinemic response to 
warfarin in most people [43, 44]. Although the sulfamethoxazole seems more likely 
to have been responsible than the trimethoprim, a trimethoprim effect cannot be 
ruled out.

O’Reilly conducted two studies evaluating the stereoselective interaction 
between trimethoprim-sulfamethoxazole (TMP-SMX) and warfarin. In one study, 
patients received 1.5 mg/kg of racemic warfarin with and without 320 mg 
trimethoprim-1,600 mg sulfamethoxazole beginning 7 days before warfarin and 
continuing daily throughout the period of hypoprothrombinemia [45]. There was a 
significant increase in the areas of the one-stage prothrombin time, from 53 to 
83 units, during the administration of TMP-SMX. In a follow-up study, O’Reilly 
studied the effects of TMP-SMX on each of the warfarin enantiomers [46]. Subjects 
received each enantiomer alone and in combination with 80 mg trimethoprim-400 mg 
sulfamethoxazole. TMP-SMX had no effect on the R-isomer. The areas of the one-
stage prothrombin time increased by approximately 70%, from 40 to 67 units, 
when the S-isomer and TMP-SMX were given together. Additional case reports 
describe the prolongation in PT following the addition of TMP-SMX to medication 
regimens containing warfarin [40–43]. Penning-van Beest and  colleagues analyzed 
a retrospective group of approximately 60,000 patients  taking coumarin anticoagulants 
identified in the PHARMO Record Linkage System in the Netherlands [47]. The 
relative risk of bleeding was calculated for a variety of antibiotics co-administered 
with the coumarin anticoagulants with the relative risk of bleeding being 3–5 for 
TMP-SMX.

Some sulfonamides appear to impair the hepatic metabolism of oral anticoagu-
lants. Competition for plasma protein–binding sites may play an additional role. 
Although sulfonamides reportedly decrease vitamin K production by the gastroin-
testinal bacteria, evidence for such an effect is lacking.

Patients should be monitored closely for an increase in PT/INR when sul-
famethoxazole-containing products are coadministered with warfarin. Two 
reports  suggest that a preemptive warfarin dose reduction of approximately 
10–20% when initiating TMP-SMX therapy is effective in maintaining INR in 
the therapeutic range [45, 48]. Patients should be monitored clinically for signs 
of bleeding with initiating TMP-SMX and decreased effects upon discontinuing 
TMP-SMX or when preemptively reducing the warfarin dose. Other antibiotics 
may be prescribed to avoid this interaction, or other forms of anticoagulation 
such as unfractionated or low-molecular-weight heparin may be used as alterna-
tives to warfarin.
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11.5  Tetracyclines

Tetracyclines have been documented to interact with a number of medications. The 
most common interaction is with heavy metals that chelate tetracyclines and impair 
their absorption from the gastrointestinal tract. Although somewhat controversial, 
interactions may occur with oral contraceptives, where tetracycline may reduce 
their effectiveness and increase the risk of pregnancy.

11.5.1  Heavy Metals

Numerous studies have documented the ability of heavy metals to chelate  tetracycline 
products and impair their absorption [49–51]. These products contain divalent and 
trivalent cations such as aluminum, magnesium, and calcium. Antacids also may 
impair the dissolution of tetracyclines. Bismuth subsalicylate, a common ingredient 
in antidiarrheal medications, also has been shown to impair the absorption of tetra-
cyclines through a similar chelation mechanism [52, 53].

This is a pharmacokinetic interaction because it impairs absorption and reduces 
oral bioavailability. The clinical consequences of this interaction could be the poten-
tial of a therapeutic failure because of inadequate tetracycline serum and tissue 
concentrations.

Oral tetracycline products should be taken 2 h before or 6 h after antacids. This 
may not completely avoid the interaction, but should minimize it. Since this 
 interaction is not based on an alteration in pH, H

2
-receptor antagonists and proton 

pump inhibitors may be alternative medications. Additionally, other antibiotics may 
be prescribed to avoid the interaction.

Bismuth can reduce the bioavailability of tetracycline, similar to heavy metals. 
Ericsson and colleagues evaluated the influence of a 60-mL dose of bismuth 
 subsalicylate on the absorption of doxycycline [52]. Doxycycline bioavailability 
was reduced by 37% and 51% when given simultaneously and as a multiple-dose 
 regimen before doxycycline. Peak serum concentrations of doxycycline were 
 significantly decreased when bismuth subsalicylate was give 2 h before doxycycline 
but not when given 2 h after doxycycline. Albert and co-workers documented a 34% 
reduction in doxycycline bioavailability when the two products were administered 
simultaneously [53]. A further discussion on the effect of various food containing 
divalent cations is given in Chap. 10.

11.5.2  Colestipol

Colestipol reduces the bioavailability of tetracycline by impairing its absorption in the 
gastrointestinal tract. Friedman et al. showed that when colestipol and tetracycline 
were given together, there was a 50% reduction in tetracycline bioavailability [54]. 
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In a single dose, three-way crossover study, subjects ingested 500 mg tetracycline 
with 180 mL of water, 180 mL of water and 30 g colestipol, and 180 mL of orange 
juice and 30 g colestipol. There were significant differences in the 48-h urinary excre-
tion of tetracycline. More than 50% of the dose was recovered in the urine when the 
tetracycline was administered with water. Only 23–24% was recovered in the urine 
when it was administered with colestipol. There was no significant difference among 
the three groups in the mean-value excretion half-life.

This interaction impairs absorption and reduces oral bioavailability as a result of 
tetracycline adsorbing onto colestipol-binding sites. The clinical consequences of 
this interaction could be the potential of a therapeutic failure because of inadequate 
tetracycline serum and tissue concentrations.

Oral tetracycline should be taken 2 h before or at least 3 h after a dose of coles-
tipol. Additionally, other antibiotics may be prescribed to avoid the interaction.

11.5.3  Digoxin

Tetracycline can reduce the gastrointestinal bacterial flora responsible for metabo-
lizing digoxin in the gastrointestinal tract and increase digoxin absorption and 
 bioavailability in some patients. Lindenbaum and colleagues administered digoxin 
to healthy volunteers for 22–29 days. After 10 days, 500 mg tetracycline q6h for 
5 days was started [55]. During the period of antibiotic administration, digoxin 
reduction products fell, urine digoxin output rose, and digoxin steady-state serum 
concentrations increased by as much as twofold in some subjects. Preantibiotic 
serum digoxin serum concentrations ranged between 0.37 and 0.76 mg/L and 
increased to 0.8–1.33 mg/L following antibiotic therapy. It also was noted that these 
effects persisted for several months after the antibiotics were stopped. There were 
no reports of digoxin toxicity in the patients who experienced an increase in their 
digoxin concentrations.

The mechanism of this interaction appears to be the inhibition of digoxin metab-
olism by suppressing gut bacteria. The clinical implications of this interaction are 
the possibility that therapy with antibiotics in subjects producing large amounts of 
digoxin reduction products may precipitate toxicity. Unrecognized changes in gut 
flora might result in variability in digoxin response, in the direction of either drug 
toxicity or therapeutic failure.

11.5.4  Anticonvulsants

Phenobarbital and phenytoin have been shown to reduce the serum concentrations of 
doxycycline [56–58]. Penttilla and Neuvonen conducted three trials to evaluate the 
effect of anticonvulsants on doxycycline metabolism [56]. In one study they com-
pared the half-life of doxycycline in patients taking long-term phenytoin and/or 
 carbamazepine therapy to a control group of patients not receiving anticonvulsants. 
The doxycycline half-life in the patients receiving chronic anticonvulsants ranged 
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between 7 and 7.5 h compared to 15 h in the control subjects. In a second crossover 
trial, they determined the half-life of doxycycline in five patients after 10 days of 
phenobarbital therapy and in another five patients taking phenobarbital chronically 
[57]. The half-life of doxycycline was 15 h in the control patients before phenobarbi-
tal therapy was begun. After 10 days of therapy the half-life was reduced to 11 h. The 
doxycycline half-life was 7 h in the patients taking phenobarbital chronically. In a 
third trial, they evaluated the effect of chronic anticonvulsant therapy on a  variety of 
tetracycline products and compared this to results in control patients [58]. The doxy-
cycline half-life averaged 7 h and the peak concentrations were lower in the patients 
on chronic anticonvulsant therapy compared to the control group. There was no dif-
ference in the half-lives of oxytetracycline, methacycline, chlortetracycline, and dem-
ethylchlortetracycline between the patients on anticonvulsants and control patients.

Although doxycycline is primarily eliminated in the feces, the enhanced hepatic 
metabolism of doxycycline appears to be the mechanism of this interaction. The 
clinical consequences of this interaction could be a reduction in serum doxycycline 
concentrations and the potential for therapeutic failure. An alternative class of 
 antibiotics should be selected for these patients because they may be receiving 
 anticonvulsants for the control of a seizure disorder and it would not be wise to 
switch anticonvulsants to avoid this interaction.

11.5.5  Warfarin

Tetracyclines may be associated with an increased hypoprothrombinemic response 
in patients taking oral anticoagulants. Several case reports describe patients stabi-
lized on chronic warfarin therapy who experienced increases in PT after the addi-
tion of doxycycline to their medication regimens [59, 60]. Westfall described a 
patient maintained on warfarin therapy with stable PT values approximately two 
times the control value [59]. After the initiation of 100 mg of doxycycline twice a 
day, the patient’s PT increased to 51 s and was associated with an unusually heavy 
menstrual flow. Upon medical evaluation her hemoglobin and hematocrit had 
dropped to 5.7 g/dL and 18.9%, respectively.

Caraco and Rubinow described two patients taking chronic oral anticoagulation 
who presented with severe hemorrhage and disturbed anticoagulation tests after the 
addition of doxycycline to their medication regimens [60]. In the first patient, the 
PT ratio increased from 1.49 to 3.82 following the addition of 100 mg of doxycy-
cline daily. In the second patient, the PT ratio increased from between 1.5 and 2.5–4.09 
following the addition of 100 mg of doxycycline twice daily.

Penning-van Beest estimated the relative risk of bleeding in patients taking 
 coumarin anticoagulants and a tetracycline in the PHARMO Record Linkage 
System in the Netherlands [47]. The relative risk of bleeding was calculated to be 
3–5 for doxycycline and 9 for tetracycline.

The mechanism of this interaction is unclear but may involve a reduction in the 
plasma prothrombin activity by impairing prothrombin utilization or decreasing 
vitamin K production by the gastrointestinal tract.
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The clinical significance of this interaction is the increased anticoagulant effect, 
which may result in an increased risk of bleeding. Patients should be closely moni-
tored for clinical signs of bleeding such as nosebleeds or bleeding from the gums, 
and the PT monitored and warfarin dose adjusted to maintain the PT/INR in the 
therapeutic range. Other antibiotics may be prescribed to avoid this interaction, or 
other forms of anticoagulation such as unfractionated or low-molecular-weight 
 heparin may be used as alternatives to warfarin.

11.5.6  Lithium

One case report described the increase in lithium concentrations following a course of 
tetracycline [61]. However, a prospective trial documented small decreases in the 
serum lithium concentration when both agents were administered concurrently [62].

McGennis reported a patient taking lithium chronically for a history of manic 
depression [61]. Two days after starting tetracycline, it was noted that her serum 
lithium level increased from 0.81 to 1.7 mmol/L. The patient exhibited slight drows-
iness, slurred speech, and a fine tremor of both hands consistent with lithium toxic-
ity. At the time lithium and tetracycline were stopped, the serum lithium concentration 
was 2.74 mmol/L. The concentration declined to within the therapeutic range 5 days 
after stopping both agents.

Fankhauser evaluated the effect of tetracycline on steady-state serum lithium 
concentrations in healthy volunteers and compared the frequency and severity of 
adverse effects in the lithium and lithium-tetracycline treatment phases [62]. There 
was a significant decrease in the serum lithium concentration between the control 
and treatment phases (0.51 versus 0.47 mEq/L, p = 0.01). It is unclear whether this 
is a clinically significant decrease in the serum lithium concentration. There was no 
difference in adverse effects between the control and treatment phases of the trial.

The mechanism of this interaction is not known. One possibility may be that 
tetracycline-induced renal failure may reduce urinary lithium excretion. Although it 
is unlikely that a significant interaction exists, patients should be monitored for 
signs of lithium toxicity when this combination is prescribed. Renal function should 
also be monitored to prevent increases in the serum lithium concentrations second-
ary to reductions in renal function. Another class of antibiotics should be prescribed 
to avoid this interaction.

11.5.7  Psychotropic Agents

Steele and Couturier reported the possible interaction between tetracycline and 
respiradone and or sertraline in a 15-year-old male with Asperger’s disorder, 
Tourette’s Disorder and obsessive-compulsive disorder [63]. Tetracycline was 
added to a respiradone-sertraline treatment regimen resulting in an acute 
exacerbation  of motor and vocal tics. The authors postulated that the increase in 
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tics may have resulted from either a tetracycline-respiradone interaction leading to 
a reduction in respiradone levels or a tetracycline-sertraline interaction leading 
to increased levels of sertraline or the natural course of Tourette’s disorder. The 
sertraline dose was increased with no concomitant increase in tics and subsequent 
discontinuation of tetracycline resulted in an improvement in tics, which suggests 
the possibility of an interaction between tetracycline and respiradone. The mecha-
nism of this potential interaction is unknown, but the author recommended that the 
addition of antibiotics to psychotropic medications require close monitoring due to 
the potential for the interaction.

11.5.8  Theophylline

Several case reports describe increases in theophylline serum concentrations during 
a course of tetracycline administration [64, 65]. However, prospective trials have 
failed to document a consistent effect [66–69].

Four prospective studies have evaluated the interaction between theophylline and 
tetracycline. Pfeifer gave nine patients tetracycline for 48 h and did not observe a 
statistically significant interaction [66]. However, six subjects had a decrease in 
theophylline clearance during the combined tetracycline-theophylline period, and in 
four of the subjects the decrease was greater than 15%. Mathis studied eight healthy 
volunteers by giving them a single IV injection of aminophylline before and after 
7 days of tetracycline [67]. Theophylline clearance decreased by an average of 9%, 
but four patients had greater than 15% decrease in clearance and one patient had a 
32% decrease in clearance. Gotz and Ryerson evaluated the interaction between 
tetracycline and theophylline in five patients with chronic obstructive airways 
 disease [68]. Theophylline clearance decreased by an average of 11% following the 
5-day course of tetracycline. Jonkman evaluated the effects of doxycycline on theo-
phylline pharmacokinetic parameters in healthy volunteers during a 9-day course of 
theophylline alone and with the coadministration of doxycycline [69]. There was no 
influence of doxycycline on absorption, elimination, and volume of distribution of 
theophylline. Mean steady-state plasma concentrations were not significantly 
 different between the two treatment periods.

The mechanism for the interaction in unknown but appears to be a reduction in 
the hepatic metabolism of theophylline. The reduction in metabolism appears to be 
quite variable. It may take several days for the interaction to occur, so increases in 
serum theophylline may not be clinically significant after short courses of tetracy-
cline. Patients taking longer courses of tetracycline may be at risk for developing 
theophylline toxicity.

Patients should be closely monitored when tetracycline is added to a medication 
regimen containing theophylline. Although short courses may not result in  clinically 
significant increases in the serum theophylline concentration, patients maintained in 
the upper end of the therapeutic range may be at risk of developing theophylline 
toxicity even with modest increases in the serum theophylline concentration. 
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Also, the reduction in clearance appears to be quite variable, so it may be difficult to 
 predict how much the theophylline will increase following the addition of tetracy-
cline to the medication regimen. All patients should be monitored clinically for signs 
and symptoms of theophylline toxicity. Serum theophylline concentration should be 
monitored every 2–3 days in patients at high risk for developing theophylline 
toxicity.

11.5.9  Oral Contraceptives

Several case reports suggest that tetracycline can reduce the effectiveness of oral 
contraceptives [70, 71]. One retrospective study should that the oral contraceptive 
failure rate was within the expected range associated with the typical pattern of use 
[72]. However, prospective trials have failed to document a consistent effect [73, 
74]. These case reports of unintended pregnancies have occurred following the 
concurrent administration of tetracycline and other antibiotics with oral contracep-
tives. Two small controlled studies evaluated the effect of tetracycline on the serum 
levels of ingredients contained in commonly prescribed oral contraceptives. Neely 
et al. compared the serum concentrations of ethinyl estradiol, norethindrone, and 
endogenous progesterone during a control period and after a 7-days course of 
doxycycline starting on day 14 of their cycle [73]. There were no statistically sig-
nificant differences in serum concentrations of ethinyl estradiol, norethindrone, 
and endogenous progesterone between the control and treatment phases. Murphy 
et al. studied the effect of tetracycline on ethinyl estradiol, norethindrone after 24 h 
and 5–10 days of therapy with tetracycline [74]. There was no significant decrease 
in ethinyl estradiol, norethindrone concentrations after 24 h or after 5–10 days of 
therapy. A pharmacokinetic study was performed to investigate whether there was 
any interaction between etonogestrel or ethinylestradiol released from the com-
bined contraceptive vaginal ring NuvaRing and concomitant treatment with orally 
administered doxycycline. Healthy women were randomised to receive either 
NuvaRing alone for 21 days or NuvaRing for 21 days doxycycline The doxycy-
cline study measured AUC values over the initial 24 h on days 1 and 10 and the 
whole of days 1–11 and 1–22. There were no differences in the etonogestrel or 
ethinylestradiol serum concentrations between subjects using NuvaRing alone ver-
sus those receiving the ring plus doxycycline. Calculation of etonogestrel and 
ethinylestradiol interaction/control ratios confirmed the absence of an interaction 
between these medications [75].

The mechanism for the interaction is unknown but may be due to interference 
with the enterohepatic circulation of estrogens in the intestines, making this a phar-
macokinetic interaction. Other antibiotics have also been reported to reduce the 
effectiveness of oral contraceptives when administered concurrently. It is not 
known if noncompliance played a role in some of these unplanned pregnancies. 
Other more extensive reviews on the interaction between tetracyclines and oral 
contraceptives have concluded that this interaction is not supported by pharma-
cokinetic data [76].
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Although the evidence of the interaction between tetracycline and oral contraceptives 
is limited to case reports, women should be counseled to use other methods of birth 
control during tetracycline therapy.

11.5.10  Methotrexate

Tortajada-Ituren and colleagues reported an interaction between doxycycline and 
high-dose methotrexate [77]. A 17-year female was receiving high-dose methotrexate 
as part of a chemotherapy regimen. The patient had undergone 10 cycles of the regi-
men without complications. Her mean methotrexate pharmacokinetic parameters fol-
lowing the 10 cycles were a methotrexate clearance of 2.95 L/h; half-life, 2.96 h; 
mean residence time, 4.27 h; and volume of distribution, 12.53 l. On admission to the 
hospital for the eleventh cycle of chemotherapy, the patient was noted to have a palpe-
bral abscess in her left eye which was treated with doxycycline 100 mg twice daily. 
The high-dose methotrexate, 18 g was administered according to her usual protocol. 
During the first 24 h after the methotrexate infusion, the patient developed facial ery-
thema, malaise and vomiting that had not occurred during the first 10 cycles. The 
doxycycline was stopped 48 h after chemotherapy. The pharmacokinetic monitoring 
was prolonged for 168 h revealing a significant decrease in methotrexate clearance 
(1.29 L/h) and significant increase in half-life (6.26 h) and mean residence time 
(9.03 h) compared to the values obtained during the first 10 cycles. Her hospital stay 
was prolonged to 11 days compared to an average of 7.7 days during the first 10 cycle.

Although the mechanism of the interaction is unknown, one proposed theory 
suggests that tetracyclines may displace methotrexate from plasma protein binding 
sites [78]. In an attempt to validate this mechanism in their patient, the authors 
determined the degree of methotrexate plasma protein binding in two plasma sam-
ples with similar methotrexate concentrations from the seventh and eleventh cycles. 
The unbound methotrexate concentrations were determined with an ultrafiltration 
process. The unbound methotrexate fractions during the seventh and eleventh cycles 
were 53% and 41% respectively.

Although case reports of a tetracycline-methotrexate interaction are limited, 
tetracyclines should be avoided in patients receiving high-dose methotrexate ther-
apy. If therapy with a tetracycline is required, pharmacokinetic monitoring should 
be continued until the methotrexate concentrations are below the desired range and 
the leucovorin rescue should be continued, if necessary until all signs and symp-
toms of methotrexate toxicity disappear.

11.5.11  Rifampin

Colmenero and colleagues studied the possible interaction between rifampin and 
doxycycline in 20 patients with brucellosis [79]. Patients were treated with either 
doxycycline and streptomycin or doxycycline and rifampin. The doxycycline levels in 
the patients treated with rifampin were significantly lower than those patients treated 
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with doxycycline and streptomycin. The doxycycline clearance in patients treated with 
rifampin was significantly higher than in the patients treated with doxycycline and 
streptomycin 3.59 and 1.55 L/h, respectively. The elimination half-life (4.32 h vs 
10.59 h) and area under the concentration-time curve were significantly lower in 
patients in the rifampin treated patients (30.4 vs 72.6 mg*h/mL). Additionally, there 
were lower doxycycline levels in the rifampin treatment group who were rapid acetyla-
tors. There were no treatment failures in the patients receiving doxycycline and strep-
tomycin, while there were two treatment failures in the doxycycline-rifampin group.

Rifampin is a potent inducer of hepatic microsomal enzymes. Although doxycy-
cline is only partially metabolized, the effect of rifampin may be significant enough 
to lower doxycycline concentrations to subtherapeutic levels. Caution should be used 
when treating patients with combined rifampin and doxycycline therapy. If possible, 
alternative antibiotic should be prescribed to avoid potential treatment failures.

11.6  Tigecycline

The interaction between tigecycline and warfarin was studied in 19 healthy males 
subjects [80]. On day 1, the subjects received a single warfarin 25 mg dose. On day 8, 
they received a 100 mg loading dose of IV tigecycline followed by 50 mg every 12 h 
for eight additional doses. On day 12 they received another warfarin 25 mg dose with 
their last tigecycline dose. After 8 dose of tigecycline, R- and S- warfarin AUCs were 
increased by 68% and 29%, respectively, and clearance decreased by 40% and 23% 
respectively. There was an approximately 50% increase in the R-warfarin half-life 
from 42.4 to 68.7 h, but less than a 20% increase in the S-warfarin half-life from 32 
to 37 h. There was no significant effect on INR.

The reductions in clearance and half-life suggest that this effect was due to an 
increase in warfarin protein binding. Although there was no effect on the INR after 
single doses in healthy volunteers, all patients on chronic warfarin therapy receiving 
broad-spectrum antibiotics should have their INR closely monitored and doses 
adjusted as needed.

11.7  Aminoglycosides

Aminoglycoside antibiotics are involved in a number of drug interactions, many of 
which result in an increased risk of nephrotoxicity.

11.7.1  Amphotericin B

The concurrent use of aminoglycoside antibiotics may lead to an increased risk of 
developing nephrotoxicity. Churchill and Seely reported four patients that devel-
oped nephrotoxicity when both agents were administered together [81]. All of the 
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patients received amphotericin B at an approximate dose of 0.5 mg/kg/day. Two of 
the four patients had documented gentamicin trough concentrations of 5 mg/L. All 
patients developed progressive renal failure during the first several days of  combined 
therapy. In the patients who survived, renal function returned to baseline values 
after both agents were discontinued.

The mechanism of this is the potential of additive nephrotoxicity from both 
agents. Amphotericin B is associated with a predictable rise in creatinine within the 
first several days of therapy. Aminoglycoside antibiotics are associated with acute 
tubular necrosis, especially in the setting of elevated serum concentrations. In the 
case report, three patients had documented gentamicin concentrations significantly 
higher than the desired 2 mg/L. This mostly likely contributed to the development 
of nephrotoxicity in these patients.

Patients receiving aminoglycoside antibiotics and amphotericin B should be 
closely monitored for the development of renal failure. The aminoglycoside serum 
concentrations should be monitored every 2–3 days and the dosage regimen adjusted 
to maintain peak and trough concentrations within the desired therapeutic range. 
Every attempt should be made to avoid other conditions that might increase the risk 
of developing renal failure (i.e. hypotension) and avoiding administering other 
 medications that might increase the risk of developing renal failure (i.e. iv contrast 
media, loop diuretics).

11.7.2  Neuromuscular Blocking Agents

Aminoglycoside agents are known to potentiate paralysis from neuromuscular 
blocking agents [82–85]. Often this has occurred in the setting of the instillation of 
aminoglycoside-containing irrigation solutions into the intraabdominal cavity dur-
ing surgery. Dupuis et al. evaluated prospectively the interaction between aminogly-
cosides and atracurium and vecuronium in 44 patients [86]. Twenty-two patients 
had therapeutic concentrations of gentamicin or tobramycin and 22 patients served 
as controls. Onset time, clinical duration, and time to spontaneous recovery T

1
/T

4
 

ratio of 0.7 after atracurium or vecuronium injection were measured. Although no 
statistically significant differences were found in onset time, clinical duration was 
longer in patients receiving tobramycin or gentamicin and paralyzed with vecuro-
nium than in controls. The neuromuscular blockade produced by atracurium was 
not significantly influenced by the presence of therapeutic serum concentrations of 
tobramycin or gentamicin. The clinical duration of patients receiving atracurium 
alone or in the presence of an aminoglycoside was approximately 40 min in each 
group, and the time to recovery of a T

1
/T

4
 ratio >0.7 approximately 60–70 min. The 

clinical duration was significantly longer in the vecuronium patients receiving 
aminoglycosides than in the vecuronium control patients, 30 versus 55 min, respec-
tively. The time to recovery of a T

1
/T

4
 ratio >0.7 in the patients receiving vecuronium 

with aminoglycosides also was longer in the patients receiving an aminoglycoside, 
55 versus 105 min, respectively.
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Aminoglycosides have been shown to interfere with acetylcholine release and 
exert a postsynaptic curare-like action [87]. These agents have membrane- stabilizing 
properties and exert their effect on acetylcholine release by interfering with 
 calcium-ion fluxes at the nerve terminal, an action similar to magnesium ions. 
Aminoglycosides also possess a smaller but significant decrease in postjunctional 
receptor sensitivity and spontaneous release.

These drugs may cause postoperative respiratory depression when administered 
before or during operations and may also cause a transient deterioration in patients 
with myasthenia gravis. Patients should be monitored for prolonged postoperative 
paralysis if they received neuromuscular blocking agents and aminoglycoside 
 antibiotics during the perioperative or immediate postoperative period.

11.7.3  Indomethacin

Zarfin et al. evaluated the effect of indomethacin on gentamicin and amikacin serum 
concentration in 22 neonates with patent ductus arteriosus treated with indometha-
cin and aminoglycosides [88]. The aminoglycoside doses were held stable before 
the initiation of indomethacin therapy. After the addition of indomethacin, there 
was a significant rise in aminoglycoside trough and peak concentrations, a reduction 
in urine output, and a significant rise in serum creatinine. This may have been due 
to the ability of nonsteroidal anti-inflammatory agents to cause reversible renal 
 failure. In this setting the elimination of all renally eliminated medications would be 
expected to be reduced with elevation in serum concentrations.

Renal function should be closely monitored in patients receiving nonsteroidal 
anti-inflammatory agents. If renal failure develops, the doses of all renally eliminated 
medications should be adjusted to the level of remaining renal function. Serum con-
centrations of medications should be monitored when possible and dosage  regimens 
adjusted to maintain serum concentrations within the accepted therapeutic ranges.

11.7.4  Cyclosporine

Cyclosporine and aminoglycosides are both nephrotoxic and produce additive renal 
damage when administered together. Termeer et al. reported that the combined use 
of gentamicin and cyclosporine in renal transplant patients increased the incidence 
of acute tubular necrosis to 67%, compared with 5–10% when gentamicin was used 
alone or when cyclosporine was used with other, non-nephrotoxic antibiotics [89]. 
Animal studies have also documented the additive nephrotoxicity of aminoglyco-
sides when administered with cyclosporine.

The mechanism appears to be additive injury to the renal tubule. Aminoglycosides 
induce renal failure by inhibiting the intracellular phospholipases in lysosomes of 



38511 Miscellaneous Antibiotics

tubular cells in the proximal tubule. Cyclosporine-induced acute renal failure is 
related primarily to its effects on the renal blood vessels. Cyclosporine acutely 
reduces renal blood flow, with a corresponding increase in renal vascular resistance 
and a reduction in glomerular filtration rate.

Patients receiving aminoglycoside antibiotics and cyclosporine should be closely 
monitored for the development of renal failure. The aminoglycoside and cyclosporine 
serum concentrations should be monitored every 2–3 days and the dosage regimen 
adjusted to maintain peak and trough concentrations within the desired therapeutic 
range. Every attempt should be made to avoid other conditions that might increase 
the risk of developing renal failure (i.e. hypotension) and avoiding administering 
other medications that might increase the risk of developing renal failure (i.e. iv 
contrast media, loop diuretics).

11.7.5  Chemotherapeutic Agents

Numerous reports have documented the additive nephrotoxicity when aminoglyco-
sides are administered to patients receiving cisplatin-type chemotherapeutic agents 
[90–96]. Cisplatin-type chemotherapeutic agents have been shown to be associated 
with a reduction in renal function. Patients who received aminoglycoside antibiotics 
during or after a course of cisplatin-based chemotherapy regimens have demon-
strated additional reductions in renal function.

The mechanism appears to be direct injury to the renal tubule. Aminoglycosides 
induce renal failure by inhibiting the intracellular phospholipases in lysosomes of 
tubular cells in the proximal tubule. Cisplatin-induced renal failure is  mediated by a 
toxic effect on the renal tubular cells, resulting in acute tubular necrosis.

Prior administration of cisplatin is not an absolute contraindication to the use of 
aminoglycoside antibiotics. When clinically indicated, patients who have previ-
ously received cisplatin and have apparently normal renal function should be treated 
cautiously with standard doses of aminoglycoside antibiotics and pharmacokinetic 
monitoring should be performed routinely, with the dosage regimens adjusted to 
maintain serum concentrations within the normal therapeutic range.

11.7.6  Loop Diuretics

Several reports describe the increased risk of nephro- and ototoxicity when amino-
glycosides and loop diuretics are administered together [97, 98]. Although some 
case reports suggest there is increased ototoxicity when ethacrynic acid is given in 
combination with aminoglycosides [99]. The data supporting the association 
between furosemide and aminoglycosides are controversial [100].
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11.7.6.1  Ethacrynic Acid

High doses of ethacrynic given alone have been shown to produce hearing loss in 
patients with renal failure [99, 101]. Hearing loss can range between partial and 
full deafness and is usually irreversible. When patients receiving ethacrynic acid 
have been given an aminoglycoside such as kanamycin or streptomycin, hearing 
loss has been reported to occur within 15 min after an injection of the diuretic and 
lasting for several hours. Some patients had reduced hearing loss, while others 
remained deaf [99].

The mechanism of this pharmacodynamic interaction is not known. Ethacrynic 
is thought to produce hearing loss by an alteration in the formation of perilymph in 
the cochlea. This may be disputed because not all patients experience vertigo or 
nausea. Other possible causes of deafness may be the cysteine adduct of ethacrynic 
acid, a substance known to be ototoxic, or a direct toxicity to the auditory nerves by 
ethacrynic acid. Aminoglycosides produce ototoxicity by destroying the sensory 
hair cells in the cochlea and vestibular labyrinth.

Ethacrynic acid and the older-generation aminoglycosides are rarely used in 
clinical practice. However, some patients may be unable to take loop diuretics 
such as furosemide or bumetanide, so ethacrynic acid may be their only available 
option. When ethacrynic acid is used alone or in combination with aminoglyco-
sides, it should be used in the lowest dose that maintains adequate urine output or 
fluid balance. Aminoglycoside concentrations should be monitored and the dos-
age regimens adjusted to maintain concentrations within the therapeutic range. 
Patients should be monitored with audiograms if therapy is to be continued for an 
extended duration, and audiograms should be performed in patients who complain 
of hearing loss.

11.7.6.2  Furosemide

Kaka et al. reported a suspected case of furosemide increasing the peak and trough 
concentrations of tobramycin in a 72-year-old women [97]. The patient received 
intermittent doses of furosemide for the management of congestive heart failure. 
The patient developed a Gram-negative aspiration pneumonia. Tobramycin was 
started, with serum concentrations drawn after the loading dose followed by a main-
tenance dose of 180 mg IV q8h. Twelve hours after an intravenous dose of 120 mg 
of furosemide, the tobramycin trough and peak concentrations around the fourth 
dose were 5.3 and 16.2 mg/L, respectively. The authors concluded that moderate 
doses of furosemide could increase tobramycin concentrations, thus increasing the 
risk of ototoxicity and nephrotoxicity in some patients.

It is unclear whether furosemide was the cause of the increased tobramycin 
concentrations in this patient. Although furosemide has been reported to both 
increase and decrease the clearance of gentamicin, there are other possible explanations 
for the elevated tobramycin concentrations in these patients. The authors determined 
the patient’s tobramycin pharmacokinetic parameters after the initial dose and 
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used these parameters to determine the patient’s maintenance dosage regimen. The 
 maintenance regimen may have been overly aggressive for the patient’s age, weight, 
and underlying renal function. There was extreme variability in the tobramycin 
pharmacokinetic parameters between the first and fourth doses, suggesting errors 
in drug administration or sampling technique rather than changes in the patient’s 
clinical status or the administration of furosemide.

Smith and Liftman analyzed the data from three prospective, controlled, ran-
domized, double-blind clinical trials to determine whether furosemide increased the 
nephrotoxicity and ototoxicity of aminoglycosides. There was no difference in the 
incidence of nephrotoxicity or ototoxicity between the groups receiving aminogly-
cosides alone and the group receiving aminoglycosides and furosemide [100].

It is unclear whether furosemide directly increases the nephrotoxicity and 
 ototoxicity of aminoglycosides. Furosemide may increase the risk of developing 
nephrotoxicity by causing excessive diuresis, hypovolemia, and a reduction in renal 
blood flow. Furosemide should be used with caution in patients receiving aminogly-
coside antibiotics. Careful attention should be paid to the patient’s weight, urine 
output, fluid balance, and indices of renal function. Aminoglycosides concentra-
tions should be monitored and the dosage regimen adjusted to maintain concen-
trations within the therapeutic range.

11.7.7  Vancomycin

Several reports have been published evaluating the potential of vancomycin to 
increase the nephrotoxicity of aminoglycoside antibiotics. Two studies were ret-
rospective reviews and two studies were prospective evaluations. Cimino retro-
spectively evaluated 229 courses of therapy in 229 oncology patients [102]. Forty 
patients received vancomycin alone, 148 patients received aminoglycosides alone, 
and 40 patients received vancomycin and an aminoglycoside antibiotic. The inci-
dence of nephrotoxicity in patients administered an aminoglycoside was 18%; 
vancomycin, 15%; and an aminoglycoside and vancomycin, 15%. They could not 
show that the concurrent administration of vancomycin had an additive effect on 
the incidence of nephrotoxicity. Pauly et al. retrospectively evaluated the inci-
dence of nephrotoxicity in 105 patients who received at least 5 days of combined 
therapy [103]. Twenty-eight (27%) patients developed nephrotoxicity during 
combined vancomycin-aminoglycoside therapy. However, 22 patients had other 
insults such as amphotericin B, sepsis, or liver disease that could account for the 
increase in nephrotoxicity. There were no control groups of patients receiving 
vancomycin or aminoglycosides alone to provide a comparative incidence of 
nephrotoxicity between these groups. The results of these two studies are limited 
by their retrospective design, the small number of patients who received vanco-
mycin and an aminoglycoside, and the patients who had other potential causes for 
developing nephrotoxicity.
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Mellor et al. prospectively evaluated 39 courses of vancomycin therapy in 34 
patients [104]. Twenty-seven courses were associated with aminoglycoside 
 administration either concurrently or within 2 weeks of the first dose of vancomycin.A 
reduction in renal function was seen during (7%) and after (9%) vancomycin ther-
apy. There was no evidence of synergistic toxicity between vancomycin and amino-
glycosides. One feature of the patients with renal dysfunction was the  severity of 
their underlying disease. Each case of nephrotoxicity occurred in  association with 
either sepsis or gastrointestinal hemorrhage.

Ryback and colleagues prospectively evaluated the incidence of nephrotoxicity 
in patients receiving vancomycin alone or in combination with an aminoglycoside, 
following 224 patients receiving 231 courses of therapy [105]. One hundred and 
sixty-eight patients received vancomycin alone, 63 patients received vancomycin 
with an aminoglycoside, and 103 patients received an aminoglycoside alone. Eight 
patients (5%) receiving vancomycin alone, 14 patients (22%) receiving vancomycin 
with an aminoglycoside, and 11 patients (11%) receiving an aminoglycoside alone 
were found to have nephrotoxicity. Factors thought to be associated with an increased 
risk of nephrotoxicity in patients receiving vancomycin were concurrent therapy 
with an aminoglycoside, length of treatment with vancomycin (>21 days), and 
 vancomycin trough concentrations (>10 mg/L).

Both of these studies are small prospective studies. Although they had control 
groups, it is unclear how well matched the control groups were to the group of 
patients receiving vancomycin and an aminoglycoside for underlying disease 
states and renal function. The risk of an increased risk of nephrotoxicity when 
vancomycin is administered with an aminoglycoside antibiotic is controversial. 
The clinical studies published to date do not show a clear association between the 
combination use of these agents and an increased risk of nephrotoxicity. Patients 
receiving vancomycin and aminoglycoside antibiotics should be closely moni-
tored for the development of renal failure. The aminoglycoside and vancomycin 
serum concentrations should be monitored and the dosage regimen adjusted to 
maintain peak and trough concentrations within the desired therapeutic range. 
Every attempt should be made to avoid other conditions that might increase the 
risk of developing renal failure  (i.e. hypotension) and to avoid administering other 
medications that might increase the risk of developing renal failure (i.e. iv  contrast 
media, loop diuretics).

11.8  Linezolid

Linezolid is a synthetic oxazolidinone antibiotic that selectively inhibits bacterial 
protein synthesis. As a class, oxazolidinones are known to inhibit monoamine oxi-
dase (MAO). Two forms of MAO exit in humans: Type A and Type B. MAO-A 
preferentially deaminates noradrenaline, adrenaline, and serotonin, while Type-B 
deaminates dopamine. Linezolid has been shown to be a weak, competitive inhibitor  
of MAO-A.
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11.8.1  Selective Serotonin Reuptake Inhibitors (SSRIs)

Numerous reports have documented the development of the Serotonin Syndrome 
following the coadministration of linezolid and SSRIs and this interaction has been 
extensively reviewed in the literature [106–108]. SSRIs that have been documented 
to have been associated with the development of there serotonin syndrome follow-
ing the coadministration with linezolid include paroxetine [106, 109], sertraline 
[110–113], mirtazepine [114, 115], venlafaxine [116–120], Fluoxetine [121], 
 citalopram [115, 119, 122] and escitalopram [122]. A wide range of complications 
associated with the Serotonin Syndrome has been reported involving the central 
nervous system (altered mental status, paranoia, hallucinations, myoclonus,  seizures, 
dizziness, confusion, delirium, hostility, anger, fatigue, ataxia, tremors), cardiovas-
cular system (hypertension, tachycardia, palpitations syncope, cardiac arrest) and 
gastrointestinal tract (diarrhea). Death has also been reported as a complication of 
the serotonin syndrome. Symptoms can develop anywhere from 1 h to several days 
after the addition of an SSRI [106].

11.8.2  Meperidine

The Serotonin Syndrome was reported in a leukemia patient following the coadmin-
istration of linezolid and meperidine [123]. The patient had been receiving meperi-
dine as a pretreatment to prevent amphotericin-associated rigors. The patient 
received meperidine 90 min after his third dose of linezolid and 30 min later devel-
oped tremulousness with myoclonus, paranoid ideation with visual hallucinations. 
The meperidine was stopped and the patient was treated with methotrimeprazine 
4 mg resulting in the resolution of neuropsychiatric symptoms within 2 h.

11.8.3  Rifampin

Two reports have described an interaction between linezolid and rifampin resulting 
in decreased linezolid serum concentration [124, 125]. Gebhart reported a patient 
who received rifampin and linezolid for 19 days. Ten days after rifampin was 
 discontinued, the patient’s trough linezolid level was reported as a trace and the 
linezolid dose was increased to 600 mg every 8 h. Rifampin was restarted 11 days 
after it was initially discontinued and administered for an additional 8 days. Six 
days after rifampin was discontinued for the second time, linezolid peak and trough 
concentrations were reported as 7.29 and 2.04 mg/mL, respectively. Follow up peak 
and trough levels obtained 2 days later 12.46 and 5.03 mg/mL, respectively [124]. 
Egle administered a single linezolid 600 mg IV dose to 8 healthy males [125]. The 
following day he administered linezolid 600 mg IV with rifampin 600 mg IV. The 
pooled serum levels of linezolid were lower after co-administration with rifampin 
compared to when linezolid was administered alone.
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Serotonin is removed from the nerve synapse by reuptake into the nerve terminal 
or degradation by MAO. Linezolid’s ability to inhibit MAO degradation of sero-
tonin results in increased serotonin levels and the development of the Serotonin 
Syndrome. Patient medication profiles should be reviewed for medications that are 
metabolized by MAO before linezolid is prescribed. When possible, alternative 
antibiotics should be prescribed to avoid the risk of the development of the Serotonin 
Syndrome in susceptible individuals. Due to the long half-lives of some of the 
SSRIs, the Serotonin Syndrome may develop in patients whose SSRI was discon-
tinued several days before initiating linezolid therapy. Alternative analgesics such 
as morphine or hydromorphone should be prescribed in place of meperidine. 
Management of the serotonin syndrome is primarily supportive with removal of the 
offending agent with symptoms typically resolve within 24–48 h but may last up to 
7–10 days if the agents has a long half-life or active metabolites. If necessary, cypro-
heptadine appears to be an effective antiserotonin agent. It usually relieves symp-
toms after the first dose, but may be administered every 1–4 h until a therapeutic 
response is obtained. The mechanism of the interaction between rifampin and line-
zolid is not known. Linezolid is not metabolized through cytochrome P450 path-
ways. Egle has suggested that rifampin may stimulate the induction of P-glycoprotein 
expression leading to increased linezolid clearance by up regulation of linezolid 
intestinal secretion [125]. Careful consideration should be used when selecting anti-
biotics to treat resistant gram-positive infections. In the event that rifampin and 
linezolid should be used together, the monitoring of linezolid serum concentrations 
should be considered.

11.8.4  Cough and Cold Preparations

Many over-the-counter (OTC) cough and cold preparations contain ingredients that 
are metabolized by MAO or are selective serotonin reuptake inhibitors. Decongestants 
such as pseudoephedrine and phenylpropanolamine are metabolized by MAO. The 
cough suppressant, dextromethorphan, has been shown to block serotonin reuptake 
and has been implicated in precipitating the Serotonin Syndrome when co-ingested 
with MAO inhibitors. Hendershot and colleagues reviewed the data from three lin-
ezolid clinical trials to evaluate the pharmacokinetic and pharmacodynamic 
responses to the coadministration of linezolid with pseudoephedrine, phenylpropa-
nolamine, and dextromethorphan [126]. Significant increases in systolic blood 
 pressure (SBP) were observed following the coadministration of linezolid with 
either pseudoephedrine or phenylpropanolamine. The mean maximum increase 
from baseline in SBP was 32 and 38 mmHg with the co-administration with pseu-
doephedrine and phenylpropanolamine, respectively. Treatment emergent SBP 
greater than 160 mmHg was observed following the co-administration of linezolid 
with pseudoephedrine in 5 subjects and in 2 patients in the linezolid -phenylpropa-
nolamine treated group. Dizziness was the most frequent adverse event when line-
zolid and pseudoephedrine were given concomitantly and headache was the most 
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frequent adverse event when linezolid and phenylpropanolamine were given 
together. There were no statistically or clinically significant effects on heart rate in 
either treatment group.

There were no statistically or clinically significant changes in blood pressure, 
heart rate, or temperature and no abnormal neurological examination results in the 
dextromethorphan-linezolid treatment group.

Linezolid’s ability to inhibit the MAO degradation of pseudoephedrine and 
 phenylpropanolamine resulted in the significant increases in blood pressure that was 
seen when linezolid was coadministered with the decongestants. Patients should be 
counseled to consult with their pharmacist or physician before taking systemic 
decongestants while taking linezolid. Topical nasal decongestants such as sodium 
chloride or oxymetazoline maybe alternative agents for patients requiring decon-
gestants while receiving linezolid.

11.9  Quinupristin-Dalfopristin

11.9.1  Cytochrome P450 3A4 Metabolized Drugs

In-vitro drug interaction studies have demonstrated that quinupristin-dalfopristin 
significantly inhibits cytochrome P450 3A4 metabolism. There are no published 
drug interaction studies in normal volunteers and only limited reports of interac-
tions in patients receiving quinupristin-dalfopristin for therapeutic indications. The 
manufacturers package insert indicates that it is reasonable to expect that the 
 concomitant administration of quinupristin-dalfopristin and other drugs primarily 
metabolized by the cytochrome P450 3A4 enzyme system may likely result in 
increased plasma concentrations of these drugs that could increase or prolong their 
therapeutic effect or and/or increase adverse reactions [127].

In health volunteers, the coadministration of quinupristin-dalfopristin with mida-
zolam increased midazolam C

max
 and AUC by 14% and 33% respectively. Also in 

healthy volunteers the C
max

 and AUC of nifedipine was increased by 18% and 44% 
when the two agents were coadministered. Additional studies in transplant patients 
indicate that quinupristin-dalfopristin can inhibit the metabolism of cyclosporine 
and tacrolimus. Stamatakis and Richards reported an interaction between cyclo- 
sporine and quinupristin-dalfopristin in a renal transplant patient [128]. The patient’s 
baseline cyclosporine levels ranged from 80 to 105 ng/mL. Two and three days after 
the initiation of quinupristin-dalfopristin therapy, trough cyclosporine trough con-
centrations increased to 261 and 291 ng/mL, respectively. Following the discontinu-
ation of quinupristin-dalfopristin, the cyclosporine blood concentrations decreased 
and the dosage was increased to the previous regimen.

Medications know to be metabolized through the cytochrome P450 3A4 
pathway, especially those with a narrow therapeutic index, should be administered 
with caution and closely monitored for adverse effects.
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11.10  Antipseudomonal Penicillins

Aminoglycosides and penicillins are often administered in combination for their 
additive or synergistic effects in the treatment of serious Gram-negative infections. 
Numerous reports have been published documenting the ability of commonly used 
anti-pseudomonal penicillins to inactivate aminoglycoside antibiotics in vivo 
[129–136] and in vitro [137–143]. These have usually documented unusually low 
aminoglycoside concentrations in patients receiving this combination, despite high 
doses of aminoglycosides. Carbenicillin inactivates all aminoglycosides at faster 
rates and to a greater extent than ticarcillin, mezlocillin, and piperacillin. Tobramycin 
is the least stable and amikacin is the most stable aminoglycoside. Gentamicin has 
intermediate stability. Pickering and Gearhart evaluated the effect of time on the 
in vitro interaction between mixtures of four aminoglycosides at two concentrations 
with carbenicillin, piperacillin, mezlocillin, azlocillin, and mecillinam at three con-
centrations [139]. The inactivation of the aminoglycoside was shown to be directly 
proportional to the concentration of the penicillin. Aminoglycoside inactivation was 
greater at 72 h of incubation with the penicillins than after 24 h of incubation. 
Inactivation by each penicillin was greater for tobramycin and gentamicin than for 
netilmicin and amikacin, especially at higher penicillin concentrations. At concen-
trations of 500 mg/mL, significantly less inactivation of amikacin occurred com-
pared to netilmicin. No significant change in aminoglycoside activity occurred 
when the aminoglycosides were stored with the penicillins at –70oC for 30 days.

There are several reports of in vivo inactivation of aminoglycosides by ticarcillin 
and carbenicillin. These have occurred in the patients with renal failure, where the 
penicillin concentrations would expected to be high. Thompson and colleagues 
studied the inactivation of gentamicin by piperacillin and carbenicillin in patients 
with end-stage renal disease [135]. Patients received a single dose of gentamicin, 
4 g piperacillin every 12 h for four doses, or 2 g carbenicillin every 8 h for six doses 
and gentamicin plus piperacillin or carbenicillin. Subjects were studied on off- 
dialysis days. Gentamicin was inactivated to a greater extent by carbenicillin than 
by piperacillin. In the subjects in the carbenicillin group, the terminal elimination 
half-life of gentamicin was 61.6 h when gentamicin was administered alone and 
19.4 h when gentamicin was administered with carbenicillin. In the subjects in the 
piperacillin group, the mean gentamicin half-life when gentamicin was given alone 
was 53.9 h, and it was 37.7 h when it was administered with piperacillin. Control 
samples verified that no in vitro inactivation occurred.

Penicillins combine with aminoglycoside antibiotics in equal molar concentra-
tions at a rate dependent on the concentration, temperature, and medium composi-
tion. The greater the concentration of the penicillin, the greater is the inactivation of 
the aminoglycoside. The inactivation is thought to occur by way of a nucleophilic 
opening of the beta-lactam ring, which then combines with an amino group of the 
aminoglycoside, leading to the formation of a microbiologically inactive amide. 
The inactivation occurs less in pooled human sera than in other media, including 
whole blood. Spinning down whole blood can help slow the inactivation. Significant 
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serum inactivation occurs at room temperature and under refrigeration. Only when 
the blood sample is centrifuged and frozen is the inactivation arrested.

Rich reviewed the procedure for handling aminoglycoside concentrations in 
patients receiving this combination of antibiotics [144]. Blood samples for amino-
glycosides concentrations drawn from patients receiving the combination should be 
sent on ice to the laboratory within 1–2 h so that the sample can be spun down and 
frozen to arrest any inactivation. Samples left exposed at room temperature will 
decay 10% in 1 h. The two antibiotics should not be given at the same time. The 
administration times should be scheduled so that the administration of the amino-
glycoside occurs at the end of the penicillin-dosing interval, when its concentrations 
are the lowest. If a patient is receiving this antibiotic combination and unusually low 
aminoglycoside concentrations occur, the above factors should be checked. 
Inactivation with beta lactam antibiotics is further described in Chap. 7.
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Abstract Clinically significant drug interactions can occur when using drugs to 
treat tuberculosis. The following chapter reviews the most common infectious 
disease drug interactions with drugs used for tuberculosis and other nontubercu-
losis mycobacterial infections. The management of drug interactions in the 
treatment of tuberculosis and human immunodeficiency virus is discussed. Most 
drug interactions with antituberculosis drugs are a result of effects on hepatic 
enzyme metabolism. Interactions with drugs affecting absorption are also 
reviewed.

12.1  Introduction

Tuberculosis (TB) remains a leading infectious killer, particularly in the develop-
ing world [1]. Given the high rates of co-infection with TB and HIV, drug interac-
tions are frequent occurrences. In particular, rifamycins commonly produce 
significant drug interactions that can decrease the effectiveness of highly active 
antiretroviral therapy in patients with HIV. This chapter assesses drug interactions 
in patients with TB, and briefly in patient’s with nontuberculous mycobacterial 
infections (NTM).
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12.2  Standard Treatment for Tuberculosis

The published treatment guidelines for TB generally produce successful outcomes, 
even in HIV-positive patients [1, 2]. These references are recommended to all 
 practitioners dealing with such patients. For suspected drug-susceptible disease, a 
regimen of isoniazid (INH), rifampin (RIF), pyrazinamide (PZA), and ethambutol 
(EMB) is used. Rifabutin (RBN) is an alternative to RIF to reduce cytochrome P450 
(CYP) enzyme induction in both the liver and the intestine. When full drug suscep-
tibility is confirmed, EMB can be discontinued. PZA can be discontinued in patients 
who respond normally to treatment after 8 weeks [1, 2]. INH and either RIF or RBN 
are continued for an additional 4 months, or longer if the patient is slow to respond, 
or has extensive pulmonary cavitary, bone, or central nervous system (CNS)  disease. 
Multidrug-resistant tuberculosis (MDR-TB, defined as resistance to at least INH 
and RIF) and extensively drug resistant (XDR-TB, defined as MDR-TB plus resis-
tance to a quinolone and an injectable agent) are much more difficult to treat [1, 2]. 
The drugs used for DR-TB are less effective and more toxic than INH and RIF, and 
the duration of treatment for DR-TB is much longer (often 24 months or more).

12.3  Oral Absorption

12.3.1  Interactions with Food

INH and RIF show marked decreases in the maximum serum concentration (C
max

, 
51% and 36%, respectively), and lesser decreases in area under the serum concen-
tration versus time curve (AUC, 12% and 6%, respectively) when given with  high-fat 
meals (Table 12.1) [3–5]. EMB shows modest decreases in C

max
 (17%) but not AUC, 

while PZA only shows a modest delay in absorption when these drugs are given 
with high-fat meals [6, 7]. High-fat meals do not adversely affect the absorption of 
ethionamide (ETA), but decrease the C

max
 of cycloserine (CS) by 16% (but does not 

change AUC) [8, 9]. Orange juice also decreases the C
max

 of cycloserine by about 
7% (increases AUC by 5%), and presumably this would occur other acidic bever-
ages [9]. In contrast, high-fat meals increase the C

max
 of clofazimine (CF) and 

p-aminosalicylic acid (PAS) granules [10, 11].

12.3.2  Interactions with Antacids

Of the four most frequently used TB drugs, only EMB appears to be significantly 
affected by co-administration with antacids (Mylanta®, Table 12.1) [4, 6, 7]. 
Conflicting data exist for INH; our investigation showed no significant effect when 



40312 Drugs for Tuberculosis

Ta
bl

e 
12

.1
 

E
ff

ec
ts

 o
f 

fo
od

 a
nd

 a
nt

ac
id

s 
on

 th
e 

ab
so

rp
tio

n 
of

 a
nt

itu
be

rc
ul

ou
s 

dr
ug

s

D
ru

g
E

ff
ec

t o
f 

fo
od

E
ff

ec
t o

f 
an

ta
ci

ds
C

lin
ic

al
 im

pl
ic

at
io

ns

Pa
ra

-A
m

in
os

al
ic

yl
ic

 a
ci

d 
(P

A
S)

 g
ra

nu
le

s
A

ci
di

c 
be

ve
ra

ge
 o

r 
yo

gu
rt

 p
re

ve
nt

 
re

le
as

e 
in

 s
to

m
ac

h,
 th

us
 r

ed
uc

in
g 

na
us

ea
; f

oo
d 

in
cr

ea
se

s 
ab

so
rp

tio
n

Sm
al

l d
ec

re
as

e 
in

 a
bs

or
pt

io
n

G
iv

e 
PA

S 
gr

an
ul

es
 w

ith
 a

ci
di

c 
be

ve
ra

ge
 o

r 
w

ith
 

fo
od

. A
vo

id
 a

nt
ac

id
s 

if
 p

os
si

bl
e.

C
ip

ro
flo

xa
ci

n
D

el
ay

ed
 T

m
ax

, b
ut

 m
in

im
al

 e
ff

ec
t o

n 
A

U
C

L
ar

ge
 d

ec
re

as
e 

in
 C

m
ax

 a
nd

 A
U

C
D

o 
no

t c
oa

dm
in

is
te

r 
w

ith
 d

i-
 a

nd
 tr

iv
al

en
t 

ca
tio

ns
, i

nc
lu

di
ng

 a
nt

ac
id

s
C

yc
lo

se
ri

ne
Fo

od
 d

ec
re

as
es

 C
m

ax
 1

6%
, n

o 
ef

fe
ct

 o
n 

A
U

C
A

nt
ac

id
s 

sl
ig

ht
ly

 in
cr

ea
se

 C
m

ax
D

o 
no

t c
oa

dm
in

is
te

r 
w

ith
 f

oo
d 

if
 p

os
si

bl
e

E
th

am
bu

to
l

D
el

ay
ed

 T
m

ax
, 1

6%
 d

ec
re

as
e 

in
 C

m
ax

,  
bu

t m
in

im
al

 e
ff

ec
t o

n 
A

U
C

28
%

 d
ec

re
as

e 
in

 C
m

ax
 a

nd
 1

0%
 

de
cr

ea
se

 in
 A

U
C

M
ay

 b
e 

gi
ve

n 
w

ith
 f

oo
d.

 D
o 

no
t c

oa
dm

in
is

te
r 

w
ith

 a
nt

ac
id

s
E

th
io

na
m

id
e

N
o 

si
gn

ifi
ca

nt
 e

ff
ec

t
N

o 
si

gn
ifi

ca
nt

 e
ff

ec
t

C
an

 b
e 

co
ad

m
in

is
te

re
d 

w
ith

 f
oo

d 
an

d 
an

ta
ci

ds
Is

on
ia

zi
d

Fo
od

, e
sp

ec
ia

lly
 c

ar
bo

hy
dr

at
e-

ba
se

d 
m

ea
ls

, s
ig

ni
fic

an
tly

 r
ed

uc
e 

is
on

ia
zi

d 
C

m
ax

 a
nd

 A
U

C

0–
19

%
 d

ec
re

as
e 

in
 A

U
C

D
o 

no
t c

oa
dm

in
is

te
r 

w
ith

 m
ea

ls
; d

o 
no

t 
co

ad
m

in
is

te
r 

w
ith

 a
nt

ac
id

s 
w

he
ne

ve
r 

po
ss

ib
le

L
ev

ofl
ox

ac
in

N
o 

si
gn

ifi
ca

nt
 e

ff
ec

t
L

ar
ge

 d
ec

re
as

es
 in

 C
m

ax
 a

nd
 A

U
C

D
o 

no
t c

oa
dm

in
is

te
r 

w
ith

 d
i-

 a
nd

 tr
iv

al
en

t 
ca

tio
ns

; i
nc

lu
di

ng
 a

nt
ac

id
s

Py
ra

zi
na

m
id

e
D

el
ay

ed
 T

m
ax

, n
o 

ef
fe

ct
 o

n 
A

U
C

N
o 

si
gn

ifi
ca

nt
 e

ff
ec

t
M

ay
 b

e 
gi

ve
n 

w
ith

 f
oo

d 
or

 a
nt

ac
id

s
R

if
ab

ut
in

N
o 

si
gn

ifi
ca

nt
 e

ff
ec

t
U

nk
no

w
n,

 n
ot

 a
ff

ec
te

d 
by

 
di

da
no

si
ne

M
ay

 b
e 

gi
ve

n 
w

ith
 f

oo
d;

 d
o 

no
t c

oa
dm

in
is

te
r 

w
ith

 a
nt

ac
id

s 
un

til
 s

tu
di

ed
R

if
am

pi
n

D
el

ay
ed

 T
m

ax
, 1

5–
36

%
 d

ec
re

as
e 

in
 C

m
ax

 
an

d 
4–

23
%

 d
ec

re
as

e 
in

 A
U

C
N

o 
si

gn
ifi

ca
nt

 c
ha

ng
e 

in
 s

er
um

 
co

nc
en

tr
at

io
ns

, 3
0%

 d
ec

re
as

e 
in

 2
4-

h 
ur

in
ar

y 
ex

cr
et

io
n

D
o 

no
t c

oa
dm

in
is

te
r 

w
ith

 f
oo

d;
 m

ay
 b

e 
gi

ve
n 

w
ith

 r
an

iti
di

ne
; a

vo
id

 c
oa

dm
in

is
tr

at
io

n 
w

ith
 

an
ta

ci
ds

 w
he

ne
ve

r 
po

ss
ib

le

A
da

pt
ed

 f
ro

m
 [

3]
. W

ith
 p

er
m

is
si

on
T

m
ax

 =
 t

im
e 

fr
om

 d
ru

g 
in

ge
st

io
n 

to
 p

ea
k 

(m
ax

im
al

) 
se

ru
m

 c
on

ce
nt

ra
tio

n,
 A

U
C

 a
re

a 
un

de
r 

th
e 

se
ru

m
 c

on
ce

nt
ra

tio
n-

tim
e 

cu
rv

e,
 C

m
ax

 =
 p

ea
k 

(m
ax

im
al

) 
se

ru
m

 
co

nc
en

tr
at

io
n



404 R. Namdar and C.A. Peloquin

Mylanta® was given 9 h before INH, at the time of dosing, and then with lunch and 
dinner following dosing. Antacids produced little change in the absorption of CS, 
ETA, PAS, and CF [8–11].

12.3.3  Interactions with H
2
 Antagonists

RIF is not affected by the co-administration of ranitidine [4]. Data are not available 
for the other TB drugs.

12.3.4  Malabsorption in Selected Patient Populations

Patients with known or suspected gastroenteropathies may have difficulty absorbing 
the TB drugs. INH, RIF and EMB appear to be more prone to malabsorption, with 
lower C

max
 and AUC [12–18]. Recent studies suggest that the dose of RBN is too 

low, and minimal data exist for rifapentine [19–21]. Studies show that INH and 
RBN malabsorption may lead to treatment failures and the selection of drug resis-
tance, especially among AIDS patients [22, 23]. PZA generally is well absorbed 
[12, 13]. Reasons for drug malabsorption may include HIV-related achlorhydria, 
HIV enteropathy, and opportunistic infections of the gastrointestinal tract, such as 
cryptosporidiosis [3, 24–27]. Other populations to observe carefully include patients 
with cystic fibrosis and diabetes mellitus. Therapeutic drug monitoring (TDM) may 
be used to identify problems and to guide dose adjustments [18].

12.4  Drug and Disease Interactions

12.4.1  Isoniazid Interactions

INH is cleared by N-acetyltransferase 2 (NAT2) to the microbiologically inactive 
metabolite acetylisoniazid, and subsequently to mono- and di-acetyl-hydrazine 
[22, 28]. INH is not substantially removed by hemodialysis [29]. INH interacts sig-
nificantly with phenytoin (a CYP2C9 substrate) and carbamazepine (CYP3A4 
and either CYP2C8 or CYP2C9), increasing concentrations of both [30, 31]. INH 
also may inhibit the clearance of valproic acid [32] diazepam (CYP3A4 and 
CYP2C19), primidone, chlorzoxazone (CYP2E1), theophylline (CYP1A2), war-
farin (CYP1A2, CYP2C9, CYP2C19, CYP3A4) and clozapine [33–39]. More 
recently, Desta and colleagues showed that INH inhibits CYP2C19 and CYP3A4 
in a concentration dependent manner [40]. Significant inhibition of CYP2C9 and 
CYP1A2 in their human liver microsome system was not shown; however, INH 
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was considered a weak noncompetitive inhibitor of CYP2E1 and a competitive 
inhibitor of CYP2D6 [40]. INH can also act as a monoamine oxidase inhibitor, 
with a potential for interaction with antidepressants. Excess catecholamine stimu-
lation resulting in increased blood pressure has been reported with INH and 
levodopa therapy [41].

INH causes an initial inhibition, followed by induction of CYP2E1 [37]. 
Therefore, INH can alter the clearance of ethanol. INH may inhibit or promote the 
conversion of acetaminophen to its putative toxic intermediate metabolite, N-acetyl-
p-benzoquinone imine (NAPQI), depending on the timing of the doses [37]. 
Therefore, high-dose acetaminophen should be avoided with INH [37, 42–45]. The 
absorption of INH can be affected by drugs. Coadministration of ciprofloxacin and 
INH results in a delay (but not a reduction in the extent) of INH absorption [46].

12.4.2  Rifamycin Interactions

The available rifamycins include rifampin (RIF), rifabutin (RBN), and rifapentine 
(RPNT). They share a similar mechanism of action, and generally show cross- 
resistance. They are cleared by esterases to their 25-desacetyl derivatives, which 
have roughly half of the parent drugs’ activity. Most of the parent drug and metabolite 
are cleared through the biliary tract, with small amounts through the urine [4, 28, 43]. 
For 25-desacetyl-RBN, subsequent metabolism occurs via CYP3A4. RIF is not 
substantially removed by hemodialysis [29]. Rifamycins are potent inducers of the 
P450 enzyme system, especially CYP3A4 and 2C8/9 [3, 47]. Further, rifampin also 
induces the activity of the phase II enzymes uridine glucuronosyl transferase and 
sulphotransferase, and the efflux transporter P-glycoprotein (P-gp) [47].

Single doses of rifampin can inhibit P-gp and MRP2 in vitro and in animals. 
However, continued doses of rifampin appear to induce MRP2. Rifampin, like 
cyclosporine and gemfibrozil, inhibits OATP1B1, an uptake transporter protein for 
many drugs and endogenous substances [48, 49]. At pharmacological concentra-
tions, rifampin induces the expression of MRP transporters both at the apical (MRP2) 
and basolateral (MRP3) membrane of hepatocytes while, at higher concentrations, it 
was shown to exert in vitro a competitive inhibitory effect on MRP2 [50] Caution 
should be exercised when reading this literature, since the effects may depend on 
whether the experiment was done in vitro or in vivo, and for the latter, if the experi-
ment was single-dose or multi-dose. For example, rifampin can inhibit OATPs, 
which correlates with the initial rise in serum bilirubin at the start of rifampin treat-
ment [51]. However, it is well known that these values return to normal early in 
treatment. So, it is possible that some of these effects of rifampin on OATP are not 
sustained over time. Further, compensatory effects across different OATP receptors 
may be seen. For example, data suggest that SLCO1B1 gene polymorphisms do not 
affect the extent of induction of hepatic CYP3A4 by rifampicin, probably because 
other uptake transporters, such as OATP1B3, can compensate for reduced uptake of 
rifampicin by OATP1B1 [52]. This is an active area of research.
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RIF intracellular concentrations and CYP3A induction are strongly correlated 
with P-gp levels, encoded on the multidrug resistance gene (MDR1) [53, 54]. 
Polymorphic expression of MDR1 may partially explain the wide inter-patient 
 variability in CYP3A induction by RIF. RPNT is about 85% as potent an inducer as 
RIF, and RBN is about 40% as potent [55]. The AUC of RIF may be lower in 
patients with active tuberculosis, those with the solute carrier organic anion trans-
porter (OATP) 1B1 SLCO1B1 gene, and in TB patients from Africa versus North 
America [56]. The extent of induction by rifamycins may change with dosing 
 frequency (daily versus intermittently) [57]. For 600 mg RIF daily, maximum induc-
tion occurs in about 7 days. Larger doses may shorten the time to, but not the extent 
of, induction, which lasts for 7–14 days after the rifamycin is stopped [57, 58]. 
CYP3A4, and to a lesser degree, CYP2C9, CYP2C19, and CYP2D6, are most 
affected, leading to shorter half-lives and lower plasma concentrations for many 
 co-administered drugs.

RBN induces and is metabolized by CYP3A, leading to complex bi-directional 
interactions [3, 47]. RBN decreases concentrations of other drugs, while CYP3A 
inhibitors increase the concentrations of RBN and especially 25-O-desacetyl RBN, 
sometimes leading to toxicity [3, 47]. In contrast, RPNT is very similar to RIF 
regarding drug interactions. Unlike RBN, RPNT does not offer any advantage in 
sparing the drug interactions. Like RIF, RPNT is not a substrate for CYP enzymes, 
and concentrations of RIF and RPNT do not increase with concurrent enzyme 
inhibitors.

Significant inter-patient variability in the extent of rifamycin drug interactions 
can be seen [3, 18, 47, 59]. Most data come from small studies of healthy volun-
teers, and focus on bi-directional interactions. Clinically, complex interactions 
involving 3, 4, or more drugs cannot be predicted, especially when factoring in 
erratic drug absorption in some patients [18, 59]. For such patients, therapeutic drug 
monitoring (TDM) is available. TDM should be considered early in treatment for 
complicated multidrug interactions involving TB drugs, azoles, HIV protease inhib-
itors, NNRTI, and macrolides [18, 59]. A review of rifamycin drug interactions with 
antimicrobials is described below. A summary is provided in Table 12.2 [12, 
60–62].

12.4.2.1  Azoles

RIF reduces itraconazole AUC 64–88% in both healthy volunteers and in AIDS 
patients, often resulting in undetectable concentrations [63, 64]. Likewise, RIF 
reduces the AUC of ketoconazole by 82% in healthy volunteers [65]. Based on these 
data, the concurrent use of RIF and itraconazole or ketoconazole should be avoided 
due to the risk of therapeutic failure.

RIF may reduce fluconazole’s AUC by 23–52% and may cause treatment failures 
[66–68]. Higher doses of fluconazole may be required if used concomitantly with 
RIF [1, 69]. There is no significant effect of fluconazole on RIF pharmacokinetics 
[70]. As noted, RBN demonstrates bi-directional interactions. Fluconazole increases 
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RBN’s AUC by 76%, and further increased the 25-desacetyl metabolite [71]. 
Caution, and TDM, should be exercised during concurrent use of fluconazole with 
RBN. In cases of coexisting mycobacterial and fungal infections, careful drug 
 selection and therapeutic monitoring of drug concentrations can allow for combined 
use of these drugs. Schwiesow et al. report the use of voriconazole and RBN together 
to successfully treat a combined mycobacterial and Aspergillus infection [72].

12.4.2.2  Chloramphenicol

Several case reports have described low chloramphenicol serum concentrations in 
patients treated concomitantly with RIF. The dose of chloramphenicol could be 
increased to maintain serum concentrations; however, this may put the patient at 
greater risk for aplastic anemia. Alternative therapies should be considered in 
patients taking RIF [73, 74].

Table 12.2 Rifamycin drug interactions with antimicrobials

Drug class

Drugs whose concentra-
tions are substantially 
decreased by rifamycins Comments

Antiinfectives HIV-1 protease inhibitors 
(saquinavir, indinavir, 
nelfinavir, amprenavir, 
ritonavir, lopinavir/
ritonavir)

Can be used with rifabutin. Ritonavir,  
400–600 mg twice daily, probably can be used 
with rifampin. The combination of saquinavir  
and ritonavir can also be used  
with rifampin.

Nonnucleoside reverse 
transcriptase  
inhibitors 
(Delavirdine, 
Nevirapine,  
Efavirenz, Etravirine)

Delavirdine should not be used with any rifamycin. 
Doses of nevirapine and efavirenz may need to be 
increased if given with rifampin; no dose increase 
needed if given with rifabutin. Etravirine and 
rifampin should not be used together. Marked 
decrease of etravirine with RBN is predicted.

Macrolide antibiotics 
(clarithromycin, 
erythromycin)

Fluoroquinolones 
(moxifloxacin)

Doxycycline
Azole antifungal  

agents  
(ketoconazole, 
itraconazole, 
voriconazole)

Atovaquone,  
dapsone

Chloramphenicol

Either avoid concomitant administration of 
clarithromycin and rifampin or rifabutin, or use 
cautiously. Azithromycin has no significant 
interaction with rifamycins.

Plasma concentrations of moxifloxacin can guide 
therapy.

May require use of a drug other than doxycycline.
Itraconazole, ketoconazole, and voriconazole 

concentrations may be subtherapeutic with any of 
the rifamycins. Fluconazole can be used with 
rifamycins, but the dose of fluconazole may have 
to be increased.

Consider alternative Pneumocystis carinii treatment 
or prophylaxis

Consider an alternative antibiotic.

Adapted from [60]:45–50 and Managing Drug Interactions in the Treatment of HIV-Related 
Tuberculosis (online) 2007. URL: http://www.cdc.gov/tb/TB_HIV_Drugs/default.htm
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12.4.2.3  Dapsone

RIF and RBN have been associated with a significant increase (50–70%) in the 
clearance of dapsone [20, 75], resulting in lower dapsone AUC values. Since lower 
dapsone exposures may increase the risk of Pneumocystis jiroveci pneumonia 
(PCP), higher dapsone doses may be needed when used with RBN or RIF [75]. 
Patients should be monitored closely and TDM should be considered.

12.4.2.4  Doxycycline

Treatment failures have been reported in patients with brucellosis being treated with 
doxycycline and RIF. Patients receiving RIF and doxycycline had decreased doxy-
cycline AUC values (59%) and higher clearances compared to those receiving 
doxycycline plus streptomycin. An alternative to doxycycline should be considered 
in patients taking RIF [76].

12.4.2.5  Fluoroquinolones

Limited data exist regarding the interactions between fluoroquinolones and 
 rifamycins. Quinolone clearance may be increased by RIF [77, 78]. Weiner et al. 
evaluated the effects of rifampin on concentrations of moxifloxacin. The AUC of 
moxifloxacin was decreased by 27%, but peak concentrations were unchanged, 
 secondary to rifampin’s inductive effect on phase II clearance pathways noted above 
[79]. Similar results were seen by Nijland et al. [80]. Currently, there are not enough 
data to support routine dosage adjustments. Where available, moxifloxacin plasma 
concentrations can guide therapy.

12.4.2.6  Isoniazid

The oral bioavailability of RIF was reduced by an average of 32% in volunteers who 
were administered an INH-RIF fixed dose combination (FDC) product, compared 
with RIF alone [81]. This appears to be a function of the FDC formulation, and not 
directly due to an interaction between INH and RIF. This is compensated by giving 
a slightly higher dose of RIF (in milligrams) as in the FDC product.

12.4.2.7  Macrolides

The combination of clarithromycin and RIF resulted in reduced mean peak clarithro-
mycin concentrations (87%) when compared to clarithromycin monotherapy [82]. 
Overall, concentration of the active metabolite of clarithromycin, 14-OH clarithro-
mycin, was not affected, although the usual ratio of parent to metabolite was 
inverted. Based on current data, RIF can decrease the efficacy of clarithromycin by 
reducing serum concentrations.
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Macrolide drug interactions with RBN are complex. RBN decreases macrolide 
concentrations, while the macrolides, CYP3A inhibitors, increase the concentration of 
RBN and its active metabolite, occasionally leading to RBN toxicity. The pharma-
cokinetics of clarithromycin plus RBN has been evaluated in healthy volunteers and 
in HIV positive patients [71, 82, 83]. Concomitant administration resulted in increased 
serum concentration (76%) and AUC (99%) of RBN and it’s partially active metabo-
lite, 25-O-desacetyl rifabutin. Rifabutin reduced clarithromycin’s AUC by 44% and 
increased concentrations of 14-OH clarithromycin. Reports of significant adverse 
reactions, including neutropenia, fever, myalgia and uveitis have been associated with 
the combination of clarithromycin plus RBN [82, 83]. Based on current data, the 
combination of RBN and clarithromycin should be avoided. Despite azithromycin’s 
reduced affinity for CYP, studies evaluating the combination of azithromycin and 
RBN also resulted in unusually high rates of neutropenia [82]. Azithromycin may be 
preferred if RBN + macrolide therapy is necessary. TDM should be used to achieve the 
desired concentrations.

12.4.2.8  Metronidazole

Limited data has shown that RIF increases the clearance of metronidazole and 
decreases the AUC [84].

12.4.2.9  Non-nucleoside Reverse Transcriptase Inhibitors

Table 12.3 summarizes the effects of RIF and RBN on the AUC of non-nucleoside 
reverse transcriptase inhibitors [3, 85]. Due to the bi-directional interaction with 
RBN and the significant reduction in AUC caused by RIF, delavirdine should not be 
used with any rifamycin [1, 69, 86, 87]. Etravirine should not be used together with 
RIF; but can be used with RBN, However dosage [88] adjustments may be neces-
sary. Nevirapine and efavirenz can be used with either RIF or RBN. Dosage adjust-
ments need to be made if given with RIF [89]. RBN doses should be adjusted to 
600 mg/dose when used together with efavirenz [90]. Rilpivirine is a substrate and 
inducer of CYP3A4. Drug interactions similar to other NNRTI’s are expected. 
Studies indicate rilpivirine is a mild inducer at doses of 300 mg [91].

12.4.2.10  Nucleoside Reverse Transcriptase Inhibitors

Zidovudine and lamivudine are not metabolized by the CYP450 enzymes. The efficacy 
of these drugs is correlated with the intracellular concentrations of the active derivative. 
The coadministration of RIF with zidovudine resulted in a decrease (43%) in C

max
 and 

AUC (47%) of zidovudine. Decreased plasma concentrations have not been shown to 
reduce the concentration of the intracellular metabolite [92]. Therefore, RIF is expected 
to have little impact on the clinical effect and antiviral activity of zidovudine [58].
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12.4.2.11  Protease Inhibitors

The protease inhibitors are CYP3A substrates and inhibitors, therefore exhibiting a 
bi-directional interaction. Table 12.4 summarizes the effects of RIF and RBN on the 
AUC of protease inhibitors [3, 85]. Due to the profound effects of RIF and RPNT on 
the AUC’s of saquinavir, indinavir, nelfinavir, and amprenavir, concomitant admin-
istration is discouraged, and standard doses would be ineffective [69, 92–96]. RBN 
should be used if combination therapy is necessary [97, 98]. However, due to the 
bi-directional interaction and the potential for intolerance, RBN and/or protease 
inhibitor dosage adjustments may warranted [92, 95, 99]. The combination of daily 
nelfinavir with RBN twice-weekly resulted in reasonable RBN AUC’s [100]. 
However, a related study, by the same research group, found 5% failure or relapse 
with the selection of acquired rifamycin resistance (ARR) with twice-weekly TB 
treatment, including RBN [101]. Lopinavir-ritonavir used in combination with RBN 
three times weekly also lead to the selection of ARR, and requires RBN dosage 
adjustments based on plasma concentration monitoring [102]. RIF profoundly 
reduces saquinavir concentrations when saquinavir is used alone, but RIF has lesser 
effects on it when co-administered with higher doses of ritonavir; RIF has modest 
effects on ritonavir as well [103]. Tipranavir, like the other protease inhibitors both 
inhibits and induces the cytochrome P450 enzyme system; when used in combina-
tion with ritonavir, its net effect on CYP3A4 is inhibition. Tipranavir also induces 
p-glycoprotein transporter. Thus, tipranavir may alter the concentrations of many 
other drugs metabolized by these pathways, in ways that may be complex and 
 difficult to predict. Rifampin induces tipranavir metabolism and decreases tipranavir 

Table 12.3 Co-administration rifabutin and rifampin with currently approved non-nucleoside 
reverse transcriptase inhibitors (NNRTI’s)

Rifabutin Rifampin a

NNRTI 
(references)

Effect of 
rifabutin on 
NNRTI

Effect of 
NNRTI on 
rifabutin 
(predicted) b

Effect of 
rifampin  
on NNRTI

Effect of NNRTI  
on rifampin 
(predicted)b Comment

Nevirapine 
(AUC)

↓ 16% NR (↓) ↓ 37% NR (unchanged) No dosage change

Delavirdine 
(AUC)

↓ 80% ↑ 342% ↓ 96% Unchanged Do not use

Efavirenz 
(AUC)

↓ 10% ↓ 38% ↓ 13% Unchanged No dosage change 
with RIF. 
Increase RBN 
dose.

Etravirine 
(C

min
)

↓ 45% No dosage change

Adapted from: Managing Drug Interactions in the Treatment of HIV-Related Tuberculosis (online) 
2007. URL: http://www.cdc.gov/tb/TB_HIV_Drugs/default.htm and [3]. With Permission
NR not reported
a Rifapentine produces approximately 85% of the effects seen with rifampin
b Predicted using existing knowledge regarding metabolic pathways for the two drugs
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levels; rifampin should not be given concomitantly with tipranavir. Combining tip-
ranavir with rifabutin should be done with caution, while toxicity and rifabutin drug 
levels should be monitored [104]. Darunavir is metabolized by CYP3A4. Rifampin 
induces darunavir metabolism and decreases darunavir concentrations; rifampin 
should not be given  concomitantly with darunavir. Similar to other ritonavir boosted 
protease inhibitors,  coadministration of darunavir and ritonavir is expected to 
increase rifabutin  concentrations and decrease darunavir concentrations. Rifabutin 
should be dosed as 150 mg every other day, and TDM performed. [105].

Table 12.4 Co-administration of rifabutin and rifampin with HIV-1 protease inhibitors (PI): effect 
on the area-under-the-curve (AUC) of each drug

Rifabutin Rifampina

Protease 
inhibitor (PI)

Effect of 
rifabutin on PI

Effect of PI 
on rifabutin

Effect of 
rifampin on PI

Effect of PI 
on rifampin Comment

Saquinavir ¯ 45% � 44% ¯ 80% NR Do not use with RIF
Ritonavirb NR � 293% ¯ 35% Unchanged Use with caution
Indinavir ¯ 34% � 173% ¯92% NR Do not use with RIF.

Decrease dose with 
RBN.

Nelfinavir ¯ 32% � 207% ¯ 82% NR Do not use with RIF.
Decrease dose with 

RBN.
Amprenavir ¯ 14% � 200% ¯ 82% Unchanged Do not use with RIF.

Decrease dose with 
RBN.

Atazanavir NR � 250% NR  
(¯ predicted)

NR Do not use with RIF.
Decrease dose with 

RBN.
Lopinavir/

Ritonavir
NR � 303% ¯ 75% NR Use with caution

Darunavir �57% �66% NR NR Do not use with RIF.
Decrease dose with 

RBN.
Tipranavir/

Ritonavir
Unchanged �640% NR NR Do not use with RIF

RBN use with caution

Adapted from: Managing Drug Interactions in the Treatment of HIV-Related Tuberculosis (online) 
2007. URL: http://www.cdc.gov/tb/TB_HIV_Drugs/default.htm and [3]. With Permission
Notes:
–  These are average changes, but the effect of these interactions in an individual patient may be 

substantially different
–  Rifampin is a potent inducer of CYP3A, but is not itself a CYP3A substrate. For example, 

concomitant delavirdine, a moderate CYP3A inhibitor, does not change serum concentrations 
of rifampin. Therefore, although there are very few data at present, it is likely that protease 
inhibitors will not substantially increase the serum concentrations of rifampin (the same is true 
of rifapentine)

–  There are no data regarding the magnitude of these bi-directional interactions when the rifamycin 
is administered twice- or thrice-weekly

NR not reported
a Rifapentine produces approximately 85% of the effects seen with rifampin
b Data from only 2 subjects
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Based on current data, ritonavir or saquinavir and ritonavir should be used with 
caution in combination with RIF [1, 69]. TDM may help to optimize regimens for 
the co-administration of these agents.

12.4.2.12  CCR-5 Receptor Antagonists

Maraviroc is the first drug to be approved in the class of CCR-5 receptor antago-
nists. It is primarily and extensively metabolized by CYP3A4. In the presence of 
CYP3A4 inducers, such as RIF, the dosage of maraviroc should be increased [106]. 
Current clinical experience with RBN is limited.

12.4.2.13  Integrase Inhibitors

In-vitro and in-vivo studies indicate raltegravir does not have any significant induc-
tion or inhibitory effects on the CYP enzymes [107]. Interactions have been observed 
with RIF; however, efficacy data is required [108]. Raltegravir is metabolized by 
glucuronidation. The enzyme responsible for the metabolite of raltegravir appears 
to be the UDP-glucuronosyltransferase (UGT) 1A1 subtype. Rifampin is a potent 
UGT inducer. A 40% reduction in raltegravir AUC occurred when it was dosed as 
400 mg twice daily with rifampin 600 mg daily. An increased dose of raltegravir 
(800 mg twice daily) demonstrated that the negative effect of rifampin on raltegravir 
exposure could be reversed [109]. Caution is warranted if the combination of ralte-
gravir and RIF is selected.

Drug doses for persons with HIV co-infection who are being treated with  combination 
anti-retroviral therapy (CART) often must be adjusted when rifamycins are used 
concurrently. Many interaction effects are drug-specific, and an effort should be 
made to obtain expert consultation and the latest available information to guide dos-
ing. Note that plasma concentrations changes seen in 2-way interaction studies may 
be very different from those seen clinically when 3 or more interacting drugs are 
used concurrently.

12.4.2.14  Sulfamethoxazole and Trimethoprim

The effect of RIF on concentrations of sulfamethoxazole/trimethoprim (SMZ/TMP) 
was evaluated in HIV positive patients [110]. A decrease (23%) in mean AUC of 
SMZ/TMP was observed. The clinical significance of this interaction has not been 
established but reduced efficacy of SMZ/TMP may be of concern.

Rifamycins interact with several other classes of drugs beyond those listed above. 
Additional information regarding rifamycin interactions can be found in the article 
by Niemi et al. and in several other papers [111–113].
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12.4.3  Pyrazinamide Interactions

Pyrazinamide (PZA) is metabolized to pyrazinoic acid and 5-hydroxypyrazinoic 
acid, which are subsequently cleared renally [7, 28, 43]. PZA is removed by hemo-
dialysis [29]. It is not associated with a large number of drug interactions. Because 
PZA can compete with uric acid for excretion, patients will accumulate uric acid 
while on PZA. In most cases, this is not a clinically significant problem, but may 
precipitate a flare-up of the disease. Allopurinol inhibits the clearance of PZA’s 
primary metabolite, pyrazinoic acid, thereby exacerbating the metabolite’s inhibi-
tion of uric acid secretion [114, 115]. Further, probenecid may be significantly less 
effective as a uricosuric agent in the presence of PZA [116]. Thus, the most effective 
management of PZA-induced elevations of uric acid and arthralgias may be to 
hydrate the patient and withhold PZA.

The combination of RIF and PZA in the absence of INH leads to an unexpect-
edly high incidence of hepatotoxicity in HIV-negative patients [117–120]. It is 
important to stress this was in the context of 2 month regimens of RIF and PZA for 
latent TB infection (LTBI), and not during the treatment of active TB disease with 
INH, RIF, PZA and EMB. Therefore, this 2 month combination of RIF and PZA 
for LTBI generally should no longer be used [119]. PZA combined with ofloxacin 
or levofloxacin for LTBI due to multidrug-resistant TB also is poorly tolerated 
[121–123]. It is possible that PZA or its metabolites compete with quinolones for 
renal tubular secretion, although this has not been proven. This regimen also cannot 
be recommended at this time.

12.4.4  Ethambutol Interactions

EMB is cleared both hepatically and renally [6, 28, 43]. EMB is not significantly 
removed by hemodialysis [29]. The specific pathways involved in its hepatic clear-
ance are not known. EMB has few documented interactions. The affect of concur-
rent antacids was described above. Because EMB can cause optic neuritis, patients 
receiving other potential ocular toxins (RBN, cidofovir) should be monitored care-
fully. While RBN and cidofovir are associated with uveitis and not optic neuritis, 
additive effects may adversely affect vision [35, 124, 125].

12.4.5  Aminoglycoside and Polypeptide Interactions

The aminoglycosides amikacin, kanamycin, streptomycin, as well as the polypep-
tides capreomycin and viomycin, are all primarily cleared renally [28, 126, 127]. 
Aminoglycosides are removed by hemodialysis [28, 128]. However, under clinical 
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conditions, especially in the intensive care setting, traditional hemodialysis 
removal may be limited. Other methods of renal replacement can also substan-
tially remove drug. Aminoglycosides can adversely affect vestibular, auditory, 
and renal function. Reported differences in the incidence of these toxicities among 
the agents reflect, in part, differences in doses and frequencies used. Elevated 
serum creatinine values due to non-oliguric acute tubular necrosis are usually 
reversible; renal wasting of cations also may occur [28, 43, 126]. Periodic moni-
toring (every 2–4 weeks) of the serum blood urea nitrogen, creatinine, calcium, 
potassium, and magnesium should be considered, especially if other nephrotoxins 
(such as amphotericin B) are being used [1]. Vestibular changes may be noted on 
physical exam, and may occur independently of, or in conjunction with, tinnitus 
and auditory changes [128]. Auditory changes are best detected by monthly audio-
grams for those patients requiring prolonged treatment, or those receiving concur-
rent potential ototoxins (clarithromycin, ethacrynic acid, furosemide) [1, 128]. 
Aminoglycosides and polypeptides can potentiate the neuromuscular blocking 
agents, or may precipitate neuromuscular blockade in patients with myasthenia 
gravis [43, 126]. Therefore, these drugs should be used cautiously in those 
settings.

12.4.6  Cycloserine Interactions

There is little known regarding the potential for drug interactions with cycloserine 
(CS) [129]. This drug is renally cleared, and there are no known metabolites [28, 
129]. CS is cleared by hemodialysis [130]. It can cause a variety of central ner-
vous system disturbances, including anxiety, confusion, memory loss, dizziness, 
lethargy, and depression, including suicidal tendencies [28]. Therefore, other 
agents associated with any of these effects (INH, ethionamide, and quinolones) 
may have additive CNS toxicities. CS should be used cautiously in patients with 
a history of depression or psychosis, or those receiving treatment for these condi-
tions. It is not clear if cycloserine can alter the potential for seizures in patients 
predisposed to these events. Caution is advised, as is TDM to insure that concen-
trations do not exceed the recommended range of 20–35 mcg/ml [18, 129]. Older 
literature suggests that CS may decrease the clearance of phenytoin, possibly 
leading to toxicity [43].

12.4.7  Ethionamide Interactions

ETA is extensively metabolized, including reversibly to a sulfoxide metabolite 
that appears to be active against mycobacteria [28, 131]. The specific hepatic 
microsomal enzymes responsible for this metabolism are not known. Little 
unchanged drug is excreted in the urine, or cleared by hemodialysis [130, 131]. 
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ETA causes significant gastrointestinal (GI) distress. ETA may cause CNS effects, 
including headache, drowsiness, depression, psychosis, and visual changes. And 
additive effects with INH, CS or fluoroquinolones are possible [43, 131]. ETA 
may cause peripheral neuritis, so caution should be exercised in patients receiving 
other agents, such as nucleoside reverse transcriptase inhibitors, that share this 
toxicity. ETA can cause hepatotoxicity and goiter, with or without hypothyroid-
ism; the latter is worsened by the concurrent use of PAS [131]. Thyroid-stimulating 
hormone (TSH) concentrations should be monitored periodically in patients 
receiving ETA.

12.4.8  Para-aminosalicylic acid Interactions

PAS is metabolized by N-acetyltransferase 1 (NAT1) to acetyl-PAS, that is subse-
quently cleared renally [10, 28, 130, 132]. Little PAS is cleared by hemodialysis, 
but some of the acetyl-PAS is cleared by hemodialysis [130]. PAS can cause diar-
rhea, and this can affect the pharmacokinetics of other drugs. Various types of mal-
absorption with PAS have been described, including steatorrhea, vitamin B

12
, folate, 

xylose and iron. With the possible exception of digoxin, it is not known if PAS can 
cause specific drugs to be malabsorbed [132]. Hypersensitivity reactions with fever, 
including hepatitis, can occur, and desensitization to PAS-induced hypersensitivity 
is not recommended [132]. PAS is known to produce goiter, with or without myxe-
dema, and this is more frequent with concomitant ETA therapy. This can be pre-
vented or treated with thyroxine. Older tablet forms of PAS that contained bentonite 
reduced serum RIF concentrations; this should not occur with the granule form 
[132]. Due to the reported greater risk of crystalluria, the concurrent use of ammo-
nium chloride with PAS is not recommended [133].

12.4.9  Clofazimine Interactions

Clofazimine (CF) is a weak anti-TB drug, and has a very unusual pharmacoki-
netic profile [11, 28, 43, 127]. It is highly tissue-tropic, and as a result, displays 
a very long elimination half-life. It is primarily excreted non-renally, but the 
precise mechanisms have not been described. CF is negligibly removed by hemo-
dialysis [130]. As noted above, oral absorption is improved when CF is given 
with a high-fat meal. The most serious adverse reactions associated with CF are 
dose-related gastrointestinal (GI) toxicities, and these can be additive with other 
drugs’ effects [28, 43, 127]. Skin discoloration may also occur, and other drugs, 
including amiodarone and RBN, may worsen discoloration. CF can produce a 
statistically significant increase in RIF’s Tmax, but this interaction is unlikely to 
be clinically significant. The large accumulation of CF in macrophages may 
affect the function of these cells, but this has not been well defined. It is at least 
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 theoretically possible that such affects can contribute to the poor outcome seen in 
some AIDS patients who received CF as part of their regimen for disseminated 
MAC infection (DMAC).

12.5  Management of Patients Co-infected with HIV and TB

The Centers for Disease Control and Prevention has published guidelines for the 
management of TB in patients co-infected with HIV [1, 69]. First, clinicians should 
look for a paradoxical worsening of TB symptoms upon the introduction of combina-
tion anti-retroviral therapy (CART) as a consequence of immune reconstitution 
inflammatory syndrome (IRIS) [1, 69]. Next, the guidelines generally recommend the 
use of RBN instead of RIF for patients receiving CART in an attempt to minimize 
drug interactions. It is very important to bear in mind that most interaction studies 
involving RIF or RBN and CART were performed in small numbers of healthy volun-
teers. Results seen in HIV-positive patients can be very different. For example, com-
binations of RIF and ritonavir are very poorly tolerated in healthy subjects, with high 
rates of hepatic enzyme elevations. This is not nearly as common in patients with HIV, 
based on available information. Table 12.5 summarizes the current data available on 
drug interactions between protease inhibitors and anti-tuberculosis drugs other than 
rifamycins [3, 134]. It is our practice to measure the serum concentrations of the 
various interacting drugs (antimycobacterial drugs, oral azole antifungals, and anti-
HIV protease inhibitors) in order to verify adequate dosing [3, 18]. As noted, low 
RBN plasma concentrations have been associated with acquired rifamycin resistant 
(ARR) mycobacteria in patients with HIV [101]. Intermittent dosing of TB drugs in 
patients with HIV may become a thing of the past. However, the best daily dose of 
RBN for patients receiving CART requires further study.

Table 12.5 Predicted potential for drug-drug interaction between HIV protease inhibitors and 
antituberculosis drugs other than rifamycins

Drug Metabolism Effect on CYP3A
Effect of drug X  
on PI (predicted)a

Effect of PI 
on drug X 
(predicted)a

Isoniazid Acetylation Mild inhibitor No change in 
indinavir

None

Pyrazinamide Deamidase > xan-
thine oxidase

None known (None) (None)

Ethambutol Renal > CYP None known (None) (None)
Ethionamide CYP None known Unknown (Increase)
PAS Acetylation None known (None) (None)
Quinolones Renal transferases None known (None) (None)
Aminoglycosides Renal None known (None) (None)

Adapted from [3]. With permission
a Predicted using existing knowledge regarding metabolic pathways for the two drugs
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12.6  Nontuberculous Mycobacterial (NTM) Infections

The NTM comprise a substantial list of infections caused by various slow growing 
and rapid growing mycobacteria. The management of such infections has been sum-
marized elsewhere [135, 136]. Clinicians should be aware that there are differences 
between HIV-infected and non-infected hosts as far as disease presentation and 
management. It is important to consider the drug interactions described above for 
TB, as many of these same drugs are used to treat NTM. Advanced generation mac-
rolides (azithromycin, clarithromycin) are frequently used to treat NTM, such as 
M. avium complex, and clarithromycin has been associated with many CYP3A4 
interactions [34, 43, 112, 136]. In particular, bi-directional interactions involving 
RBN and clarithromycin should be anticipated [137]. RIF causes a more pronounced 
decline in clarithromycin concentrations than RBN [138, 139].

12.7  Future Considerations

Several new TB drugs are under development, including PA-824, OPC-67683, 
SQ109, and TMC-207 [140–145]. SQ109 is metabolized by CYP2D6 and CYP2C19 
and up to 58% of parent is metabolized in 10-minute incubation with microsomes. 
Insignificant metabolism is found in the presence of CYP3A4 [146]. Therefore, 
interactions with rifamycins may be expected. TMC-207 is a substrate for CYP3A4, 
and serum concentrations of TMC-207 are reduced by 50% when given with 
rifampin [141]. The optimal dosing for combined use of these new TB drugs with 
rifampin or other rifamycins in humans has not been studied to date.

12.8  Conclusion

The above discussion highlights the need for the careful introduction of the TB 
drugs into existing drug regimens. In particular, rifamycins can seriously disrupt 
ongoing treatment, with potentially serious consequences. While the role of TDM 
remains to be better defined for these situations, it does offer the potential to untan-
gle multi-directional drug interactions.
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Abstract Despite great strides in human immunodeficiency virus (HIV) drug 
development, the management of drug interactions remains a key component of 
patient care. A number of new drugs have been approved in the past 5 years, 
 including two new classes of antiretrovirals: CCR5 antagonists and integrase 
 inhibitors. HIV treatment is complex, generally requiring at least three antiretrovi-
rals in addition to medications for supportive care and concomitant infections. Many 
antiretrovirals have clinically significant drug interactions that require dosage 
adjustment. This chapter reviews important drug interactions for the newest antiret-
rovirals and provides detailed tables to guide clinicians on patient management.

13.1  Introduction

Numerous advances have been made in the management of the HIV-infected patients 
over the past 5–10 years. This period has brought forth more antiretrovirals with 
once daily dosing, improved side effect profiles and fewer restrictions on food. 
Despite these strides, drug interactions remain an important part in the management 
of a patient’s treatment regimen and play a critical role in the selection of which 
drugs are prescribed.

Several new therapies were approved since the last edition of Drug Interactions 
in Infectious Disease and two new drug classes are now available to prescribers 
(Chemokine Receptor 5 (CCR5) antagonists and integrase inhibitors). With a wide 
variety of antiretrovirals available for clinicians to choose from, the overall profile 
of a drug must now be considered. Long term safety and efficacy are still the  primary 
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determinants of treatment choice, but other factors including tolerability, dosing 
convenience and drug interactions are involved in the decision. Agents with a low 
potential for drug interactions have significant advantages in complex regimens and 
also may find usage in special patient populations such as co-infection with tuber-
culosis or hepatitis C virus, epilepsy, women of child bearing potential, and metha-
done maintenance programs. The ability to administer a drug without dosage 
adjustments or a substitution of the patient’s regimen is a significant advantage.

Treatment of HIV infection has come full circle in terms of complexity. In the 
early years of the disease, zidovudine monotherapy was the only available treatment. 
The 1980s saw treatment efficacy improve dramatically with the use of protease 
inhibitors and drug “cocktails” comprised of multiple agents, with a focus on put-
ting together the most effective regimen and with less emphasis on patient conve-
nience and tolerability. Treatment regimens today are moving back toward 
simplification with protease inhibitor monotherapy and two-drug treatment regi-
mens under evaluation (i.e. raltegravir and atazanavir) [1, 2]. Throughout this 
remarkable 25 year period, the management of drug interactions remains a key 
component of patient care.

There are a number of complex issues relating to drug interactions with antiret-
roviral agents. The extensive tables in this chapter provide a reference for clinicians 
to use in managing their patients’ regimens, while the text will address interactions 
with new FDA-approved antiretrovirals and key issues relating to drug interactions 
in the HIV-infected patient. Additional data can be obtained at a number of internet 
sites that also provide detailed information on antiretroviral combinations [3–6].

13.2  Integrase Inhibitors

13.2.1  Raltegravir

Raltegravir is the first approved inhibitor of HIV integrase, a key enzyme in the HIV 
lifecycle that incorporates the DNA of the virus into the host genome. Drug interac-
tions with raltegravir are shown in Tables 13.1 and 13.2. Raltegravir is metabolized 
by UDP-glucuronosyltransferase (UGT) 1A1 and thus does not have the complex 
interaction profile of the protease inhibitors and non-nucleoside reverse transcriptase 
inhibitors (NNRTIs) that are primarily metabolized through cytochrome P450 
(CYP) 3A [18]. Raltegravir also has a low propensity to cause interactions with 
other drugs because it does not induce or inhibit any of the CYP isozymes or UGTs 
1A1 or 2B7, and has no significant effect on p-glycoprotein (p-gp) [18]. Importantly, 
a pharmacokinetic/pharmacodynamic (PK/PD) analysis from Phase 3 clinical trials 
did not show a strong relationship between raltegravir exposure and virologic 
response [19]. One reason for this finding is the large variability in raltegravir 
plasma concentrations observed in Phase 3 studies combined with the favorable 
clinical response rates, resulting in a wide therapeutic index. The lack of correlation 
between plasma concentrations and efficacy make it difficult to interpret drug 
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 interaction data. While it is assumed that an exposure-response relationship exists, 
there are no specific guidelines or recommendations for target concentrations that 
need to be achieved for a successful outcome. Population PK/PD analyses per-
formed on data collected from Phase 3 trials demonstrated that increases or decreases 
in raltegravir concentrations due to concomitant medications do not appear to result 
in a loss of efficacy or untoward toxicity.

In general, raltegravir has very few clinically relevant drug-drug interactions due 
to its route of metabolism and wide therapeutic index. Potent inducers of UGT1A1 

Table 13.2 Drug interactions between Maraviroc or Raltegravir and other drugs [15–17]
Drug affected Maraviroc (MVC) Raltegravir (RAL)

ACID REDUCERS
H

2
-receptor Antagonists No dose adjustments needed ↓ RAL

No dose adjustments neededProton Pump Inhibitors

ANTIFUNGALS
Itraconazole Possible ↑ MVC No data; interaction is not 

expectedUse MVC 150 mg BID
Ketoconazole ↑ MVC No data; interaction is not 

expectedUse MVC 150 mg BID
Voriconazole Possible ↑ MVC No data; interaction is not 

expectedUse MVC 150 mg BID

ANTICONVULSANTS
Carbamazepine, 

Phenobarbital,  
Phenytoin

Possible ↓ MVC No data; possible ↓ RAL
Use MVC 600 mg BID  

(if no concomitant strong 
CYP3A inhibitor)

ANTI-MYCOBACTERIALS
Clarithromycin Possible ↑ MVC No data; interaction is not 

expectedUse MVC 150 mg BID
Rifampin ↓ MVC ↓ RAL

Coadministration not  
recommended; if necessary, 
increase MVC dose  
to 600 mg BID. If  
coadministering with  
a strong CYP3A inhibitor, 
use MVC 300 mg BID

Increase RAL dose to 
800 mg BID

Rifabutin Possible ↓ MVC ↑ RAL
Use MVC 300 mg BID No dose adjustments needed

BENZODIAZEPINES
Midazolam No dose adjustments needed No dose adjustments needed
Hormonal contraceptives
Combined Oral Contraceptives No dose adjustments needed No dose adjustments needed
Opioid replacement
Methadone No data ↔ Methadone

No dose adjustments needed
Other agents
St. John’s wort Avoid combination No data; possible ↓ RAL
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such as rifampin can significantly decrease raltegravir plasma exposures [20]. When 
combined with rifampin, the recommendation is to double the raltegravir dose from 
400 to 800 mg BID. In healthy subjects, etravirine decreased the area under the 
concentration-time curve (AUC) of raltegravir by only 10%, and similarly raltegra-
vir had no significant effect on etravirine [21]. This decrease was not considered 
clinically significant: however, case reports of subjects having virologic failure on 
this combination have been reported [22]. Modest decreases in exposure of raltegra-
vir were also observed with tipranavir/ritonavir and efavirenz [7, 23]. Based on the 
lack of clear exposure-response or exposure-toxicity relationship, dose adjustments 
are not needed.

The UGT1A1 inhibitor, atazanavir, increases raltegravir AUC by 72% by block-
ing its primary metabolic pathway [24]. The magnitude of the interaction is lower 
when raltegravir is combined with atazanavir/ritonavir (41% increase in AUC), 
likely due to the induction of glucuronidation by ritonavir. However, this increase is 
not considered clinically significant because clinical trials demonstrated no safety 
issues with this combination, and no dose adjustment is necessary. A cross-sectional 
study found that darunavir trough concentrations were lower in HIV-infected sub-
jects taking raltegravir compared to those who were not; however, these differences 
did not affect virologic outcome [25]. When fosamprenavir, either ritonavir-boosted 
or not, and raltegravir were co-administered in healthy subjects, both drugs demon-
strated decreases in exposure, although each agent still achieved minimum concen-
tration (C

min
) values considered to be therapeutic [26].

13.3  Entry Inhibitors

13.3.1  Maraviroc

Maraviroc is the only approved CCR5 antagonist, and the only HIV medication that 
targets a host receptor. The envelope glycoprotein of HIV binds to CD4 cells and 
causes a conformational change that allows binding to one of two co-receptors, 
CCR5 or CXC Chemokine Receptor 4 (CXCR4) [27]. This binding initiates confor-
mational changes that ultimately lead to membrane fusion with the host cell. 
Maraviroc inhibits the binding of HIV to CCR5, thus preventing entry of the virus 
into the cell. Maraviroc is a substrate of CYP3A and p-gp and has numerous drug 
interactions with inhibitors and inducers of these mechanisms (Tables 13.1 and 
13.2). Because of its sensitivity to CYP3A inhibitors and inducers, maraviroc is 
dosed differently depending on the concomitant therapy.

Ritonavir-boosted protease inhibitors generally increase the AUC of maraviroc and 
result in the need for a dosage adjustment. In HIV-infected subjects, maraviroc AUC 
was increased by a mean of 2.6-fold and maximum concentration (C

max
) increased 

1.8-fold when given with lopinavir/ritonavir compared to a maraviroc alone control 
group [28]. Atazanavir and atazanavir/ritonavir also significantly increased maraviroc 
AUC by 3.6-fold and 4.9-fold respectively [29]. The  combination with ritonavir 
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boosted saquinavir is generally considered the worst case scenario for increases in 
maraviroc exposure. A study in healthy volunteers with saquinavir/ritonavir 1,000/ 
100 mg BID resulted in increases of 832% for AUC and 423% for C

max
 [29]. 

Concomitant use with these protease inhibitors requires a decrease in the dose from 
300 to 150 mg twice daily. When efavirenz is given with either lopinavir/ritonavir or 
saquinavir/ritonavir, the AUC of maraviroc remains significantly increased, also 
requiring a dosage reduction to 150 mg twice daily, although the magnitude of the 
increase is smaller due to the induction effects of efavirenz [30].

Potent CYP3A inducers significantly decrease maraviroc exposure and result in 
the need for a dosage increase. Etravirine (200 mg twice daily) alone was shown to 
decrease the AUC of maraviroc by 53% in healthy volunteers [31]. However, when 
maraviroc and etravirine were co-administered with darunavir/ritonavir, the AUC 
was increased 210% compared to maraviroc alone [31]. Thus, the maraviroc dose 
should be increased to 600 mg twice daily with etravirine, but no dose adjustment is 
needed if also given with darunavir/ritonavir. Maraviroc had no effect on etravirine 
or darunavir exposure.

In a study in healthy volunteers, using a maraviroc dose of 100 mg twice daily, 
concomitant administration with efavirenz led to a 51% decrease in the AUC of 
maraviroc [30]. This exposure returned to near pre-induction values by doubling the 
dose to 200 mg twice daily of maraviroc. A study in HIV-infected patients evaluated 
the pharmacokinetics of maraviroc when given with efavirenz and two nucleoside 
reverse transcriptase inhibitors. The maraviroc AUC was decreased 53% compared 
to a historical maraviroc monotherapy group in HIV-infected patients [28]. Maraviroc 
dose should be increased to 600 mg twice daily when used with efavirenz or other 
potent CYP3A inducers. In a separate cohort where maraviroc was administered 
with nevirapine and two nucleoside reverse transcriptase inhibitors (NRTIs), the 
exposure of maraviroc was not significantly different than the monotherapy group 
[28]. These data suggest that nevirapine does not demonstrate a similar decrease in 
maraviroc exposure compared to efavirenz and no dose adjustment is required.

An unexpected interaction was observed between raltegravir and maraviroc. 
A cross-over study in healthy volunteers demonstrated a decrease in the exposure of 
both drugs. While the maraviroc AUC was only modestly decreased by 14%, the 
raltegravir AUC was decreased by 38% [32]. The decrease in raltegravir was also 
not considered clinically significant based on review of efficacy data and trough 
concentrations in Phase 3 from subjects receiving the combination and no dose 
adjustment in raltegravir is recommended [32].

13.3.2  Enfuvirtide

Enfuvirtide (ENF) is an entry inhibitor that exerts in action by binding to the gp41 
subunit of the HIV envelope glycoprotein, preventing critical conformation changes 
needed for viral entry into the cell. Prior to the development of potent oral agents 
such as darunavir and raltegravir, ENF was an option for treatment-experienced 
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patients with few options, but is rarely used today. ENF is a peptide and must be 
administered twice daily by subcutaneous injection. Since ENF undergoes catabolism 
and not metabolism by CYP450, ENF does not demonstrate drug interactions with other 
antiretrovirals. Clinical trials showed no clinically relevant interactions with saquina-
vir and ritonavir, ritonavir alone (200 mg BID), or rifampin, one of the most potent 
inducers of the CYP3A4 [8, 33]. ENF also was shown not to affect the exposure of 
darunavir in HIV-infected patients in an analysis of data from Phase 3 clinical trials 
comparing darunavir pharmacokinetics with and without ENF [34]. However, tipra-
navir and ritonavir concentrations were unexpectedly higher in subjects receiving 
this protease inhibitor and ENF compared to subjects on ENF alone [35].

13.4  Nucleoside Reverse Transcriptase Inhibitors (NRTIs)

13.4.1  Pharmacology

NRTIs are still the most commonly used agents in HIV treatment and remain a key 
component of most treatment regimens despite the approval of many new drugs in 
recent years. NRTIs are not metabolized via the CYP450 pathway, nor do they 
induce or inhibit these pathways. Thus, they may be used concomitantly at standard 
doses with all other drug classes. NRTIs are prodrugs that must be phosphorylated 
intracellularly to their active forms. While it is possible to measure intracellular 
concentrations in specialized laboratories, the clinical significance of these concen-
trations remains to be validated, and most NRTI drug interactions are of limited 
clinical importance [36].

13.4.2  Tenofovir

Tenofovir is the one NRTI for which unpredictable drug interactions have been 
reported. This drug is a nucleotide reverse transcriptase inhibitor that undergoes two 
phosphorylation steps intracellularly, compared to three steps for other NRTIs. 
Although this compound is eliminated renally, a number of interesting drug interac-
tions are observed, even with drugs that are hepatically metabolized.

Tenofovir decreases the AUC of atazanavir by approximately 25%, whether ataza-
navir is given alone or in combination with ritonavir [37]. Therefore, tenofovir is not 
recommended to be give with atazanavir unless the atazanavir is boosted with ritonavir. 
The mechanism of this interaction is currently unknown. Conversely, atazanavir, 
lopinavir/ritonavir, and saquinavir/ritonavir have been shown to increase tenofovir 
exposure [38]. The mechanism may be related to the effect of intestinal p-gp by protease 
inhibitors or possibly through inhibition of renal transporters [39, 40].

Tenofovir increases didanosine plasma AUC by 40–60% with the EC (delayed-
release, enteric coated) formulation [41]. Furthermore, the interaction was observed 
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in either the fed or fasted state. The mechanism is thought to be tenofovir’s  inhibition 
of the enzyme responsible for didanosine catabolism. A reduction in the dose of 
didanosine EC from 400 to 250 mg QD is recommended and the reduced dose 
achieves similar exposures to didanosine EC 400 mg [42].

13.4.3  Competition for Metabolic Pathways

Other clinically significant drug interactions for NRTIs occur between agents that 
 compete for the intracellular activation pathways. A number of NRTI combinations 
should be avoided, including zidovudine/stavudine and tenofovir/abacavir/lamivudine 
[43]. The use of these combinations has been demonstrated to lead to virologic failure.

13.5  Non-nucleoside Reverse Transcriptase Inhibitors 
(NNRTIs)

13.5.1  Pharmacology

The NNRTIs are widely used agents based on their convenient dosing, durability of 
response, and track record of long-term safety. NNRTIs are also important compo-
nents of fixed dose combinations allowing for the administration of a three-drug 
regimen in a once daily tablet. Drug interactions with NNRTIs are shown in 
Tables 13.1 and 13.3. Nevirapine and efavirenz are potent inducers of CYP3A and 
thus decrease concentrations of drugs which are primarily metabolized through this 
pathway. Efavirenz also has mixed induction/inhibition and can increase exposure of 
certain agents such as warfarin [56]. NNRTIs can demonstrate clinically significant 
induction even when a potent CYP3A inhibitor is co-administered. Plasma lopinavir 
concentrations are modestly decreased with efavirenz and nevirapine, despite the 
presence of co-formulated ritonavir. A dosage increase from 400 mg lopinavir/100 mg 
ritonavir to 500 mg lopinavir/125 mg ritonavir is recommended [57].

13.5.2  Etravirine

Etravirine is a second generation NNRTI with activity against efavirenz-resistant 
strains and has become an important agent for treatment-experienced patients. 
Etravirine has a complex metabolic profile as it is a substrate of CYP3A4, 2C9, and 
2C19, an inhibitor of CYP2C9, 2C19 and P-gp, and an inducer of CYP3A4 [44]. 
Etravirine likely also induces UGT1A1 based on the decrease in raltegravir  exposure 
when these drugs are co-administered [21, 22].
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44313 Drug Interactions with Antiretrovirals for HIV Infection

Etravirine has a number of clinically significant interactions with the protease 
inhibitors. Etravirine cannot be combined with unboosted protease inhibitors, nor 
with boosted combinations of atazanavir/ritonavir, fosamprenavir/ritonavir or 
 tipranavir/ritonavir, due to clinically significant alterations in exposures of both 
agents. Co-administration with atazanavir 400 mg once daily resulted in a decrease 
in atazanavir AUC of 17% and C

min
 decrease of 47%, with a 50% increase in 

 etravirine AUC [58]. With ritonavir-boosted atazanavir, the decrease in atazanavir 
C

min
 was only 38% with an increase in etravirine of approximately 30% [58]. 

The combination of lower atazanavir exposures and higher etravirine exposures 
warrants avoidance of concomitant therapy.

In HIV-infected subjects, the addition of etravirine to a stable fosamprenavir/
ritonavir regimen led to an increase in amprenavir AUC and C

min
 of 69% and 77%, 

respectively [59]. Due to the magnitude of the increase, the combination should not 
be co-administered.

Induction of CYP3A has been well described for tipranavir/ritonavir [60]. 
Co-administration with etravirine resulted in a decrease in the etravirine AUC by 76% 
while tipranavir and ritonavir exposures were only modestly increased by approxi-
mately 20% [61]. This combination should be avoided due to the potential for a loss 
of therapeutic effect of etravirine. Full dose ritonavir (600 mg BID) also decreased 
etravirine concentrations approximately 45% due to induction of glucuronidation 
[62]. However, the unboosted dose of ritonavir is generally not used clinically.

Etravirine can be given with saquinavir/ritonavir, darunavir/ritonavir, lopinavir/
ritonavir, NRTIs and raltegravir without dose adjustment [63]. Darunavir/ritonavir 
and etravirine are frequently used in combination in treatment-experienced patients. 
In a healthy volunteer study, etravirine 100 and 200 mg twice daily were co-admin-
istered with darunavir/ritonavir. Etravirine AUC was decreased 37% and darunavir 
exposures were not significantly altered [64]. No dose adjustment is necessary based 
on safety and efficacy from Phase 3 clinical trials [63]. Since saquinavir/ritonavir 
and lopinavir/ritonavir reduce etravirine exposure to a similar extent as darunavir/
ritonavir, no dose adjustment is therefore needed for these protease inhibitors.

13.6  Protease Inhibitors

13.6.1  Pharmacology

The protease inhibitors are widely used in HIV-infected patients due to their potency, 
durability, and high genetic barrier to resistance. These drugs act at a late stage in 
the life cycle of HIV, preventing the formation and release of infectious virions from 
the cell [65]. All protease inhibitors are metabolized primarily by CYP3A4 and 
have inhibitory effects on this metabolic pathway [45]. Some of them act on other 
pathways as well, including atazanavir which is an inhibitor of UGT1A1 and rito-
navir which modulates multiple CYP isozymes and UGT1A1. Clinically significant 
interactions with the protease inhibitors are shown in Tables 13.4 and 13.5.
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13.6.2  Contraindications

Because of their effects on CYP3A4, a number of drugs are contraindicated with 
protease inhibitors due to the potential for serious or life-threatening toxicity 
(Table 13.6). Use with cisapride, pimozide, bepridil and some antiarrhythmics 
should be avoided due to the potential for cardiac arrhythmia [43]. The use of pro-
tease inhibitors with ergot derivatives can lead to serious peripheral ischemia 
because of the potent vasoconstricting effects of this drug class [90]. As most pro-
tease inhibitors cause increases in triglyceride and cholesterol, many HIV-infected 
individuals require lipid-lowering agents.

Simvastatin and lovastatin are contraindicated with protease inhibitors due to the 
risk of myopathy, including rhabdomyolysis. Some interactions between protease 
inhibitors and statins are mediated through transport proteins such as rosuvastatin, 
an organic anion-transporting polypeptide (OATP) 1B1 substrate, in which expo-
sure is increased 2–3-fold with lopinavir/ritonavir and atazanavir/ritonavir [46]. 
Only modest increases are observed with ritonavir-boosted tipranavir and fosam-
prenavir. Pitavastatin is another OATP1B1 substrate which has a narrow therapeutic 
index and its use is not recommended with protease inhibitors until exposure data 
are available. Pravastatin is not metabolized primarily by CYP3A4, however daru-
navir increases pravastatin AUC by 81% demonstrating protease inhibitors have 
differential effects on this statin [66]. Atorvastatin is an option for HIV-infected 
subjects if low doses are used and patients are closely monitored.

Over sedation is a potential complication when protease inhibitors are adminis-
tered with certain benzodiazepines (midazolam, triazolam), particularly when orally 
administered. However, many clinicians will give one to two doses of IV midazo-
lam prior to a surgical procedure as long as the patient is being closely monitored. 
The long acting beta agonist, salmeterol, should also be avoided with the boosted 
protease inhibitors, due to the risk of cardiovascular adverse events secondary to 
elevated salmeterol concentrations.

Other contraindications are due to the effect of the concomitant drug on plasma 
protease inhibitor concentrations. Rifampin and products containing St. John’s wort 
markedly reduce protease inhibitor exposure and should be avoided [91, 92]. While not 
contraindicated, many anti-epilepsy drugs (phenytoin, phenobarbital, carbamazepine) 
could also reduce protease inhibitor concentrations and require close monitoring [93].

13.6.3  Drug Interactions to Improve Bioavailability and Dosing

Protease inhibitors demonstrate the best example of how a drug interaction can be 
used for patient benefit. The addition of low-dose ritonavir to increase the exposure 
of another protease inhibitor has been used since the late 1990s [94]. “Boosting” 
with ritonavir allows for other protease inhibitors to be used once daily and with 
lower doses. In the case of lopinavir, tipranavir and darunavir, the protease inhibitor 
alone cannot be prescribed without co-administration of ritonavir because they 
would not achieve effective concentrations at the doses approved for use. Atazanavir 
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Table 13.6 Drugs that are contraindicated or not recommended for use with protease inhibitors 
and NNRTIs [43, 57, 65, 66, 79–83, 88]a,b

Drug class/drug name
Drugs that should not 
 be coadministered Clinical comment

Alpha 1-adrenorecep-
tor antagonist:

 Alfuzosin

Atazanavir (+/− ritonavir), 
Darunavir/ritonavir, 
Fosamprenavir 
(+/− ritonavir), 
Indinavir

CONTRAINDICATED due to potential for 
serious and/or life threatening reactions 
such as hypotension

Lopinavir/ritonavir, 
Nelfinavir, Saquinavir/
ritonavir

Tipranavir/ritonavir
Antiarrhythmics:
 Amiodarone

Indinavir CONTRAINDICATED due to potential for 
serious and/or life threatening reactions 
such as cardiac arrhythmia’s secondary 
to increases in plasma concentrations of 
antiarrhythmics

Antiarrhythmics: Nelfinavir CONTRAINDICATED due to potential for 
serious and/or life threatening reactions 
such as cardiac arrhythmia’s secondary 
to increases in plasma concentrations of 
antiarrhythmics

 Amiodarone, 
quinidine

Saquinavir/ritonavir
Tipranavir/ritonavir

Antiarrhythmics: Fosamprenavir 
(+/−ritonavir)

CONTRAINDICATED due to potential for 
serious and/or life threatening reactions 
such as cardiac arrhythmia’s secondary 
to increases in plasma concentrations of 
antiarrhythmics

 Flecainide, 
propafenone Saquinavir/ritonavir

Tipranavir/ritonavir

Anticonvulsants: Etravirine May lead to loss of virologic response and 
possible resistance to each agent or to 
the class

 Carbamazepine

Lopinavir/ritonavir Do not administer lopinavir/ritonavir once 
daily with carbamazepine, phenobarbital 
or phenytoin

 Phenobarbital

 

Phenytoin

Ketoconazole Nevirapine May lead to loss of antifungal response
Antimycobacterials: Etravirine if used with 

ritonavir boosted PI
May lead to loss of virologic response and 

possible resistance to each agent or to 
the class

 Rifabutin

Antimycobacterials: Atazanavir (+/− ritonavir), 
Darunavir/ritonavir, 
Fosamprenavir 
(+/− ritonavir), 
Indinavir, Lopinavir/
ritonavir, Nelfinavir, 
Saquinavir/ritonavir

May lead to loss of virologic response and 
possible resistance to each agent or to 
the class

 Rifampin

Tipranavir/ritonavir
Efavirenz, Etravirine, 

Nevirapine
Anti-cancer:
 Irinotecan

Atazanavir ATV inhibits UGT and may interfere with 
the metabolism of irinotecan, resulting 
in increased irinotecan toxicities

(continued)
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Table 13.6 (continued)

(continued)

Drug class/drug name
Drugs that should not 
 be coadministered Clinical comment

Calcium channel 
blocker:

Efavirenz Potential for serious and/or life-threatening 
reactions such as cardiac arrhythmias

 Bepridil
Corticosteroid: 

Inhaled/Nasal
Atazanavir/ritonavir, 

Darunavir/ritonavir, 
Fosamprenavir/ritonavir, 
Lopinavir/ritonavir, 
Saquinavir/ritonavir, 
Tipranavir/ritonavir

Coadministration with any boosted PI 
regimen or ritonavir 600 mg bid is not 
recommended unless potential benefit 
outweighs risk of systemic corticoster-
oid adverse effects

 Fluticasone

Disulfiram Lopinavir/ritonavir oral 
solution

Lopinavir/ritonavir oral solution and 
tipranavir capsules contain alcohol 
which can produce disulfiram-like 
reactions when coadministered with 
disulfiram or other drugs which produce 
this reaction (e.g., metronidazole)

Metronidazole
Tipranavir capsules

Ergot derivatives: Atazanavir (+/− ritonavir) CONTRAINDICATED due to potential for 
serious and/or life-threatening events 
such as acute ergot toxicity character-
ized by peripheral vasospasm and 
ischemia of the extremities and other 
tissues

 Dihydroergotamine, 
ergonovine, 
ergotamine, 
methylergonovine

Darunavir/ritonavir, 
Fosamprenavir 
(+/− ritonavir)

Indinavir
Lopinavir/ritonavir, 

Nelfinavir, Saquinavir/
ritonavir, Tipranavir/
ritonavir

Efavirenz
Garlic capsules Saquinavir Coadministration is not recommended due 

to the potential for garlic capsules to 
induce the metabolism of saquinavir 
which may result in sub-therapeutic 
saquinavir concentrations

GI: Atazanavir (+/− ritonavir) CONTRAINDICATED due to potential for 
serious and/or life-threatening reactions 
such as cardiac arrhythmias

 Cisapride Darunavir/ritonavir, 
Fosamprenavir 
(+/− ritonavir)

Indinavir
Lopinavir/ritonavir, 

Nelfinavir, Saquinavir/
ritonavir, Tipranavir/
ritonavir

Efavirenz
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Table 13.6 (continued)

(continued)

Drug class/drug name
Drugs that should not 
 be coadministered Clinical comment

Herbal Products: Atazanavir (+/− ritonavir) May lead to loss of virologic response and 
possible resistance to each agent or to 
the class

 St. John’s wort 
(Hypericum 
perforatum)

Darunavir/ritonavir, 
Fosamprenavir 
(+/− ritonavir)

Indinavir
Lopinavir/ritonavir, 

Nelfinavir, Saquinavir/
ritonavir, Tipranavir/
ritonavir

Efavirenz, Etravirine, 
Nevirapine

Maraviroc
HMG Co-Reductase 

Inhibitors:
Atazanavir (+/− ritonavir), Potential for serious reactions such as risk 

of myopathy including rhabdomyolysis
 Lovastatin, 

simvastatin
 Rosuvastatin

Darunavir/ritonavir, 
Fosamprenavir 
(+/− ritonavir),

Indinavir
Lopinavir/ritonavir, 

Nelfinavir, Saquinavir/
ritonavir, Tipranavir/
ritonavir

Long-acting beta 
agonist:

Atazanavir (+/− ritonavir), May result in increased risk of cardiovas-
cular adverse events associated with 
salmeterol, including QT prolongation, 
palpitations and sinus tachycardia

 Salmeterol Darunavir/ritonavir, 
Fosamprenavir 
(+/− ritonavir)

Indinavir
Lopinavir/ritonavir, 

Nelfinavir, Saquinavir/
ritonavir

Tipranavir/ritonavir
Neuroleptic: Atazanavir (+/− ritonavir) CONTRAINDICATED due to potential for 

serious and/or life-threatening reactions 
such as cardiac arrhythmias

 Pimozide Darunavir/ritonavir, 
Fosamprenavir 
(+/− ritonavir),

Indinavir
Lopinavir/ritonavir, 

Nelfinavir, Saquinavir/
ritonavir, Tipranavir/
ritonavir

Efavirenz
Opiods: Atazanavir without 

ritonavir
My decrease atazanavir concentrations and 

may lead to loss of virologic response 
and possible resistance

 Buprenorphine
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Table 13.6 (continued)

Drug class/drug name
Drugs that should not 
 be coadministered Clinical comment

Oral contraceptives: Fosamprenavir 
(+/− ritonavir)

May lead to loss of virologic response and 
possible resistance to amprenavir. 
Increased risk of transaminase 
elevations. Alternative methods of 
non-hormonal contraception is 
recommended

 Ethinyl estradiol/
norethindrone

Atazanavir Do not use oral contraceptive with more 
than 30 mcg of ethinyl estradiol

Atazanavir/ritonavir Do not use oral contraceptive containing 
less than 35 mcg of ethinyl estradiol

Darunavir/ritonavir Alternative methods of non-hormonal 
contraception are recommended.Indinavir

Lopinavir/ritonavir, 
Nelfinavir, Saquinavir/
ritonavir, Tipranavir/
ritonavir

PDE-5 inhibitor: Atazanavir (+/− ritonavir) Increased potential for sildenafil-associated 
adverse events (which include visual 
disturbances, hypotension, prolonged 
erection and syncope)

 Sildenafil (Revatio) 
[for treatment of 
pulmonary arterial 
hypertension]

Darunavir/ritonavir, 
Fosamprenavir 
(+/− ritonavir)

Indinavir
Lopinavir/ritonavir, 

Nelfinavir, Saquinavir/
ritonavir, Tipranavir/
ritonavir

Sedative/hypnotics: Atazanavir (+/− ritonavir) CONTRAINDICATED due to potential for 
serious and/or life-threatening events 
such as prolonged or increased sedation 
or respiratory depression

 Midazolam (oral), 
triazolam

Darunavir/ritonavir, 
Fosamprenavir 
(+/− ritonavir)

Parenteral midazolam can be used with 
caution as a single dose and can be 
given in a monitored situation for 
procedural sedationIndinavir

Lopinavir/ritonavir, 
Nelfinavir, Saquinavir/
ritonavir, Tipranavir/
ritonavir

Efavirenz
Indinavir

Alprazolam CONTRAINDICATED due to potential for 
serious and/or life-threatening events 
such as prolonged or increased sedation 
or respiratory depression

a Ritonavir given at approved dose for treatment of HIV-1 infection (600 mg bid) and delavirdine 
are not included in this table. Please refer to the FDA package inserts for information regarding 
delavirdine and ritonavir contraindications
b See Table 13.1 for full details on coadministration of NNRTIs and PIs, including those combina-
tions which are contraindicated or not recommended
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can be administered alone at a dose of 400 mg once daily or with ritonavir at a dose 
of 300 mg atazanavir/100 mg ritonavir once daily. The majority of clinical atazana-
vir use is in combination with ritonavir since it provides higher plasma levels. While 
early pharmacoenhancement efforts evaluated higher ritonavir doses, research over 
time have generally led to doses of 100 mg once or twice daily, except for tipranavir 
which is dosed at tipranavir 500 mg/ritonavir 200 mg twice daily. These low doses 
still provide significant increase in the exposure of the co-administered protease 
inhibitor and improve the tolerability of ritonavir [95].

13.6.4  Darunavir

Darunavir is the most recently-approved protease inhibitor and became available in 
2006. It has become one of the most commonly used protease inhibitors due to its 
potency and resistance profile. After its introduction, darunavir was primarily used 
in treatment-experienced subjects but has now also been increasing prescribed in 
those who are treatment-naïve. Darunavir cannot be administered alone and requires 
co-administration with ritonavir to increase its exposure. Both darunavir and ritona-
vir are inhibitors of CYP3A4 and therefore darunavir therapy shares the drug inter-
actions, precautions, and contraindications of all protease inhibitors as well as those 
specific only to ritonavir [84]. Darunavir also induces CYP3A4 but the net result of 
the mixed inhibition/induction is generally inhibition.

While not widely used, combinations of three protease inhibitors have been 
 studied as part of NRTI-sparing regimens. Darunavir 1,200 mg/ritonavir 100 mg bid 
was studied with lopinavir 400 mg/ritonavir 100 in HIV-infected subjects. While 
lopinavir exposures were not significantly altered, darunavir AUC decreased by 38% 
[85]. A second study evaluated 1,200 mg bid of darunavir with lopinavir 533/ritona-
vir 133 mg twice daily. The darunavir AUC was similarly decreased by 41% [85]. 
Based on the decreased concentrations of darunavir, co-administration with  lopinavir/
ritonavir is not recommended. Darunavir was also studied at a dose of 400 mg daru-
navir/100 mg ritonavir with saquinavir 1,000 mg twice daily in healthy subjects. 
Darunavir AUC was decreased 26% and C

min
 was decreased 42% [86]. An increase 

in adverse events was also observed and this combination should be avoided. 
However a study with atazanavir 300 mg and darunavir/ritonavir (400 mg/100 mg) 
did not demonstrate significant changes in the AUC of either protease inhibitor, 
although atazanavir trough concentrations were increased by 52% [87].

13.7  Issues with Antiretroviral Drug Interactions

13.7.1  Timing of Co-Administered Drugs

The potential for drug interactions must be considered prior to and during antiretro-
viral therapy. In certain situations, the timing of the addition or removal of 
 co-administered drugs can lead to significant safety issues due to drug interactions. 
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Ritonavir-boosted protease inhibitors cause large increases in the first few days of 
therapy compared to steady-state when the inductive of effects of ritonavir result in 
lower concentrations.

Clinicians should be aware of new recommendations for the use of bosentan, a 
treatment for pulmonary arterial hypertension, when combined with protease inhib-
itors [96]. If a patient is already receiving a protease inhibitor for at least 10 days, 
bosentan co-administration should be initiated at 62.5 mg once daily or every other 
day based upon individual tolerability. However, the recommendation is different 
for subjects already on bosentan but needing to add a protease inhibitor. In this situ-
ation, the bosentan needs to be discontinued for at least 36 h prior to initiation of 
protease inhibitor. After at least 10 days following the initiation of the protease 
inhibitor, the patient may resume the bosentan at 62.5 mg once daily or every other 
day based upon individual tolerability. Although indinavir and nelfinavir are no 
longer commonly used, patients on these agents need only to start at or adjust bosen-
tan to 62.5 mg once daily or every other day based upon individual tolerability.

A similar situation exists for tadalafil, another agent for the treatment of pulmo-
nary arterial hypertension [96]. If already on a protease inhibitor for at least 1 week, 
tadalafil should be initiated at 20 mg once daily and increased to 40 mg once daily 
based upon individual tolerability. For a patient already on tadalafil and requiring 
protease inhibitor therapy, the tadalafil should be discontinued for at least 24 h prior 
to starting the protease inhibitor. After at least 1 week following initiation of the 
protease inhibitor, tadalafil can be resumed at 20 mg once daily and increased to 
40 mg once daily based upon individual tolerability. Patients on indinavir or nelfi-
navir can start at or adjust tadalafil to 20 mg daily and increase to 40 mg once daily 
based upon individual tolerability.

13.7.2  Interactions with pH Altering Agents

HIV-infected patients commonly use proton pump inhibitors (PPIs), histamine-H2 
receptor (H2)-antagonists and antacids in combination with their antiretrovirals. 
Certain antiretrovirals that do not interact with pH-altering drugs can have a signifi-
cant advantage in terms of patient convenience. Most protease inhibitors do not 
require dose adjustments with acid reducers. However, the solubility of atazanavir 
is pH dependent and decreases with increasing pH. Thus, clinically significant inter-
actions occur with antacids, PPIs and H2-antagonists.

Atazanavir should be administered 2 h before or 1 h after antacids [88]. With 
PPIs, there is a significant reduction in atazanavir exposure and a PPI should not be 
co-administered if atazanavir is unboosted with ritonavir or in treatment-experi-
enced patients [88]. Subjects should avoid a PPI dose greater than the equivalent of 
20 mg of omeprazole and they should separate the PPI and atazanavir by 12 h.

Atazanavir should also be given boosted with ritonavir in combination with 
H2-antagonists. The atazanavir/ritonavir should be given simultaneously with or 
>10 h after the H2-antagonist. For patients unable to tolerate ritonavir, the atazanavir 
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should be given at least 2 h before and at least 10 h after the H2-antagonist [88]. 
Table 13.4 outlines the doses of the H2-antagonist that are recommended with com-
bination therapy depending on the patient population.

The solubility of raltegravir increases with increasing pH and omeprazole was 
demonstrated to increase AUC by approximately 3-fold in healthy subjects [97]. 
However, a population PK analysis from Phase 3 studies showed that HIV-infected 
patients receiving a PPI had only marginally higher plasma concentrations than 
patients without a PPI [97]. The concomitant use of a PPI with raltegravir in clinical 
studies did not lead to clinically significant adverse events compared to placebo and 
no dose adjustment is needed with proton pump inhibitors or H2 antagonists.

13.7.3  Interactions with Oral Contraceptives

Most oral contraceptives contain an estrogen and a progesterone component. Estrogens 
are generally metabolized via CYP3A4 while progesterones also are metabolized by 
glucuronidation. With darunavir, fosamprenavir, and lopinavir/ ritonavir, there is a 
decrease in ethinyl estradiol concentrations that could lead to failure of the contracep-
tive, likely due to induction of CYP3A4 or glucuronidation [98]. Thus, alternative 
methods of nonhormonal contraception are recommended. The amount of ethinyl 
estradiol is important in combination use depending on how atazanavir is being used, 
due to differing effects of atazanavir and ritonavir on glucuronidation. The oral con-
traceptive should contain ³35 mcg of ethinyl estradiol with atazanavir/ritonavir and 
£30 mcg with atazanavir alone [88]. Efavirenz and nevirapine also require use of 
alternative contraception methods due to decreases in the estrogen or progesterone 
components; however, no dose adjustments are required for etravirine, maraviroc and 
raltegravir. Efavirenz also decreases levonorgestrel exposure and the effectiveness of 
emergency postcoital contraception may be diminished [56].

13.8  Summary

The availability of potent treatment regimens for HIV-infected patients has led to 
dramatic increases in survival and quality of life. Great strides in drug development 
have resulted in therapies with once daily dosing, lack of significant food effects, 
and improved safety and tolerability. However, the management of drug interac-
tions remains an area where clinicians must have an active role in patient care to 
avoid a loss of efficacy or increased adverse effects.

In no other disease area does the sheer volume of data exist for drug interactions 
than HIV disease. The standard of care for the HIV-infected patient commonly 
involves three or more antiretrovirals, but HIV-infected subjects also receive many 
other medications for co-morbidities such as pain, depression, gastrointestinal dis-
orders, and opportunistic infections. Keeping up to date with this information can be 
overwhelming, but websites, reviews, and tables are available to clinicians.
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Despite this challenge, our knowledge and understanding of drug interactions in 
HIV-infection have greatly increased. In vitro tests and probe cocktail studies can 
provide early knowledge on new drugs and reduce the number of clinical 
 pharmacology studies that are required. Investigational drugs that inhibit CYP3A4, 
do not have antiviral activity, and have the potential for fewer side effects than rito-
navir are being explored as potential pharmacoenhancers to replace ritonavir. Other 
investigational drugs with favorable drug interaction profiles are being evaluated in 
clinical studies. We have also gained a better understanding of mechanisms and the 
ability to predict the magnitude of drug interactions. These advances will lead to 
safer and more effective treatment regimens for HIV-infected patients.
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Abstract During the past several decades, viruses have been increasingly recognized 
as frequent and important pathogens. Critically ill and immunocompromised 
patients, particularly within the transplant and human immunodeficiency virus 
(HIV)-infected populations, are at particularly high risk for severe viral infections 
such as those caused by cytomegalovirus (CMV), adenovirus, disseminated herpes 
simplex virus (HSV), and infections with hepatitis B virus (HBV) and hepatitis C 
virus (HCV). Influenza continues to be a significant public and global health  problem 
as well. Many of the currently available antiviral agents have been in clinical use for 
many years and clinical data related to important drug interactions often concern the 
use of older drugs with which significant interactions were likely to frequently occur 
(e.g., zidovudine, didanosine). Unfortunately, however, interaction data are often 
unavailable for drugs such as the newer antiretroviral and immunosuppressant 
agents which are now considered standards of care for management of populations 
at high risk for serious viral infections. Some of the non-HIV antiviral drugs such as 
acyclovir, famciclovir, oseltamivir, and amantadine are associated with relatively 
few clinically significant drug interactions. However, there are a number of signifi-
cant interactions which must be considered for the safe and effective use of drugs 
such as ganciclovir, foscarnet, cidofovir, ribavirin, and the interferons. This chapter 
summarizes available data regarding pharmacokinetic and toxic interactions with 
the current non-HIV antiviral agents.
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14.1  Introduction

During the past several decades, viruses have been increasingly recognized as 
 frequent and important pathogens. Critically ill and immunocompromised patients, 
particularly within the transplant and human immunodeficiency virus (HIV)-
infected populations, are at particularly high risk for severe viral infections such as 
those caused by cytomegalovirus (CMV), adenovirus, and disseminated herpes 
 simplex virus (HSV). Infections caused by hepatitis B virus (HBV) and hepatitis C 
virus (HCV) are also quite prevalent, and influenza continues to be a significant 
public and global health problem. Despite the increasing need for effective 
 management of such infections, the development of new antiviral agents for the 
prophylaxis and/or treatment of non-HIV viral infections has been relatively slug-
gish. Few novel agents have been introduced to the marketplace in recent years; the 
anti-influenza drugs oseltamivir and zanamivir were first marketed in the United 
States in 1999 and are still among the newest non-HIV antivirals available. Since 
many of the  currently available antiviral agents have been in clinical use for many 
years, specific clinical data related to important drug interactions are often related 
to older drugs with which significant interactions were likely to frequently occur 
(e.g., zidovudine, didanosine). Unfortunately, interaction data are often unavailable 
for drugs such as the newer antiretroviral and immunosuppressant agents which are 
now considered standards of care for management of populations at high risk for 
serious viral  infections. This chapter summarizes currently available data regarding 
interactions with non-HIV antiviral agents; relevant drug interactions are summa-
rized in Tables 14.1–14.4. There is a great need for additional studies related to 
interactions with this small yet clinically important group of drugs.

14.2  Drugs for Treatment of Herpes Simplex Virus  
and Varicella Zoster Virus Infections

14.2.1  Acyclovir/Valacyclovir

Potentially important drug interactions with acyclovir and valacyclovir are summa-
rized in Table 14.1. Although the effects of administration with food as described 
below will differ depending on whether acyclovir is administered as the parent drug 
or the valacyclovir prodrug, other potential drug interactions involving systemic 
acyclovir would be assumed to generally apply, and would be likely to occur, after 
administration of either compound. Studies evaluating the effect of administering 
acyclovir and valacyclovir with food have shown no significant changes in the areas 
under the plasma concentration vs. time curve (AUC) compared to administration of 
the drugs in the fasted state. Since these changes were not considered to be clinically 
relevant, both oral acyclovir and valacyclovir may be administered without regard 
to meals [1, 2]. The concurrent administration of a single dose of aluminum- or 
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magnesium-containing antacids was also shown to have no significant effects on the 
pharmacokinetics of valacyclovir after oral administration of a 1 g dose [2].

Acyclovir is commonly administered for suppression of HSV disease during 
remission-induction chemotherapy in patients with acute myelogenous leukemia 
(AML); standard chemotherapy regimens usually consist of high doses of an 
anthracycline, usually daunorubicin, and cytarabine. Malabsorption of d-xylose 
as a probable result of damage to the intestinal mucosa has previously been 
observed after cytarabine therapy. A study was therefore conducted to evaluate 
whether similar changes in the absorption of acyclovir occurred after receipt of 
chemotherapy and whether these changes would pose a potential problem for the 
effective use of acyclovir in this population [3]. Pharmacokinetics of intravenously 
administered acyclovir were unchanged after chemotherapy. However, both the 
peak plasma concentration (C

max
) and bioavailability of oral acyclovir were 

substantially decreased after chemotherapy compared to pre-chemotherapy values 
[3]. It is not known whether these changes are clinically important or whether 
such pharmacokinetic alterations are also seen with valacyclovir; however, 
effectiveness of  antiviral therapy should be carefully monitored when these agents 
are orally administered in similar clinical scenarios.

Two case reports have described the possibly decreased oral absorption of 
 phenytoin and valproic acid after the use of oral acyclovir in children; the subse-
quently decreased serum concentrations of the antiepileptic drugs were associated 
with increased seizure frequency in previously stable patients [4]. The mechanisms 
underlying this potential interaction are unknown.

Acyclovir is primarily eliminated by the kidneys through a combination of 
 glomerular filtration and active renal tubular secretion. Potential drug interactions 
involving drugs which may inhibit the tubular secretion of acyclovir have therefore 
been evaluated. The AUC of acyclovir was increased by approximately 40% after 
concomitant administration of probenecid, with renal clearance and urinary excre-
tion of acyclovir also correspondingly decreased [1, 5]. Similar results have not 
unexpectedly been observed with valacyclovir [2]. The C

max
 and AUC of acyclovir 

were also increased by 8% and 32%, respectively, in subjects receiving valacyclovir 
1 g orally after concomitant administration of a single 800 mg dose of cimetidine 
[2]. Additionally, acyclovir C

max
 and AUC were increased to an even greater extent 

after concomitant administration of valacyclovir 1 g orally along with the combina-
tion of both probenecid and cimetidine [2]. Although both probenecid and cimeti-
dine caused substantial alterations in acyclovir pharmacokinetics, these changes are 
unlikely to be clinically relevant unless using high doses of acyclovir where accu-
mulation to excessively high concentrations may increase the risk of drug-related 
adverse effects. Conversely, although acyclovir is not otherwise known to inhibit the 
renal secretion of other drugs, one case report described a fourfold increase in 
 lithium serum concentrations following the addition of high-dose intravenous 
 acyclovir to a chronic lithium carbonate regimen [6].

No significant pharmacokinetic alterations were observed when valacyclovir was 
administered together with multiple doses of thiazide diuretics [2]. Likewise, the 
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pharmacokinetics of neither acyclovir nor digoxin were significantly altered when 
valacyclovir was administered concomitantly [2].

The pharmacokinetics of neither acyclovir nor cyclosporine were significantly 
affected when the two drugs were administered concomitantly [1]. However, 
 studies assessing the possible interaction of acyclovir and mycophenolate mofetil 
have had conflicting results [7–9]. One study found that the AUC of mycopheno-
late and its primary glucuronide conjugate metabolite, MPAG, were increased by 
9% and 10%, respectively, while the acyclovir C

max
 was also increased by 18% [7]. 

A second study found that the pharmacokinetics of neither mycophenolate nor 
acyclovir were significantly affected [8]. In a final study, 15 patients were random-
ized to receive oral acyclovir alone, valacyclovir alone, mycophenolate mofetil 
alone, acyclovir plus mycophenolate, or valacyclovir plus mycophenolate in a 
 single-dose, cross-over study [9]. After co-administration with mycophenolate, 
acyclovir C

max
, time to peak plasma concentration (T

max
), and AUC were signifi-

cantly increased compared to those parameters after administration of acyclovir 
alone. The mean renal clearance of acyclovir was also reduced by 19%, possibly 
due to competition with MPAG for renal tubular secretion. Valacyclovir T

max
 was 

also significantly increased by 0.5 h when co-administered with mycophenolate, 
and alterations in C

max
, T

max
, and AUC were similar to those seen with oral acyclo-

vir. Mycophenolate pharmacokinetics were not significantly altered after co-
administration with either acyclovir or valacyclovir, with the exception that the 
AUC of MPAG was decreased by 12% after concomitant administration of valacy-
clovir. Overall, the interactions between acyclovir, valacyclovir, and mycopheno-
late mofetil were felt by the authors to not be clinically significant in otherwise 
healthy subjects with good renal function [9].

Because high-dose acyclovir and valacyclovir have been associated with adverse 
renal effects including acute tubular necrosis, crystalluria, and acute renal failure, 
caution should be exercised when using these antivirals in combination with other 
drugs that also have potential for additive nephrotoxicity, e.g., aminoglycosides, 
amphotericin B products, cidofovir, foscarnet, intravenous pentamidine,  vancomycin, 
and others [1]. The concomitant use of ceftriaxone has also been reported to increase 
the nephrotoxicity of acyclovir [10].

A study conducted in five healthy subjects demonstrated a mean 30% reduction 
in total systemic clearance and 45% increase in theophylline AUC when  theophylline 
was administered together with acyclovir [11]. The results of this study suggest that 
acyclovir interferes with the oxidative metabolism of theophylline, although such 
metabolic interactions with acyclovir have not been previously reported and the 
clinical significance is unknown.

The combination of acyclovir and zidovudine has been suggested to have syner-
gistic antiviral effects and to be associated with improved survival in HIV-infected 
patients. However, the benefits of this combination have not been consistently demon-
strated, and no pharmacokinetic or in vitro pharmacologic interactions between 
these two drugs have been demonstrated [12–17]. The clinical significance of this 
interaction is therefore unknown and may be less relevant with the current use of 
highly active antiretroviral therapy (HAART) for treatment of HIV infection.
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14.2.2  Famciclovir/Penciclovir

Famciclovir is the diacetyl, 6-deoxy ester prodrug of penciclovir. Dideacetylation of 
famciclovir occurs in the blood and possibly in the intestinal wall, followed by 
6-oxidation of the intermediary metabolite to form the active antiviral agent penci-
clovir. Conversion of 6-deoxy-penciclovir to penciclovir is catalyzed by the alde-
hyde oxidase enzyme. Cimetidine and promethazine are both in vitro inhibitors of 
aldehyde oxidase, but interaction studies have not shown any relevant effects of 
these drugs on the formation of penciclovir [18]. Raloxifene is also a potent in vitro 
inhibitor of aldehyde oxidase but has not been studied for potential effects on pen-
ciclovir formation [18].

The effects of food on the pharmacokinetics of famciclovir were evaluated in two 
studies [19, 20]; the results of these studies are summarized in Table 14.1. The 
administration of oral famciclovir with food was associated with a decrease in 
 penciclovir C

max
 of 53% and an increase in T

max
 of approximately 2 h compared to 

the fasting state. However, the penciclovir AUC was not significantly altered, 
 indicating that the rate of famciclovir absorption was altered but the overall bio-
availability was not affected. Famciclovir may thus be administered without regard 
to meals [18–20].

The potential for clinically significant drug interactions with famciclovir appears 
to be very low overall. Like acyclovir, probenecid may affect the renal tubular excre-
tion of penciclovir but this interaction is not considered to be clinically relevant 
under most circumstances [18]. An in vitro study using human liver microsomes 
found no inhibition of cytochrome (CYP) 3A4 enzymes by penciclovir [18]. In 
other studies, no clinically significant effects on penciclovir pharmacokinetics were 
observed after pre-treatment with multiple doses of allopurinol, magnesium/
aluminum hydroxide antacids, cimetidine, promethazine, theophylline, thiazides, 
emtricitabine, or zidovudine (either the parent drug or the zidovudine glucuronide 
metabolite) followed by administration of single doses of famciclovir [18]. Finally, 
the steady-state pharmacokinetics of digoxin were also not affected by either single 
or multiple doses of famciclovir [18].

14.3  Drugs Used for Treatment of Cytomegalovirus Infections

14.3.1  Ganciclovir and Valganciclovir

Potentially important drug interactions with ganciclovir and valganciclovir are 
 summarized in Table 14.2. Although the effects of administration with food as 
described below will differ depending on whether ganciclovir is administered as the 
parent drug or the valganciclovir prodrug, other potential drug interactions involving 
systemic ganciclovir would generally apply, and would be likely to occur, after 
administration of either compound. The C

max
 and AUC of oral ganciclovir were 
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increased by 15% and 20%, respectively, when the drug was administered with a 
high-fat meal [21]. Although the commercial availability of the better-absorbed 
valganciclovir prodrug makes this interaction of little relevance, similar results have 
also been observed with valganciclovir; C

max
 of ganciclovir was increased by 14% 

and the AUC increased by 23–57% when valganciclovir was administered with 
standard or high fat meals [22, 23]. Based on these studies, valganciclovir tablets 
should be administered with food [22–24].

As with acyclovir and penciclovir, ganciclovir is approximately 90% eliminated 
as unchanged drug through a combination of glomerular filtration and active renal 
tubular secretion. When oral ganciclovir was administered concomitantly with 
probenecid, the steady-state AUC was increased by 53 ± 91% (range −14% to 299%) 
and the ganciclovir renal clearance was decreased by 22 ± 20% (range −54% to 
−4%). The results of this study are consistent with a probenecid-induced decrease 
in renal tubular transport [24]. The potential for acyclovir to competitively inhibit 
ganciclovir secretion was also assessed, but no interaction was found [23–25].

Because of the high incidence of CMV disease in HIV-infected patients and the 
overlapping myelosuppressive toxicities (i.e., anemia, leucopenia,  thrombocytopenia) 
of ganciclovir and zidovudine, potential interactions between these two drugs have 
been assessed [25]. In a specific interaction study in which oral ganciclovir was 
administered concomitantly with zidovudine, the steady-state ganciclovir AUC was 
decreased by 17 ± 25% (range −52% to 23%) while the steady-state zidovudine 
AUC was increased by 19 ± 27% (range −11% to 74%). Neither of these alterations 
was considered to be clinically significant [25]; no studies have been conducted 
with intravenous ganciclovir.

Although studies did not indicate a high risk for serious pharmacokinetic interac-
tions, the overlapping myelosuppressive toxicities of ganciclovir and zidovudine are 
still of concern. The combination of ganciclovir with zidovudine was found to be 
associated with high rates of drug intolerance and hematologic toxicity [26–30]. 
The combination of zidovudine plus intravenous ganciclovir was associated with 
hematologic toxicity in 82% of 40 AIDS patients and with severe neutropenia in 
55% of patients. These toxicities required dose reduction or drug discontinuation to 
effectively manage the adverse effects [26]. In a second open-label clinical study, 
113 patients with AIDS or AIDS-related complex received zidovudine for a median 
duration of 152 days. Statistical analysis revealed that the concomitant use of 
 ganciclovir was associated with significantly increased risk of anemia and thrombo-
cytopenia [27]. Similar high rates of anemia and neutropenia have been reported in 
other studies as well [31]. Because of the high risk of hematologic toxicities and the 
current availability of a number of other antiretroviral agents, the use of zidovudine 
in combination of ganciclovir or valganciclovir should be avoided if possible. If 
such a combination must be used for clinical reasons, frequent monitoring of 
 complete blood counts is required. Caution should also be exercised in combining 
 ganciclovir or valganciclovir with other drugs with myelosuppressive potential; 
such drugs include dapsone, flucytosine, various antineoplastic agents, intravenous 
pentamidine, pyramethamine, amphotericin B products, trimethoprim/sulfamethox-
azole (TMP/SMX), and trimetrexate [25, 32].
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Although the product information for ganciclovir states that ganciclovir 
 pharmacokinetics were not affected by didanosine [25], one study reported a minor 
pharmacokinetic interaction when oral ganciclovir was administered after didanos-
ine [33]. In a multiple-dose cross-over study in 13 HIV-positive patients, oral gan-
ciclovir was administered together with didanosine; didanosine was administered 
either simultaneously with ganciclovir or sequentially, i.e., 2 h before ganciclovir. 
Significantly increased AUC was reported for didanosine during both simultaneous 
and sequential administration [115% and 108% increased AUC, respectively 
(P < 0.001)]. In addition, the AUC of ganciclovir was also decreased by 21% when 
administered 2 h after didanosine (P = 0.002) [33]. In a second study, intravenous 
ganciclovir plus didanosine resulted in significant increases in didanosine AUC 
(70 ± 40%, range 3–121%) and C

max
 (49 ± 48%, range −28% to 125%) [25, 34]. In a 

third study, ganciclovir combined with didanosine resulted in the steady-state 
didanosine AUC being increased by 50 ± 26% (range 22–110%) and C

max
 being 

increased by 36 ± 36% (range −27% to 94%) [25, 35]. The mechanism for the appar-
ent two-way pharmacokinetic interaction between ganciclovir and didanosine is 
unknown, but does not appear to involve competition for renal tubular excretion of 
either drug [35]. Because of the potential for increased toxicities of didanosine in 
association with a significantly increased drug exposure, this interaction should be 
approached with caution and the concomitant use of ganciclovir and didanosine 
avoided. If this combination is required for clinical reasons, careful monitoring for 
adverse effects of both drugs is required. Whether a similar interaction exists with 
the use of oral valganciclovir is unknown.

Beyond pharmacokinetic interactions, a case report has also described pancy-
topenia and persistently decreased CD4+ lymphocyte counts in an HIV-infected 
patient receiving the combination of valganciclovir and didanosine. The proposed 
mechanism is a ganciclovir-induced inhibition of purine nucleoside phosphorylase, 
an enzyme responsible for catalyzing the breakdown of didanosine and endogenous 
purines [36, 37].

In vitro models have previously suggested that ganciclovir has antagonistic 
effects on the anti-HIV effects of zidovudine and didanosine, while foscarnet plus 
zidovudine has synergistic activity [30]. Studies evaluating the use of ganciclovir 
and foscarnet in the treatment of CMV retinitis in 234 patients with AIDS found 
that patients receiving foscarnet had a 3-month relative survival advantage  compared 
to patients receiving ganciclovir, and that this difference in survival could not be 
attributed solely to differences in drug exposures or toxicities [38, 39]. Although 
these clinical data provide some support for potential antagonistic or synergistic 
anti-HIV effects of ganciclovir and foscarnet, it is difficult to prove that the observed 
mortality differences were due to pharmacological effects of the drugs alone. The 
clinical relevance of these findings is unknown.

Serum creatinine elevations to greater than 2.5 mg/dL have reportedly occurred 
in up to 20% of bone marrow transplant and heart transplant patients during 
 ganciclovir therapy [40, 41]. Most of these patients were also receiving cyclosporine, 
and in many cases amphotericin B as well. Whether ganciclovir played a role in 
increasing the nephrotoxicity of these other drugs through pharmacokinetic 
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interactions or additive toxicities is unknown. However, a retrospective study of 
93 liver transplant patients receiving ganciclovir concomitantly with oral 
cyclosporine found no evidence of effects on cyclosporine whole blood concen-
trations which may have predisposed to enhanced toxicities [25].

Valproic acid, an inhibitor of histone deacetylase (HDAC), has been shown in 
in vitro studies to stimulate the replication of CMV and to significantly impair the 
antiviral activity of ganciclovir, cidofovir, and foscarnet through mechanisms prob-
ably related to HDAC-related stimulatory effects on CMV itself [42]. Effects were 
most pronounced in cells that had been pretreated with valproic acid; when added 
during or after infection, VPA did not inhibit antiviral actions of the other drugs. 
The clinical relevance of these findings is unknown. Finally, seizures have been 
reported in patients receiving ganciclovir together with imipenem [25, 43]. Whether 
these seizures were related to the combination therapy or were attributable solely to 
imipenem is unclear.

14.3.2  Cidofovir

Potential drug interactions involving cidofivir are summarized in Table 14.2. 
Cidofovir is approximately 90% renally excreted with a high degree of active renal 
tubular secretion. Not surprisingly, probenecid has been shown to significantly 
inhibit the tubular secretion of cidofovir with marked decreases in cidofovir clear-
ance and corresponding increases in AUC. This significant interaction serves as the 
basis for the Food and Drug Administration (FDA)-approved use of cidofovir in 
combination with probenecid in the treatment of CMV infection. The recommended 
dose of probenecid is 2 g orally 3 h prior to the cidofovir dose, followed by 1 g 
orally at 2 and 8 h after completion of the cidofovir infusion [44]. Although  cidofovir 
is routinely used in combination with probenecid for purposes of improving the 
pharmacokinetic disposition of cidofovir and enhancing clinical efficacy, the use of 
probenecid also appears to increase the overall incidence of drug-related adverse 
effects observed during cidofovir therapy [45–47]. Up to half of patients receiving 
cidofovir plus probenecid may develop constitutional symptoms of fever, chills, 
nausea, vomiting, fatigue, headache, GI upset, and rash; serious reactions including 
systemic hypotension may occur in 3% of patients and often result in discontinua-
tion of cidofovir/probenecid therapy. Although difficult to determine whether such 
adverse effects are primarily due to cidofovir or probenecid, they seem to be most 
closely related to the administration of probenecid [48, 49].

In addition to cidofovir and other antiviral agents, probenecid is known to inter-
act with the renal tubular secretion of many other drugs including acetaminophen, 
angiotensin-converting enzyme inhibitors, aminosalicylic acid, barbiturates, benzo-
diazepines, bumetanide, clofibrate, methotrexate, famotidine, furosemide, non-
steroidal anti-inflammatory drugs, theophylline, and zidovudine. Concomitant 
medications should be carefully evaluated as part of the overall assessment and 
monitoring of cidofovir/probenecid therapy [44]. Although no consistent change in 
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zidovudine AUC has been observed when combined with cidofovir [50], and 
although the combination of cidofovir plus zidovudine did not appear to increase 
the incidence of drug-related myelosuppression [28], the manufacturer of cidofovir 
recommends that zidovudine should either be temporarily discontinued or the dose 
decreased by 50% when co-administered with probenecid on the day of cidofovir 
dosing [44].

Due to the risk of additive nephrotoxicity during cidofovir therapy, the combina-
tion of cidofovir with other potentially nephrotoxic agents such as aminoglycosides, 
acyclovir, amphotericin B products, foscarnet, intravenous pentamidine,  vancomycin, 
and nonsteroidal anti-inflammatory drugs should be avoided whenever possible 
[44]. The manufacturer of cidofovir recommends that other potential nephrotoxins 
be discontinued at least 7 days prior to starting therapy with cidofovir [44]. If the 
use of other potentially nephrotoxic agents cannot be avoided due to clinical consid-
erations, serum creatinine and other markers of renal function should be carefully 
monitoring before and after each dose of cidofovir.

A number of case reports have described the occurrence of ocular toxicities 
 during the administration of cidofovir concomitantly with rifabutin [51–54]. Both 
agents have been associated with uveitis, but whether the combination substantially 
increases the risk of ocular toxicities is unknown. Nevertheless, caution should be 
exercised when using these two agents together.

14.3.3  Foscarnet

Important drug interactions involving foscarnet are summarized in Table 14.2. Like 
many other antiviral agents, foscarnet undergoes a high degree of active renal  tubular 
secretion. Although the potential interaction between foscarnet and probenecid has 
not actually been well described, there is also potential for competition between 
foscarnet and certain other drugs such as didanosine and zalcitabine which are also 
actively secreted through the kidney. However, no pharmacokinetic alterations with 
didanosine or zalcitabine have been observed [55, 56]. While the need for the 
 combination of foscarnet plus ganciclovir should rarely be required, no alterations 
in the pharmacokinetics of either drug were noted when the combination was  studied 
in 13 patients [55].

Pharmacokinetic interactions involving foscarnet have not been well described; 
however, the risk of overlapping and potentially additive toxicity with other drugs is 
a major consideration during foscarnet therapy. The concomitant use of foscarnet 
and other potentially nephrotoxic agents such as aminoglycosides, acyclovir, 
amphotericin B products, cidofovir, cyclosporine, intravenous pentamidine, and 
vancomycin should be approached with caution and avoided whenever possible [55, 
57]. Abnormal renal function has also been noted with combinations of foscarnet 
plus ritonavir, as well as combined foscarnet, ritonavir, plus saquinavir [55]. The 
potential mechanisms or significance of observed renal dysfunction during  combined 
therapy with these antiretroviral drugs is unknown.
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Additive central nervous system toxicity resulting in seizures in two patients has 
been reported with the concomitant use of foscarnet and ciprofloxacin [58]. Although 
both of the patients in whom these seizures occurred were receiving multiple 
 medications and a direct causal effect is unclear, a study in mice has also reported 
increased seizure potential with the combination of foscarnet plus ciprofloxacin (but 
not enoxacin) [59]. Although this interaction appears to involve alteration of gamma-
aminobutyric acid (GABA) activity in the central nervous system, it has not been 
commonly reported with either ciprofloxacin or other fluoroquinolones and the 
clinical importance is unknown.

Severe hypocalcemia has been reported during combined therapy of foscarnet 
and intravenous pentamidine [55]. Post-marketing surveillance by the manufacturer 
found that four patients in the United Kingdom who were treated with the 
 combination of foscarnet and pentamidine may have developed drug-related 
hypocalcemia; one of these patients reportedly died of severe hypocalcemia. This 
potential additive toxicity would be expected to occur only with intravenous pent-
amidine since the systemic absorption of pentamidine after aerosolized administra-
tion is negligible. The combination of foscarnet and intravenous pentamidine should 
be avoided when possible; close patient monitoring is required if concomitant 
 therapy with these drugs is required.

In vitro models have demonstrated additive or synergistic activity against HIV 
and CMV when the combination of foscarnet and zidovudine was studied at 
 clinically relevant concentrations [60, 61]. The mechanisms of such enhanced 
effects are unknown, and no pharmacokinetic interactions between the two drugs 
have been observed [62]. Although the clinical significance of these potential 
 interactions is unknown, it is likely of low clinically relevance given the use of 
multiple-drug antiretroviral combinations during HAART.

14.4  Drugs Used for Prevention and Treatment of Influenza

14.4.1  Amantadine and Rimantadine

Potentially important drug interactions with amantadine and rimantadine are sum-
marized in Table 14.3. Pharmacokinetic studies of amantadine and rimantadine have 
demonstrated that administration of these drugs with food has no significant effects 
on their bioavailability compared to administration in the fasting state [63, 64]. 
Amantadine and rimantadine may thus be administered without regard to meals.

As with many other antiviral agents, amantadine and rimantadine undergo active 
renal tubular secretion [65, 66]. A number of drugs have been associated with 
decreased renal clearance and increased adverse effects of amantadine. Concomitant 
use of amantadine with the diuretic triamterene/hydrochlorothiazide was associated 
with a 50% increase in amantadine concentrations and the occurrence of central 
nervous system toxicity. The mechanism of this interaction is assumed to be due to 
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decreased renal clearance through inhibition of tubular secretion, although it is 
unknown which component of the diuretic combination was responsible [67]. The 
combination antibiotic TMP/SMX was also reported to cause decreased renal 
 clearance and neurologic toxicity when administered concomitantly with amanta-
dine, presumably due to trimethoprim-induced reduction in the tubular secretion of 
amantadine [68]. Co-administration of quinine or quinidine also reportedly reduces 
the renal clearance of amantadine by approximately 30% [65]. Other cationic drugs 
with active tubular secretion could theoretically compete with the renal tubular 
secretion of rimantadine, but no other cases have been reported [69].

Increased central nervous system toxicities, particularly of amantadine, have 
been reported when the antiviral agents are used concomitantly with a number of 
other agents with overlapping toxicity profiles. The neurotoxic effects of  amantadine 
may reportedly be increased by antihistamines, psychotropic agents including 
 thioridazine, and drugs with pronounced anticholinergic activity. Reports have been 
particularly frequent among patients taking anticholinergic agents for treatment of 
Parkinson’s disease [65, 66, 70–72]. Neurotoxicity has also been reported with 
combinations of amantadine with either phenylpropanolamine [73] or buproprion 
[74]. In the case of toxic interactions with buproprion, reversible central nervous 
system toxicity was reported to occur in six of eight patients receiving buproprion 
within 1 week of beginning amantadine treatment; the mechanism of toxicity is 
believed to be related to the dopamine stimulating effects of the two drugs [74]. In 
general, caution should be used when amantadine is combined with other central 
nervous system stimulants and patients carefully monitored for evidence of 
 neurologic toxicities [65].

Amantadine and rimantadine exert their effects against the influenza virus by 
inhibiting viral replication. There is a theoretical potential for these antiviral drugs 
to reduce the efficacy of the live attenuated influenza virus (LAIV) intranasal 
 vaccine by inhibiting replication of the live virus after vaccine administration. It is 
therefore recommended that the LAIV intranasal vaccine should not be adminis-
tered within 2 weeks before, or 48 h after, administration of amantadine. The use of 
amantadine or rimantadine should not affect administration of the injectable  vaccines 
containing the inactivated influenza virus [65, 66].

14.4.2  Oseltamivir

Potential drug interactions involving oseltamivir are shown in Table 14.3. Compared 
to administration in the fasting state, co-administration of oral oseltamivir with food 
has no significant effect on either the C

max
 or AUC of oseltamivir carboxylate, the 

active compound which is rapidly formed after administration of oseltamivir 
 phosphate [75]. In addition, the rate and extent of oseltamivir absorption were not 
affected by either magnesium hydroxide/aluminum hydroxide or calcium carbonate 
antacids after concomitant administration to healthy volunteers [76].

Oseltamivir has low potential for drug interactions based on the characteristics of 
low protein binding, lack of hepatic metabolism, and renal elimination through 
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glomerular filtration and anionic tubular secretion [75, 77]. The conversion of 
 oseltamivir to oseltamivir carboxylate occurs via carboxylesterases which are 
located predominantly in the liver. Drug interactions involving competition for, or 
inhibition of, these esterases have not been extensively reported in literature. In vitro 
studies also suggest that neither oseltamivir nor oseltamivir carboxylate are good 
substrates for CYP450 mixed-function oxidases or glucuronyl transferases.

Hydrolytic activation of oseltamivir to oseltamivir carboxylate is catalyzed by 
human carboxylesterase1 (HCE1). The hydrolysis of oseltamivir was reportedly 
inhibited by as much as 90% in the presence of the antiplatelet drug clopidogrel, 
which is also hydrolyzed by HCE1 but has a greater affinity for the enzyme than 
does oseltamivir [78]. The inhibition of oseltamivir carboxylation in vitro was 
dependent on the clopidogrel dose/concentration used [79], and studies describing 
clopidogrel  interactions have been criticized in part because the relative concentra-
tions of  oseltamivir and clopidogrel evaluated (50 mM and 2.5–50 mM) were approx-
imately 240 and 400–8,000 fold higher, respectively, than plasma concentrations 
achieved with typical oseltamivir and clopidogrel dosing regimens. The true signifi-
cance of this potential clopidogrel interaction is unknown, but is not likely to be 
clinical important based on methodological problems with the in vitro studies [80].

Systemic clearance of oseltamivir carboxylate primarily occurs through active 
renal secretion via the organic anion transport systems in the renal tubules, specifi-
cally hOAT-1. Clinically important drug interactions involving oseltamivir could 
thus potentially occur with other drugs that inhibit renal tubular secretion through 
this pathway [77]. Cimetidine is a potent inhibitor of O-carboxylate 1 and 2, two 
active pathways for transport and secretion of cationic drugs by renal tubular  epithelial 
cells. Not surprisingly because of the difference in transporter systems affected, no 
interaction was observed when cimetidine was administered concomitantly with 
oseltamivir [77, 81]. However, probenecid reduced the renal clearance of oseltamivir 
carboxylate by 50% from 15.7 to 7.5 L/min and correspondingly increased the AUC 
by 100% [75, 77]. No interaction was noted between oseltamivir and concomitant 
administration of amoxicillin (also secreted into urine by anionic renal tubular 
 transporters) in healthy volunteers [77, 81]. Even though oseltamivir has only weak 
inhibitory effects on renal tubular anionic secretory transporters, it is recommended 
that care be exercised with co-administration of methotrexate because of common 
secretory pathways and potential for increased methotrexate toxicities [81].

The interaction between oseltamivir and probenecid has been suggested as likely 
not clinically important because these two drugs are seldom used together and 
because oseltamivir lacks serious toxicities [77]. However, in response to concerns 
regarding potential influenza pandemics and limited supplies of oseltamivir, it has 
been suggested to take advantage of the probenecid interaction by combining it with 
oseltamivir as a means of reducing oseltamivir dosing requirements [82, 83]. At least 
two pharmacokinetic studies have evaluated the feasibility of oseltamivir/probenecid 
combinations [84, 85]. In the first study, 48 healthy volunteers were randomized to 
receive either oseltamivir 75 mg once daily, oseltamivir 75 mg every 48 h plus 
probenecid 500 mg 4 times daily, or oseltamivir 75 mg every 48 h plus probenecid 
500 mg twice daily [84]. Oseltamivir and oseltamivir carboxylate C

max
 and T

max
 did 



490 D.N. Fish

not significantly differ between the three groups. However, total 48-h oseltamivir 
carboxylate AUCs within the three groups were not found to be bioequivalent based 
on differences in geometric mean ratios. The steady-state apparent oral clearances of 
oseltamivir carboxylate were significantly decreased (P < 0.05) in the probenecid 
groups compared to oseltamivir alone, confirming inhibitory effects of probenecid 
on oseltamivir renal excretion. Arithmetic mean concentrations at 48 h were not 
 significantly different between the oseltamivir and oseltamivir plus four-times-daily 
probenecid group (42 ± 76 ng/mL vs. 81 ± 54 ng/mL, respectively, P = 0.194); 
 however, concentrations in the twice-daily probenecid group were significantly 
decreased compared to the oseltamivir-alone group (23 ± 26 ng/mL vs. 81 ± 54 ng/mL, 
respectively, P = 0.012). The results of this study suggested that co- administration of 
oseltamivir 75 mg every 48 h plus probenecid 500 mg 4 times daily was bioequiv-
alent to every-day dosing of oseltamivir and that this regimen might be a feasible 
way of allowing for reduction of oseltamivir doses without compromising clinical 
efficacy [84]. A second study found that reducing oseltamivir doses to 45 mg twice 
daily plus probenecid maintained oseltamivir exposures which were comparable to 
the typical 75 mg twice daily regimen without probenecid [85]. Although the daily 
dose of oseltamivir could potentially be reduced from 150 to 90 mg/day through 
combination therapy with probenecid, the authors of the study noted that the poten-
tial for increased adverse effects and nonadherence related to probenecid use requires 
careful consideration prior to routine recommendations for such a dosing strategy 
[85]. The combination of oseltamivir plus probenecid has also recently been associ-
ated with thrombocytopenia, lending some credence to the concerns regarding 
 toxicity expressed by the authors of this latter study [86].

No interactions have been observed between oseltamivir and either single-dose 
acetaminophen or single-dose aspirin [81, 87, 88]. In addition, no interactions have 
been observed between oseltamivir and cyclosporine, mycophenolate mofetil, or 
tacrolimus [81].

In a study evaluating potential interactions between oseltamivir and warfarin, 
subjects received oseltamivir 75 mg twice daily for a total of 9 doses either with or 
without warfarin with an appropriate wash-out period of 4–8 days between treat-
ment periods. No statistical differences in international normalized ratio (INR), 
Factor VIIa levels, or vitamin K1 concentrations were found when the drugs were 
administered concomitantly. Also, no effects of oseltamivir on warfarin pharma-
cokinetics were noted [75, 77, 89].

Due to concerns regarding severe pandemics with novel influenza strains such as 
H5N1, combination therapy with amantadine plus oseltamivir has also been  suggested 
to increase the potential for increased antiviral efficacy with decreased potential for 
resistance. A study was thus conducted to evaluate any pharmacokinetic interactions 
between the two drugs [90]. A randomized, cross-over trial was conducted in which 
17 subjects received amantadine alone or in combination with oseltamivir for 5 days. 
Co-administration with oseltamivir had no significant effects on amantadine AUC or 
C

max
. Similarly, amantadine co-administration had no  significant effects on the 

 pharmacokinetics of either oseltamivir or oseltamivir  carboxylate. No evidence of 
increased adverse effects of either drug were noted in this study [90].
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As with amantadine/rimantadine, there is a theoretical potential for oseltamivir 
to reduce the efficacy of the LAIV intranasal vaccine by inhibiting replication of the 
live virus after vaccination. It is therefore recommended that the LAIV intranasal 
vaccine not be administered within 2 weeks before, or 48 h after, administration of 
oseltamivir. The use of oseltamivir should not affect administration of the injectable 
vaccine containing the inactivated influenza virus [75].

14.4.3  Zanamivir

Like oseltamivir, zanamivir has a low potential for significant drug interactions due 
to its low degree of protein binding, lack of hepatic metabolism, and elimination 
primarily by glomerular filtration and tubular secretion [91]. Zanamivir does not 
appear to serve as a substrate or otherwise affect CYP450 enzymes (i.e., 1A1/2, 
2A6, 2C9, 2C18, 2D6, 2E1, or 3A4) in human liver microsomes [92]. Few specific 
pharmacokinetic drug interactions have been evaluated or observed because of the 
use of aerosolized zanamivir with its resultant minimal systemic exposure. However, 
the recent availability of intravenous zanamivir may prompt additional interaction 
studies in the future.

Beyond pharmacokinetic interactions, several drugs have been assessed for their 
potential affects on the antiviral activity of zanamivir. Aspirin, ibuprofen, acetamin-
ophen, promethazine, oxymetazoline, phenylephrine, and amoxicillin/clavulanate 
were all shown to have no effect on the antiviral activity of zanamivir against 
 influenza A in vitro [91]. Although codeine and diphenhydramine have been shown 
to enhance zanamivir’s antiviral activity in vitro through direct antiviral effects of 
some unknown mechanism, the concentrations of codeine and diphenhydramine 
used in the in vitro studies were many times higher than would be achieved with 
typical doses of these agents and the clinical relevance is therefore unlikely to be 
important [91, 92].

As with oseltamivir, LAIV intranasal vaccine should not be administered within 
2 weeks before or 48 h after zanamivir administration in order to avoid the  theoretical 
concern regarding decreased vaccine efficacy with close temporal administration of 
zanamivir (Table 14.3) [92].

14.5  Miscellaneous Antiviral Agents

14.5.1  Ribavirin

A large number of potential drug interactions involving ribavirin exist and are 
 summarized in Table 14.4. The prevalence of infection with HCV is a growing 
 problem worldwide, particularly among HIV-infected patients in whom rates of 
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coinfection with HIV and HCV may be as high as 90% [93, 94]. Ribavirin 
 monotherapy is ineffective in the chronic treatment of HCV infections with a 
 sustained virological response rate (SVR) of close to 0% in clinical studies, while 
the SVR of interferon-a alone is approximately 20% [94–97]. However, the combi-
nation of ribavirin plus interferon-a is associated with SVR rates of approximately 
40% [94, 95, 97]. The synergistic SVR associated with ribavirin plus interferon-a 
combination therapy occurs through mechanisms which are not completely under-
stood, but which may involve drug-induced stimulation of an anti-HCV immune 
response and/or direct antiviral effects of the drugs. In vitro models indicate that 
direct, synergistic antiviral effects of the drugs occur at physiologically relevant 
concentrations [98]. Whether interferon-a stimulation of infected cells renders them 
more susceptible to the effects of ribavirin or vice versa is not clear and the exact 
mechanisms involved are unknown. Regardless of the mechanisms, the  combination 
of ribavirin with pegylated interferon-a has become a standard of care [98].

No pharmacokinetic interactions have been noted with combined administration 
of ribavirin and interferon alfa-2b or peginterferon alfa-2b [99, 100]. However, hemo-
lytic anemia with hemoglobin values of less than 10 gm/dL was reported in approxi-
mately 10% of patients receiving combination therapy with ribavirin and interferon 
alfa-2b, usually occurring within 1–2 weeks of initiating ribavirin therapy [101].

No studies have specifically evaluated the potential for interactions involving 
inhaled ribavirin; however, the manufacturer recommends that inhaled ribavirin not 
be administered together with other drugs given by the inhaled route [102]. The 
remainder of this section deals only with drug interactions involving orally or intra-
venously administered ribavirin.

When single oral doses of ribavirin were co-administered with a high-fat meal, 
T

max
 of ribavirin was doubled, the AUC was increased by 42%, and the C

max
 was 

increased by 66% compared to parameters obtained in the fasting state. Ribavirin 
should thus be routinely administered with food in order to maximize oral absorption 
[99, 100]. Concomitant administration of magnesium, aluminum, and simethicone 
antacids reduced the AUC of oral ribavirin by 14% [99, 100]. This reduction in bio-
availability may be related to either increases in intestinal transit time or a change in 
gastrointestinal pH; however, it is not considered to be clinically relevant [99, 100].

Ribavirin elimination is accomplished through a mixture of hepatic and renal pro-
cesses including reversible phosphorylation, degradation by deribosylation and 
amide hydrolysis, and elimination of unchanged drug through the kidneys with evi-
dence of both glomerular filtration and renal tubular secretion [103]. Ribavirin does 
not appear to be influenced by, nor be a substrate of, CYP450 enzyme systems based 
on in vitro human and rat microsomal liver preparations; there is furthermore no 
evidence for induction or inhibition of 2C9, 2C19, 2D6, or 3A4 enzymes [99, 100].

Due to ribavirin’s potential for hematologic toxicities, concomitant therapy with 
other agents that may also cause myelosuppression should be used only with cau-
tion and carefully monitored [99, 100, 104]. Several case reports describe severe 
myelosuppression with the combination of ribavirin plus azathioprine in the treat-
ment of inflammatory bowel diseases and coexistent HCV infection. The proposed 
mechanism is interference with the normal clearance of azathioprine intermediate 
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metabolites through ribavirin-induced inhibition of inosine monophosphate 
 dehydrogenase (IMPDH). Inhibition of IMPDH leads to increased levels of methylated 
azathioprine metabolites, e.g., 6-methylthioinosine monophosphate (6-MTIMP), 
which have been associated with myelotoxicity [105–108]. Patients with HIV/HCV 
coinfection who were administered zidovudine in combination with pegylated inter-
feron-a plus ribavirin developed severe neutropenia (ANC < 500) and anemia 
(hemoglobin <8 gm/dL) more frequently than did patients not receiving zidovudine. 
This increased incidence of hematologic toxicity with ribavirin plus zidovudine is 
apparently due to overlapping toxicities rather than pharmacokinetic alterations and 
are usually able to be clinically managed through dose reduction or drug discontinu-
ation [99, 100, 109, 110].

Ribavirin is a guanosine analogue and may compete with zidovudine,  lamivudine, 
stavudine, emtricitabine, and other nucleosides for intracellular phosphorylation 
[99, 100, 110]. In vitro studies indicate that ribavirin induces an increase in deoxy-
thymidine triphosphate which results in feedback inhibition of thymidine kinase 
and decreased intracellular formation of phosphorylated zidovudine [111, 112]. 
These effects of ribavirin may potentially increase zidovudine toxicities while also 
reducing clinical efficacy of the drug in HIV-infected patients [113].

Although myelosuppression with the combination of ribavirin and zidovudine 
has been noted as previously described, several published studies of HCV in the 
setting of HIV coinfection showed no evidence of adverse clinical outcomes related 
to antiviral drug failure with combination therapy [114–116]. Another recent 
 pharmacokinetic study of 14 subjects receiving zidovudine also found no significant 
impact on zidovudine triphosphate AUC, plasma zidovudine AUC, or the ratio of 
zidovudine triphosphate to zidovudine AUC after the addition of ribavirin [117]. 
Since the clinical pharmacology of zidovudine does not appear to be altered despite 
in vitro findings, dosage adjustment does not appear to be needed with concomitant 
ribavirin therapy. Likewise, although in vitro studies indicate that the anti-HIV 
activity of tenofovir may be antagonized by ribavirin [118], no interaction between 
oral ribavirin and tenofovir was observed in a multiple-dose interaction study in 23 
healthy subjects [119]. Other studies have also failed to find evidence of adverse 
clinical outcomes in patients receiving ribavirin for anti-HCV treatment along with 
HAART regimens, so the clinical significance of in vitro studies remain unknown 
but does not appear to be highly relevant [109, 120, 121].

Ribavirin is also a potent inhibitor of inosine monophosphate dehydrogenase, a 
key enzyme necessary for guanosine nucleotide biosynthesis. Inhibition of this 
enzyme in patients receiving didanosine for treatment of HIV infection promotes 
formation of dideoxyadenosine-5¢-triphosphate, elevated levels of which are in 
turn associated with the mitochondrial toxicity of didanosine. There are a number 
of reports describing lactic acidosis and pancreatitis in patients receiving concomi-
tant ribavirin and didanosine therapy [100, 109, 122–124]. In one study, the inci-
dence of symptomatic lactic acidosis was 33/1,000 patient years in those patients 
treated for HCV with ribavirin and receiving HAART versus 13.5/1,000 patient 
years in those receiving HARRT only. In this study, both didanosine and stavudine 
were significantly associated with increased risk of symptomatic lactic acidosis 
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(P < 0.01 and P = 0.04) [115]. Since no pharmacokinetic interactions have been 
observed between ribavirin and didanosine [125], toxicities are presumed to be 
caused by ribavirin-induced enhanced mitochondrial toxicity [94, 126–129]. It has 
been stated that didanosine-related lactic acidosis and pancreatitis occurs more 
rapidly in the presence of ribavirin than with didanosine alone, usually within the 
first 3 months of therapy [99, 100]. Finally, this toxic interaction may persist for  
up to 1–2 months based on the very long half-life of ribavirin (approximately 
120–170 h) [99, 100]. Based on all of these considerations, extreme caution should 
be used in combining ribavirin with didanosine and concomitant use of the two 
drugs should be avoided if possible. Combination therapy with stavudine and 
abacavir should be approached with caution as well [99, 100, 109]. There is no 
indication of risk with other antiretroviral drugs such as non-nucleoside reverse 
transcriptase inhibitors or protease inhibitors [99, 100].

The addition of ribavirin plus pegylated interferon for HCV treatment in HIV-
infected patients receiving the protease inhibitor atazanavir has been associated 
with a significantly increased incidence of hyperbilirubinemia [130]. A total of 72 
patients who were co-infected with HIV and HCV were evaluated following the 
addition of HCV therapy to existing antiretroviral drug regimens. By 4 weeks, 
patients also receiving atazanavir had a significantly greater increase in total biliru-
bin levels (P = 0.003). The proportion of patients experiencing increases of more 
than 1 mg/dL was also significantly greater in patients receiving atazanavir (45% vs. 
3%, P = 0.001). The proposed mechanism of toxicity is ribavirin-induced hemolysis 
of red blood cells and increased production of bilirubin, followed by an inhibitory 
competition by atazanavir of uridinglucuronosyltransferase (UGT) 1A1, an enzyme 
which is normally responsible for bilirubin conjugation. This combination of effects 
thus leads to increased serum bilirubin levels and jaundice [130].

Finally, the use of ribavirin in patients receiving chronic warfarin therapy has 
reportedly cause a decrease in prothrombin time. Although the mechanism involved 
is unknown, the interaction was clinically significant in the reported case [131].

14.5.2  The Interferons

Very few formal studies of potential drug interactions have been conducted for most 
interferon drugs [132–137]. Despite this, a considerable amount of information 
(although often conflicting) is available regarding potential interactions with the 
interferons, particularly related to interferon-induced alterations in CYP450-related 
drug metabolism; these potential interactions are summarized in Table 14.4. The 
effects of the various interferons on CYP450 activity as reported from various 
sources is highly variable and probably depends on use of specific interferons, spe-
cific CYP enzyme families studied, and interferon doses. The following summaries 
will therefore focus on peginterferon alfa-2a (Pegasys®) and peginterferon alfa-2b 
(PegIntron®), two interferon products specifically FDA-indicated for use in the 
treatment of chronic HCV infection.
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The interferons as a whole have long been associated with reduced CYP450 
activity after it was determined that CYP downregulation during acute viral infec-
tions was primarily mediated by interferons [138–141]. Interferon effects on 
CYP450 metabolism occur through unclear mechanisms and may be attributed to 
either increased degradation, suppressed synthesis, or direct inhibition of the 
enzymes [132, 133, 137].

With few exceptions, the interferons have consistently demonstrated decreased 
clearance of various drugs metabolized by CYP1A and CYP 3A subfamilies. Studies 
which failed to show significant changes in hepatic drug metabolism were using low 
doses of interferon-a in metastatic cancer and HCV (e.g., three million units three 
times per week) [142–144]. Chronic administration of low-dose interferon-a was 
associated with a moderate decrease in theophylline metabolism, minimal effect on 
antipyrine clearance, and minimal effect on hexobarbital metabolism [142–145]. 
However, larger doses of interferons have been associated with more pronounced 
reductions in theophylline and antipyrine metabolism, suggesting that the effects of 
interferons on CYP1A2 drug metabolism are likely to be dose-dependent [132, 
146]. Once-weekly administration of interferon-a for 4 weeks in healthy subjects 
resulted in inhibition of CYP450 1A2 and a 25% increase in theophylline AUC 
[132], while other studies have reported 100% increases in theophylline concentra-
tions after interferon treatment [147, 148]. Interferon-a has also been shown to 
inhibit CYP3A4 metabolism using the 14C-erythromycin breath test as a marker of 
CYP3A4 activity in healthy volunteers and patients with HCV [149]. Despite data 
indicating alterations in CYP1A2 and CYP3A4 activity, these changes are not 
always consistently reported [132] and/or may not always be considered clinically 
significant with required changes in drug dosing [133]. In light of potentially 
 variable and dose-related effects, patients receiving drugs metabolized by CYP1A2 
(e.g., theophylline, caffeine, antipyrine, tricyclic antidepressants [TCAs], olanzap-
ine, clozapine) or CYP3A (e.g., azole antifungals, macrolide antibiotics, many 
 antiretroviral agents, some immunosuppressants, some serotonin-specific reuptake 
inhibitors [SSRIs], TCAs, certain statins, opiate analgesics, benzodiazepines, antip-
sychotics, barbiturates, calcium channel antagonists) should be carefully monitored 
during interferon therapy.

Although it has been stated that interferon-a has no effect on the pharmacokinetics 
of drugs metabolized by CYP 2C9, CYP2C11, CYP2C19, or CYP2D6 [132, 150], it 
has elsewhere been reported that the activities of CYP2C8/9 and CYP2D6 were  actually 
induced by an average of 28–66% in 22 patients with chronic HCV who received 
interferon-a for 4 weeks [133]. These effects were highly variable, however, with 40% 
of patients exhibiting either inhibition of CYP activity or no change rather than 
increased activity [133]. Close monitoring is therefore recommended during interferon 
therapy with the concomitant use of drugs metabolized by CYP2C8/9 (e.g., warfarin, 
phenytoin, NSAIDS, angiotensin receptor blockers, certain statins, sulfonylureas) or 
CYP2D6 (e.g., b-blockers, lidocaine, flecainide, TCA, SSRIs, opiate analgesics, antip-
sychotics) as the therapeutic effects of these drugs may be either decreased, increased, 
or unchanged [133]. As a case in point, increased effects of warfarin during interferon 
therapy have been previously described in two case reports [151, 152].
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The pharmacokinetics of methadone were assessed in 18 patients with chronic 
HCV who received concomitant administration of interferon-a2b [133]. All patients 
were stable on chronic methadone treatment at the time of interferon initiation. 
A mean 16% increase in methadone AUC was observed after 4 weeks of interferon 
therapy, but the AUC was increased by 100% in two patients. This interaction is 
probably related to inhibition of CYP3A4 metabolism. The clinical significance of 
this interaction is unknown and likely highly variable; cautious monitoring of 
 sedative and respiratory effects of methadone is warranted during the first few weeks 
of combined therapy [133].

Although ribavirin plus pegylated interferon-a is considered first-line therapy 
for chronic HCV infection, this combination has the potential for increased inci-
dence and/or severity of myelosuppression due to overlapping potentials for hema-
tologic toxicity [99, 100, 132, 133]. As previously described, hemolytic anemia 
occurred in 10% of patients receiving combination therapy with ribavirin and inter-
feron alfa-2b within 1–2 weeks of initiating ribavirin therapy [133]. Such  interactions 
between ribavirin and the interferons have not been not consistently reported 
[99, 100], however close monitoring for hematologic toxicities is required during 
therapy with ribavirin and interferon.

Caution should also be exercised during combined use of interferons with other 
potentially myelosuppressive drugs. As previously described, the administration of 
zidovudine in combination with pegylated interferon-a plus ribavirin was associated 
with increased rates of severe neutropenia and anemia [109]. Interferon has been asso-
ciated with significant alterations in zidovudine pharmacokinetics [153]; decreased 
zidovudine clearance and increased AUC was found in 8 patients with AIDS who were 
started on interferon-b after 8 weeks of zidovudine monotherapy. Interferon has also 
been associated with significant changes in zidovudine metabolic rates, plasma elimi-
nation rates, and decreased ratio of parent drug to glucuronide metabolite after initia-
tion of interferon; such metabolic alterations may contribute to the increased risk of 
myelosuppression with the combination of interferon and zidovudine. In contrast to the 
significant effects on zidovudine metabolism, no interaction was found between inter-
feron-a and didanosine [154]. Severe and irreversible granulocytopenia has also been 
reported in several patients during concomitant use of interferon alfa-2a and angio-
tensin converting enzyme (ACE) inhibitors including both captopril and enalapril 
[155, 156]. Potential drug interactions resulting in increased drug toxicities have been 
reported during concomitant use of interferon-a and antineoplastic agents including 
5-fluorouracil (myelosuppression) [157], hydroxyurea (myelosuppression, vasculitis) 
[158], and melphalan (myelosuppression) [159, 160]. Studies have not consistently 
shown alterations in pharmacokinetic parameters such as C

max
 or AUC and the mecha-

nisms behind these potential interactions with certain antineoplastic agents are unknown 
[161–166]. However, the potential for severe toxicities necessitates careful patient 
monitoring during combined use of these agents. Suspected additive myelosuppression 
during combined peginterferon and thalidomide therapy has also been reported [167]. 
Finally, hematologic toxicity has also been reported in a patient receiving combined 
interferon-a and clozapine; although the specific mechanisms for this interaction were 
not defined, clozapine is known to be a CYP1A2 substrate [168].
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A number of studies have demonstrated a decreased response to interferon-a 
therapy in the treatment of HCV infection among patients who consume alcohol 
[169–173]. Rates of SVR during interferon therapy have been shown to be directly 
related to the level of ethanol consumption. In one study non-drinkers had a 
53.3% response rate to interferon, while responses were 42.9% among light drinkers 
(<70 g of ethanol/day, or approximately 2.5 oz) and 0% among heavy drinkers (>70 g 
 ethanol/day); the difference between non-drinkers and heavy drinkers was statisti-
cally significant (P < 0.01) [169]. In another study, only 10.7% of patients failing to 
respond to interferon therapy were non-drinkers compared to 63.1% of patients with 
any level of alcohol consumption; furthermore, overall non-response rates directly 
increased according to the level of alcohol consumption [172]. While the associa-
tion between ethanol consumption and response of HCV infection to treatment with 
interferon-a is clear, the actual cause is unclear. Alcohol has been shown to acceler-
ate the course of HCV disease through increased HCV replication, enhanced oxida-
tive stress, increased inflammatory and fibrotic effects, and modulation of the 
immune response to HCV infection, therefore indicating that the effects of alcohol 
on interferon response are more attributable to effects on the underlying infectious 
process [174]. However, in vitro data also suggest that alcohol may directly inhibit 
the actions of interferon-a through effects on intracellular signaling pathways which 
are activated after binding of interferon to cellular receptors. Specifically, alcohol 
has been shown in vitro to inhibit phosphorylation and activation of specific cyto-
plasmic transcription factors (signal transducers and activators of transcription, or 
STATs); the inhibition of these STATs then results in downstream decreases in 
expression of antiviral interferon-stimulated genes (ISGs) which are responsible for 
the efficacy of interferon against HCV [174]. The effects of alcohol on interferon 
response rates are thus multifactorial and likely involve both direct inhibition of 
interferon’s pharmacologic activity as well as indirect disease state-mediated effects 
on HVC infection. Patients infected with HCV should thus abstain from any level of 
alcohol consumption while receiving therapy with interferon-a.
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Abstract Antifungal agents are often prescribed in critically ill patients who 
receive many other concomitant medications. Antifungal agents have the potential 
to interact with a significant number of drugs. Interactions involving amphotericin B 
are a function of its adverse effects. The azoles primarily inhibit the biotransforma-
tion or transport of other medicines, which affects their distribution and elimination. 
The echinocandins have the lowest propensity to interact with other medicines. The 
clinical relevance of antifungal-drug interactions varies substantially. This chapter 
reviews the pharmacokinetic properties of antifungal agents and their clinically rel-
evant drug interactions.

15.1  Introduction

Clinicians have multiple antifungal treatment options when managing systemic 
mycoses. Clear differences in the spectrum of activity, toxicity, and drug interaction 
potential exist between, and in some cases, within the antifungal therapeutic class. 
These differences can be exploited to tailor therapy against a specific pathogen. 
When choosing systemic antifungal therapy clinicians often consider available sus-
ceptibility data, the drug’s spectrum of activity, and potential toxicities. However 
the significant potential for a systemic antifungal agent to interact with other medi-
cines may be easily overlooked. Failure to recognize a drug-drug interaction involv-
ing systemic antifungal agents may lead to enhanced toxicity of the concomitant 
medication(s) or ineffective antifungal treatment. Therefore, clinicians must under-
stand the drug interaction profile of antifungal agents.
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15.1.1  Amphotericin B Pharmacology

Amphotericin B binds to ergosterol, a key component of the fungal cell membrane, 
which disrupts the integrity of the fungal cell membrane and allows cellular 
components to leak out and ultimately cell death. Amphotericin B produces 
infusion-related toxicities, including hypotension, fever, rigors, and chills, and dose-
dependent adverse effects, such as nephrotoxicity, azotemia, renal tubular acidosis, 
electrolyte imbalance, cardiac arrhythmias, and anemia [1]. Infusion-related adverse 
effects rarely limit the use amphotericin B or other agents, but dose-dependent 
adverse effects often do.

15.1.1.1  Distribution

Amphotericin B distributes to the liver and, to a lesser extent, other tissues (i.e. 
spleen, kidneys, and heart) [1]. Amphotericin B deoxycholate is protein bound 
(>95%), primarily to albumin and a

1
-acid glycoprotein [2]. The apparent volume of 

distribution (Vd) of amphotericin B deoxycholate is 2–4 L/kg, which suggests 
extensive tissue distribution [2, 3]. The formulation of amphotericin B in a lipid 
vehicle alters its distribution by increasing drug uptake by the reticuloendothelial 
system. This reduced distribution into the kidneys decreases the propensity for acute 
kidney injury with lipid formulated amphotericin B compared to amphotericin B 
deoxycholate [2–4].

15.1.1.2  Elimination

Amphotericin B deoxycholate is cleared slowly from its distribution sites [3]. More 
than 90% of a dose can be recovered up to 1 week after administration [3]. 
Amphotericin B deoxycholate is mostly excreted as unchanged drug in the urine 
(20.6%) and feces (42.5%) [3]. The formulation of amphotericin B with lipids 
significantly alters its elimination [3].

15.1.2  5-Fluorocytosine (5-FC) Pharmacology

The oral absorption of 5-Fluorocytosine (5-FC) is rapid and complete. In the fasting 
state 5-FC bioavailability is approximately 90% [5]. 5-FC is minimally bound to 
plasma proteins and its Vd approximates total body water [5]. Approximately 90% 
of a 5-FC dose is renally excreted as unchanged drug [5]. Renal clearance (CL

R
) 

correlates highly with creatinine clearance (CL
CR

). 5-FC half-life (t
1⁄2

) increases as 
CL

CR
 declines [5]. The deamination of 5-FC to 5-fluorouracil (5-FU) contributes to 

myelosuppression, the primary toxicity of 5-FC [5].
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15.1.3  Azole Pharmacology

Commonly prescribed systemic azoles (itraconazole, fluconazole, voriconazole, 
and posaconazole) inhibit fungal cytochrome P450 (CYP)-dependent C-14 
a-demethylase, which converts lanosterol to ergosterol. This inhibition depletes 
ergosterol, the essential sterol of the fungal cell membrane, and compromises cell 
membrane integrity. With the exception of fluconazole, the azoles are lipophilic 
weak bases that have poor water solubility or are insoluble.

The systemic azoles are CYP substrates and inhibitors to varying degrees. Certain 
azoles are also substrates and inhibitors of the MDR-1 gene product, P-glycoprotein 
(P-gp), and other transporter proteins [6–8]. P-gp, a large transmembrane efflux 
protein, shares substrate specificity and is extensively co-localized with CYP3A in 
the intestine, liver, kidney [8, 9].

15.1.3.1  Oral Absorption of the Systemic Azoles

Itraconazole is marketed as a capsule and solubilized in a 40% hydroxypropyl-b-
cyclodextrin (HP-bCD) solution for oral and intravenous (i.v.) use. The i.v. solu-
tion is no longer available in the United States. Absorption from the capsule is 
slow, variable, and optimal under acidic gastric conditions or in the fed state [10]. 
To be absorbed the capsule must undergo dissolution. The concentration of drug 
in solution in gastric fluid varies depending on gastric pH and gastric emptying. 
Consequently, the amount of drug delivered to the intestinal epithelium may be 
insufficient to saturate intestinal CYP3A4. Therefore, the capsule undergoes sig-
nificant intestinal and hepatic (“first-pass”) metabolism before reaching the sys-
temic circulation [11, 12]. Unlike the capsule, itraconazole in the oral solution 
requires no dissolution so its absorption is rapid and unaffected by alterations in 
gastric pH [13]. The oral solution delivers high itraconazole concentrations to the 
intestinal epithelium that may transiently saturate intestinal CYP3A4, and mini-
mize “first-pass” metabolism [11, 12]. The absorption of itraconazole from the 
oral solution is optimal in the fasted state [11]. The formulations are bioequiva-
lent, but the absolute bioavailability of the oral solution is higher than that of the 
capsule [10, 14].

Fluconazole is more hydrophilic than the other systemic azoles, and so it requires 
no solubilizing agent to formulate as an i.v. solution. Moreover, it undergoes less 
hepatic metabolism than the other azoles. Oral fluconazole is rapidly and nearly 
completely absorbed [15]. Fluconazole absorption is not dependent on gastric acid-
ity or the presence of food [15].

Voriconazole is available in both i.v and oral formulations. Intravenous voricon-
azole is formulated with the solubilizing agent sulfobutyl ether b-cyclodextrin 
(SEbCD). Oral voriconazole absorption is rapid and nearly complete [16]. Voriconazole 
dissolution is unaffected by changes in gastric pH, but fatty foods and enteral feedings 
decrease its bioavailability by up to 22% and the Cmax by 34% [16, 17].
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Posaconazole is marketed solely as an oral suspension and exhibits saturable 
absorption at doses exceeding 800 mg daily [18]. Posaconazole absorption and expo-
sure are optimized by administering the total daily dose in divided dosages [19, 20]. 
Administering posaconazole with or shortly after a meal, or with a liquid nutritional 
supplement also significantly increases exposure [20–22]. Posaconazole absorption 
is influenced by gastric pH and is optimal in acidic gastric conditions [20].

15.1.3.2  Protein Binding and Distribution of the Systemic Azoles

Itraconazole and posaconazole are highly protein bound (95–99%) [10, 23]. 
Unbound concentrations of these compounds in body fluids are much lower than 
their plasma concentration. Voriconazole moderately binds (58%) to plasma pro-
teins [13]. Fluconazole minimally binds (11%) to proteins, circulates mostly as free 
drug [15]. Itraconazole, posaconazole and voriconazole distribute widely through-
out the body [10, 13, 23]. Fluconazole distributes extensively into a variety of body 
fluids, hepatic, and renal tissues [15]. Unlike itraconazole, fluconazole and voricon-
azole adequately distribute into the cerebrospinal fluid (CSF), and central nervous 
system (CNS) tissues [15, 16, 24]. Whether posaconazole distributes to the CSF and 
CNS tissue is unknown.

15.1.3.3  Metabolism/Elimination of the Systemic Azoles

Itraconazole exhibits dose-dependent elimination, and is extensively metabolized 
by CYP3A4 to many metabolites. Very little (» 2%) of an itraconazole dose is 
excreted unchanged in the urine [10, 25]. Marketed itraconazole formulations are a 
mixture of four stereoisomers. Itraconazole biotransformation involves 
stereoselective sequential CYP3A4 metabolism of only one of the pair of stereo-
isomers to three metabolites (hydroxy-itraconazole, keto-itraconazole, and 
N-desalkyl-itraconazole) [26–28]. These metabolites circulate in sufficient concen-
trations to contribute to drug interactions involving itraconazole [28].

Approximately 91% of oral fluconazole is excreted in the urine. Most (80%) is 
excreted as unchanged drug; two metabolites account for the remaining 11% [29]. 
Less than 2% of a voriconazole dose is excreted unchanged in the urine [16, 30]. 
Voriconazole is extensively metabolized by hepatic CYP enzymes to eight metabolites 
[31]. The hepatic metabolism of voriconazole involves CYP2C19, CYP3A4, and 
CYP2C9 [16, 30]. CYP2C19 and CYP2C9 exhibit genetic polymorphism. The 
primary pathway (CYP2C19) for voriconazole has eight known variant alleles, 
which if expressed, result in deficient or absent enzyme activity that manifests as a 
poor metabolizing phenotype. This phenotype is expressed among Polynesians and 
Micronesians, and less frequently among Asians, Caucasian, and African Americans 
populations [30, 32]. Populations exhibiting the homozygous poor metabolizing 
phenotype have nearly a fourfold increase in drug exposure compared to those with 
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the homozygous efficient metabolizing phenotype. Furthermore, drug exposure 
in the heterozygous efficient metabolizing phenotype are nearly double compared 
to the homozygous efficient metabolizing phenotype [16]. CYP2C9 metabolism 
has six known variant alleles, of which two are associated with reduced enzyme 
activity. The variant alleles are expressed among Caucasians, and less frequently 
among African-Americans, but they are not expressed in Asian populations [32, 33]. 
CYP3A4 expression varies widely and likely contributes to interindividual variabil-
ity in voriconazole pharmacokinetics.

Posaconazole is primarily eliminated unchanged in the feces (77%) and urine 
(13%) [34]. Only 17% of a dose undergoes biotransformation, of which little (2%) 
is metabolized by CYP [34, 35]. Most metabolites are glucuronide conjugates 
formed by uridine diphosphate glucuronosyltransferase (UGT) pathways [35]. The 
primary posaconazole metabolite is formed by UGT1A4 [35].

15.1.4  Echinocandins Pharmacology

The echinocandins disrupt cell wall synthesis by inhibiting 1,3,-b-D-glucan synthase. 
These compounds are large molecular weight semisynthetic lipopeptides that are 
administered intravenously.

15.1.4.1  Distribution of the Echinocandins

Caspofungin binds extensively to albumin and has multiphasic distribution. The 
drug first distributes to plasma and extracelluar fluid [36]. Then, via active transport 
by organic anion transport proteins (OATP), including OATP1B1, caspofungin dis-
tributes slowly into the liver and, to a lesser extent, other tissues [36, 37]. This slow 
active transport influences the caspofungin t

1/2
 [37]. Micafungin and anidulafungin 

distribution in humans is not fully understood. Micafungin binds extensively to 
albumin and, to a lesser extent, a1-acid glycoprotein. Comparatively, anidulafungin 
binds plasma proteins less, has a larger volume of distribution and achieves lower 
peak (C

max
) serum concentrations [38].

15.1.4.2  Elimination of the Echinocandins

The echinocandins exhibit linear pharmacokinetics. However, echinocandins differ 
in how they are metabolized or degraded, but are not appreciably metabolized by 
CYP. Less than 2% of a caspofungin dose is excreted unchanged in the urine [39]. 
Caspofungin is slowly metabolized in the liver via N-acetylation and peptide hydro-
lysis to several metabolites, which are excreted in the bile and feces [40]. Less than 
1% of a micafungin dose is eliminated unchanged in the urine. Micafungin is 
hepatically metabolized to several metabolites that are formed by arylsulfatase, 
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catechol-O-methyltransferase and, to a minor extent, w-1 hydroxylation via CYP, 
which are eliminated with the parent drug in feces [38, 41, 42]. Less than 10% of an 
anidulafungin dose is excreted in the feces or urine as unchanged drug [43, 44]. 
Anidulafungin is not hepatically metabolized. Rather, in the plasma it undergoes 
slow non-enzymatic chemical degradation to a peptide breakdown product [43, 44].

15.2  Drug Interaction Potential of Antifungal Agents

The potential for drug interactions involving amphotericin B formulations is related 
to its associated nephrotoxicity, and whether the concomitant medication is elimi-
nated renally or shares other toxicities. This potential is high when amphotericin B 
formulations are administered with other nephrotoxic or renally eliminated 
medications. Because 5-FC is often used with amphotericin B, the potential for an 
interaction is high. The azoles cause drug interactions at various sites (intestine, 
liver, blood brain barrier, kidneys, etc.) via several mechanisms (alterations in pH, 
interference with transport proteins, and oxidative or conjugative enzymatic drug 
metabolism processes). Many of the azole–drug interactions occur class-wide, thus 
the potential for azoles to cause an interaction is high. The echinocandins are rela-
tively devoid of significant drug interactions. Thus, their potential to interact with 
other drugs is low.

15.3  Amphotericin B

Drug interactions involving amphotericin B formulations are summarized in 
Table 15.1.

15.3.1  Amphotericin B Interactions Involving Synergistic/
Additive Nephrotoxicity

Amphotericin B causes nephrotoxicity via direct cytotoxicity to the renal tubules, 
which impairs proximal and distal reabsorption of electrolytes. Indirectly it reduces 
renal blood flow that causes ischemic damage and reduces glomerular filtration [1]. 
Other commonly administered medicines (i.e., aminoglycosides, cyclosporine, fos-
carnet, tacrolimus, etc.) share these nephrotoxic effects with amphotericin B, and if 
co-administered may produce additive or synergistic nephrotoxicity. Amphotericin 
B-induced nephrotoxicity causes renally eliminated drugs with a narrow therapeutic 
index (i.e., 5-fluorocytosine) to accumulate in toxic concentrations that produce 
secondary extrarenal adverse effects.
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15.3.1.1  Clinical Importance of Amphotericin B Interactions Involving 
Synergistic/Additive Nephrotoxicity

Amphotericin B is commonly used in patients who are severely immunocompromised 
and at high risk for renal failure and electrolyte disturbances. Interactions involving 
amphotericin B complicate the use of renally eliminated concomitant medications.

15.3.1.2  Management of Amphotericin B Interactions Involving  
Synergistic/Additive Nephrotoxicity

Drug interactions involving amphotericin B are somewhat unavoidable. Clinicians 
should focus on limiting the risk or severity of these interactions. The lipid ampho-
tericin B formulations should be used in patients with, or at high risk for nephrotox-
icity. These formulations may also cause nephrotoxicity with concomitant 
nephrotoxic drugs [45, 46]. Depending upon the case, other intravenous, non- 
nephrotoxic antifungal agents (i.e. caspofungin, fluconazole) should be considered. 
Voriconazole is available intravenously, but the potential accumulation of SEbCD 
in patients with diminished renal function is a concern.

Amphotericin B deoxycholate and cyclosporine cause hypomagnesemia, but the 
effect is not synergistic when they are given together [47]. Frank drug interactions 
with amphotericin B should be rare or recognized early because frequent laboratory 

Table 15.1 Drug interactions caused by amphotericin B formulations

Interaction Drugs Comments

Additive/synergistic effects
Direct or indirect nephrotoxicity Cyclosporine Monitor serum creatinine

Tacrolimus Blood urea nitrogen
Aminoglycosides Electrolytes, consider lipid
Foscarnet Amphotericin B formulations 

or other antifungal agents

Fluid and electrolyte disturbance  
(i.e. water retention,  
hypokalemia  
hypomagnesemia)

Thiazide and loop  
diuretics 
aminoglycosides, 
corticosteroids

Monitor Scr, BUN,  
electrolytes. Supplement 
electrolytes as needed

Secondary non-renal toxicity
Myelosuppression 5-Flucytosine (5-FC) Effect due to diminished  

renal clearance of 5-FC 
secondary to amphotericin 
B-associated 
nephrotoxicity

Miscellaneous electrolyte disturbances
Increase cardiac automaticity and 

inhibition of Na+−K+ ATPase pump
Digoxin Effects secondary  

to amphotericin  
B-induced hypokalemia
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monitoring is the standard of care in patients receiving it. Additionally therapeutic 
drug monitoring of the nephrotoxic drugs (aminoglycosides, cyclosporine, or 
tacrolimus) should be routinely performed.

15.3.2  Amphotericin B Interactions Involving Secondary 
Nonrenal Toxicities

Amphotericin B reduces the CL
R
 of renally eliminated drugs with a narrow thera-

peutic index, such as 5-FC. The reduced CL
R
 of such drugs leads to their 

accumulation and an increased risk of secondary toxicities associated with their use. 
Flucytosine induced myelosuppression, hepatic necrosis, and diarrhea are associ-
ated with elevated plasma 5-FC concentrations and often occur with reduced renal 
function [5]. Amphotericin B-associated nephrotoxicity reduces 5-FC elimination, 
which increases its serum concentrations [48]. When administered orally 5-FC is 
deaminated by intestinal microflora, resulting in elevated 5-FU serum concentra-
tions, which can cause myelosuppression and gastrointestinal mucosa toxicity [5]. 
The incidence of this interaction is approximately 20–40% [49, 50]. The clinical 
importance of this interaction is outweighed by the efficacy of this combination in 
the treatment of cryptococcal meningitis [51].

15.3.2.1  Management of Amphotericin B Interactions Involving  
Secondary Nonrenal Toxicities

Often, in the treatment of cryptococcal meningitis, this combination cannot be 
avoided, so renal function and 5-FC blood concentrations should be monitored. 
Ideally, 5-FC serum concentrations should be maintained between 25 and 100 mg/mL 
[52]. Several 5-FC dosing nomograms for patients with renal dysfunction exist. 
These methods should not be used unless the renal dysfunction is chronic in nature, 
and they should be used cautiously in elderly patients.

15.3.3  Interactions Involving Amphotericin B Formulations – 
 Miscellaneous Electrolyte Disturbances

Amphotericin B-associated electrolyte disturbances may be an overlooked source 
of drug–drug interactions. Amphotericin B-associated hypokalemia can lead to car-
diopathy, which concomitant medications (Table 15.1) can compound. Amphotericin 
B-induced hypokalemia can increase cardiac automaticity and facilitate inhibition 
of the Na+−K+ ATPase pump by digoxin. Co-administration of drugs that cause 
hypokalemia and fluid retention (i.e., corticosteroids) can augment amphotericin 
B-associated hypokalemia, and contribute to reversible cardiomegaly or congestive 
heart failure [53].
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15.3.3.1  Clinical Importance of Amphotericin B Interactions Involving 
Miscellaneous Electrolyte Disturbances

Hydrocortisone is frequently added to the amphotericin B admixtures to prevent 
infusion-related toxicity. Given the potential to augment amphotericin B-induced 
hypokalemia, the use of hydrocortisone to prevent infusion-related toxicity should 
be employed only after careful consideration of the patient’s clinical condition.

15.4  5-Fluorocytosine (5-FC)

15.4.1  5-Fluorocytosine (5-FC) Interactions Involving  
Secondary Nonrenal Toxicities

Concomitantly administered nephrotoxic drugs (i.e., amphotericin B, aminoglyco-
sides) will prolong 5-FC elimination. Without 5-FC dosage adjustment, accumulation 
of toxic concentrations can occur. Although not described, the same potential interac-
tion exists when 5-FC is administered to patients receiving calcineurin inhibitors.

15.4.2  5-Fluorocytosine (5-FC) Interactions Involving Additive/
Synergistic Myelosuppression & Cytotoxicity

5-FC co-administration with myelosuppressive or cytotoxic drugs (i.e. zidovudine, 
ganciclovir) may increase the risk of blood dyscrasias. Clinicians are overly hesitant 
to use 5-FC in AIDS patients because of the concern over the potential myelotoxicity. 
However, consensus guidelines for the treatment of cryptococcosis support the 
use of 5-FC in combination with amphotericin B with close monitoring for myelo-
suppression [51].

15.5  Systemic Azoles

15.5.1  Interaction Mechanisms

Drug interactions involving the systemic azoles primarily affect the pharmacoki-
netic processes of the concomitantly administered drug(s), the systemic azole, 
or both. Itraconazole, voriconazole and posaconazole are lipophilic agents that can-
not be formulated as an i.v. dosage form without the use of a solubilizing agent. 
Fluconazole differs physicochemically from other azoles and overall, is less prone 
to drug interactions. All systemic azoles undergo hepatic, and perhaps intestinal, 
oxidative CYP-mediated metabolism.
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15.5.1.1  Interactions Affecting Solubility and Absorption  
(pH Interactions)

Drug dissolution rate determines the intestinal lumen concentration of drug in solu-
tion available for absorption [54]. Therefore, intraluminal pH can indirectly affect 
absorption. Weakly basic drugs such as itraconazole and posaconazole dissolve 
more slowly at higher pH, whereas weakly acidic drugs dissolve faster at higher pH. 
Itraconazole and posaconazole are highly lipophilic weak bases with high pK

a
 

values and their dissolution and subsequent absorption is optimal at pH 1–4 
[21, 55]. Itraconazole and posaconazole absorption is impaired above these pH val-
ues. Fluconazole and voriconazole are also weak bases, with lower pKa values and 
thus their dissolution is unaffected by increases in gastric pH.

15.5.1.2  Interactions Affecting CYP-Mediated Biotransformation

Itraconazole, voriconazole and posaconazole cannot be excreted into the urine without 
conversion to hydrophilic metabolites. In contrast, fluconazole is hydrophilic and 
requires less biotransformation prior to excretion in urine. All the azoles are CYP 
inhibitors and substrates, although their affinities for specific isoforms differ. As CYP 
inhibitors the systemic azoles generally exhibit rapidly reversible binding [56]. As 
reviewed in previous chapters, this type of binding to CYP by an inhibitor or its metab-
olite results in either competitive or noncompetitive inhibition. The azoles primarily 
exert competitive inhibition [56]. However, fluconazole has also demonstrated non-
competitive or mixed-type inhibition of CYP [56, 57]. Whether voriconazole or posa-
conazole also exhibit noncompetitive or mixed-type inhibition has not been described.

All the systemic azoles inhibit CYP3A4, which is extensively expressed in the 
liver and intestine. The itraconazole stereoisomers inhibit only CYP3A4 [28]. 
Furthermore, itraconazole metabolites circulate at concentrations sufficient to 
inhibit CYP3A4 and contribute to drug interactions involving itraconazole [28]. 
Fluconazole undergoes minimal CYP-mediated metabolism, it inhibits CYP3A4, 
albeit much more weakly than other systemic azoles [58]. However, fluconazole is 
a comparatively stronger inhibitor of several other isoforms, (i.e. CYP2C9, and per-
haps CYP2C19) [58]. Fluconazole binds noncompetitively to CYP, and in vivo it 
circulates largely as free drug. Thus, greater inhibition may occur with elevated 
concentrations achieved with higher doses. Even though only a small percentage of 
fluconazole undergoes CYP-mediated metabolism, this percentage may greatly 
increase in the presence of a potent CYP-inducer. Fluconazole also interacts with 
enzymes involved in glucuronidation [15]. Voriconazole is a potent competitive 
inhibitor of CYP2B6, CYP2C9, and CYP2C19 [59, 60]. In addition voriconazole is 
a potent competitive and noncompetitive CYP3A4 inhibitor [59, 60]. Therefore, it 
has the potential to interact with many medicines [59, 60]. Although very little 
posaconazole is metabolized by CYP, like all azoles, it inhibits CYP3A4 [61]. 
However, in humans, posaconazole has no effect on the activity of CYP2C8/9, 
CYP1A2, CYP2D6, or CYP2E1 [61].
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15.5.1.3  Interactions Affecting P-Glycoprotein (P-gp)-Mediated  
Efflux and Other Transporters

Transport proteins are key determinants of drug disposition. Expressed in a variety 
of tissues, they allow for the efficient uptake or efflux of many drugs. While there 
are likely many transport proteins involved in drug disposition, most research has 
focused on the role of the efflux transporter P-gp. P-gp, functions as a transmem-
brane efflux pump for a broad range of substrates and is expressed on cells of the 
blood-brain barrier, intestine, liver, and kidney [8]. In the intestine P-gp reduces 
drug absorption, whereas in the liver and kidney it helps eliminate endogenous and 
exogenous compounds from the systemic circulation. At the blood–brain barrier 
P-gp limits distribution into the CNS [56]. P-gp is extensively co-localized with 
CYP3A, and the two proteins exhibit significant overlap in substrate specificity [8]. 
Although many P-gp inhibitors are substrates and/or inhibitors of CYP3A4, the 
inhibitory potency of a compound towards the two proteins can differ [62]. Breast 
Cancer Resistance Protein (BCRP) belongs to the same transporter superfamily as 
P-gp and it is expressed in the placenta, small intestine, and liver. BCRP functions 
like P-gp in the transport of its substrates [7].

The organic anion-transporting polypeptide (OATP) family of transport proteins 
are uptake transporters that also determine drug disposition. Like P-gp, the OATP 
transporters are expressed in the intestine, liver, kidney and at the blood-brain bar-
rier and transport many structurally diverse compounds [63].

The systemic azoles vary in how they interact with various transport proteins. 
Fluconazole may be a P-gp substrate but it is not a P-gp inhibitor [8, 64, 65]. 
However, itraconazole is a substrate and inhibitor of P-gp, and a potent inhibitor of 
BCRP [6–8, 65, 66]. Voriconazole is neither a substrate nor an inhibitor of P-gp, nor 
does it inhibit BCRP [7, 66]. Data suggest that posaconazole is a P-gp substrate and 
inhibitor [34, 67]. To date the interaction between the azoles and OATP transporters 
has not been fully elucidated.

15.6  Drug Interactions Involving Itraconazole

Drug interactions involving itraconazole are summarized in Tables 15.2–15.4.

15.6.1  Itraconazole Interactions Involving Gastric pH

Itraconazole is a lipophilic, weak base that is virtually water insoluble, and ionized at 
low pH [21, 25]. The dissolution and subsequent absorption of itraconazole capsules 
depends on gastric pH, retention time and the fat content of a meal; it is optimal in acidic 
gastric conditions [99]. Increased gastric pH decreases absorption of the itraconazole 
capsule, but does not affect the absorption of the oral solution [13].
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Table 15.2 Itraconazole interactions affecting CYP-mediated biotransformation of other drugs

Drug Effect on drug (% Change) Inhibition site Reference(s)

“Statins”
Lovastatin ↑C

max
 (»1,157%); ↑AUC

(0-∞)
 

(»1,380%); ↑t
1/2

(42.3%)
Hepatic CYP3A; perhaps 

intestinal CYP3A or 
P-gp

[68]

Simvastatin ↑C
max

 (175%); ↑AUC
(0-∞)

 
(417%); ↑t

1/2
 (25%)

Hepatic CYP3A; perhaps 
intestinal CYP3A or 
P-gp

[69]

Atorvastatin ↑C
max

 (20–38%); ↑AUC
(0-∞)

 
(150–231%); ↑t

1/2
 

(29–190%)

Hepatic CYP3A; perhaps 
intestinal CYP3A or 
P-gp

[70, 71]

Fluvastatin [68]
Pravastatin None [69]
Rosuvastatin [72]

Benzodiazepines
Midazolam (oral) Hepatic CYP3A; perhaps 

intestinal CYP3A
[73]

 + ITZ Day 1 ↑C
max

 (75%); ↑AUC
(0-∞)

 
(242%); ↑t

1/2
 (104%)

 + ITZ Day 6 ↑C
max

 (151%); ↑AUC
(0-∞)

 
(564%); ↑t

1/2
 (259%)

Midazolam (i.v.) Hepatic CYP3A [73]
 + ITZ Day 4 ↓CL (69%); ↑t

1/2
 (141%)

Triazolam ↑C
max

 (41–76%); ↑T
max

 
(11–94%); ↑AUC

(0-∞)
 

(210–348%);↑ t
1/2

 
(155–210%)

Hepatic CYP3A; perhaps 
intestinal CYP3A

[74]

Diazepam ↑AUC
(0-∞)

 (31.8%); ↑t
1/2

 
(34%)

Hepatic CYP3A [75]

Estazolam
Bromazepam
Temazepam None [76–78]
Oxazepam

Other anxiolytics, sedatives and hypnotics
Buspirone ↑ C

max
 (1,240%); ↑AUC

(0-∞)
 

(1,815%),
Hepatic CYP3A; perhaps 

intestinal CYP3A
[79]

Zolpidem None [80]

Antipsychotic agents
Haloperidol ↑C

max
 (14%); ↑AUC

(0-∞)
 

(82%); ↑t
1/2

 (115%); 
↓CL/F (33%)

Hepatic CYP3A [81, 82]

Clozapine None [83]

Calcineurin

Inhibitors
Cyclosporine ↑C

ss
 (80%) (range 

24–149%)
Hepatic CYP3A; perhaps 

intestinal CYP3A/P-gp
[84]

Tacrolimus ↑C
ss
 (83%) (range 

49–117%)
Hepatic CYP3A; perhaps 

intestinal CYP3A/P-gp
[84]

(continued)
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Table 15.2 (continued)

Drug Effect on drug (% Change) Inhibition site Reference(s)

Corticosteroids
Methylprednisolone

Oral ↑C
max

 (57–87%); ↑AUC
(0-∞)

 
(279%);↑t

1/2
 (71–132%);

Hepatic and intestinal 
CYP3A4/P-gp

[85, 86]

i.v ↑AUC
(0-∞)

 (143%); ↑t
1/2

 
(129%): ↓CL (62%); 
↓Vd (15%)

Hepatic CYP; perhaps 
biliary P-gp

[87]

Dexamethasone Primarily hepatic CYP3A4 [88]
Oral ↑AUC

(0-∞)
 (269%); ↑C

max
 

(58%); ↑t
1/2

 (172%); F 
(14.7%)

i.v. ↑AUC
(0-∞)

 (223%); ↑t
1/2

 
(197%); ↓CL (69%)

Prednisolone ↑C
max

 (2–14%); ↑t
1/2

 
(14–29%); ↑AUC

(0-∞)
 

(24%)

Hepatic and intestinal 
CYP3A4

[86, 89]

Budesonide ↑C
max

 (64%); ↑AUC
(0–∞)

 
(321%); ↑t

1⁄2
 (287%); 

↑T
max

 (150%)

Hepatic and intestinal 
CYP3A4

[90]

Calcium-channel blockers
Felodipine ↑C

max
 (675%); ↑AUC

(0-∞)
 

(534%); ↑t
1/2

 (71%)
Hepatic and intestinal 

CYP3A4
[91]

Miscellaneous
Oxybutynin ↑C

max
 (89%); ↑AUC

(0-t)
 

(85%)
Hepatic and intestinal 

CYP3A4
[92]

Busulfan ↑C
ss
 (25%); ↑CL/F (20%) Hepatic CYP3A; perhaps 

intestinal CYP3A4
[25]

Meloxicam ↓AUC
(0–72)

 (37%);  
↓C

max
 (63%); ↑t

1⁄2
 (55%); 

↑T
max

 (500%)

Perhaps intestinal CYP3A4 
and intestinal transport

[93]

Oxycodone Hepatic and intestinal 
CYP3A4

[94]

Oral ↑C
max

 (43%); ↑AUC
(0-∞)

 
(125%); ↑t

1/2
 

(48%);↓CL/F (58%); ↑F 
(49%)

i.v. ↓CL (33%); ↑AUC
(0-∞)

 
(51%); ↑t

1/2
 (44%)

H
2
-receptor antagonists, proton pump inhibitors, and antacids reduce the expo-

sure, C
max

, or oral availability of the itraconazole capsule up to 67% [100–103]. 
Generally pH interactions reduce itraconazole C

max
, AUC, T

max
, and lower serum 

concentrations of hydroxyitraconazole. The antiretroviral didanosine (ddI) buffered 
oral tablet significantly reduced absorption of the itraconazole capsule [104]. 



Table 15.3 Interactions that induce itraconazole biotransformation or inhibit its absorption

Drug
Effect on itraconazole  
(% change) Mechanism Reference(s)

Gastric pH

Modifiers
Famotidine ↓C

max
 (30–52%); ↓C

min
 

(35%); AUC
(0–48)

(51%)
↑ gastric pH and ↓ 

absorption
[100, 101]

Omeprazole
Itraconazole caps ↓C

max
 (67%); ↓AUC

(0–24)
 

(65%); ↑T
max

 (27%)
↑ gastric pH and ↓ 

absorption
[102]

Itraconazole soln None [13]
Didanosine

Buffered formulation Undetectable serum 
concentrations

↑ gastric pH and ↓ 
absorption

[104]

Enteric coated 
formulation

None [105]

Inducing agents
Phenobarbital Subtherapeutic serum 

concentrations
CYP3A induction [126]

Carbamazepine Undetectable serum 
concentrations

CYP3A induction [126]

Phenytoin ↓C
max

 (83%); ↓AUC
(0-∞)

 
(93%); ↓T

1/2
 (82%); 

↑CL/F (1,384%)

Hepatic and intestinal 
CYP3A induction

[127]

Rifampin ↓C
max

 (67%); ↓AUC
(0–24)

 
(67%); ↓T

max
 (35%)

CYP3A induction [128]

Nevirapine ↓C
max

 (38%); ↓AUC
(0–96)

 
(61%); ↓AUC

(0-∞)
 (62%); 

↓t
1/2

 (31%)

Hepatic CYP3A4 
induction; P-gp 
induction

[129]

Table 15.4 Itraconazole interactions affecting P-gp-mediated transport of other drugs

Drug Effect on drug (% change) Inhibition site Reference(s)

Cardiac

Glycoside
Digoxin ↑C

max
 (31%); ↑AUC

(0-∞)
  

(68%); ↑t
1/2

 (38%); ↓CL
R
 

(20%)

Renal P-gp; possibly 
hepatic/biliary P-gp

[95]

Alkaloids
Quinidine ↑C

max
 (32–59%); ↑t

1/2
 

(35–67%); ↑AUC
(0-∞)

 
(142%); ↑T

max
 

(150%);↓CL
R
 (49–60%)

Quinidine metabolites Inhibition of hepatic 
CYP3A; renal P-gp

[96, 97]

3-hydroxyquinidine ↓AUC
(0–24)

 (78%); ↓CL
(partial)

 
(84%)

N-oxide ↓CL
(partial)

 (73%)

Miscellaneous drugs
Morphine ↑C

max
 (25%); ↑AUC

(0–9)
 

(27%);↑AUC
(0–48)

 (19%)
Inhibition of intestinal 

P-gp
[98]
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Subsequently, the non-buffered enteric coated ddI formulation did not interact with 
the itraconazole capsule [105].

15.6.1.1  Clinical Importance of Itraconazole Interactions  
Involving Gastric pH Interactions

Reduced itraconazole absorption may lead to therapeutic failure. However, elevated 
gastric pH interactions with the itraconazole capsule are unavoidable in patients 
who require high-dose corticosteroid therapy (i.e. transplant recipients). In these 
instances the oral solution may be preferred.

15.6.1.2  Management of Itraconazole Interactions Involving  
Gastric pH Interactions

In patients requiring acid suppression therapy and short courses of itraconazole, the 
solution should be employed. The solution being somewhat dilute may be impracti-
cal for protracted courses of therapy, so alternative antifungal agents should be con-
sidered. If no suitable alternative agent exists, the itraconazole capsule can be 
employed with the understanding that absorption will be reduced and variable. In 
these cases therapeutic drug monitoring should be performed to document adequate 
oral availability. In general, for optimal effectiveness, investigators advocate main-
tenance of an itraconazole plasma trough concentration of at least 0.25 mg/mL 
(measured by HPLC) [25]. Nonetheless, clinical response should guide judgments 
on the adequacy of the concentrations achieved.

15.6.2  Itraconazole Interactions Affecting CYP-Mediated 
Biotransformation of Other Drugs

15.6.2.1  The 3-Hydroxy-3 Methylglutaryl (HMG) Coenzyme  
a Reductase Inhibitors (the “Statins”)

The statins are primarily CYP and/or P-gp substrates, and one, pravastatin, is a 
hepatic OATP-C substrate, while another, pitavastatin is a hepatic OATP1B1 and 
OATP2 substrate [62, 106, 107]. Itraconazole inhibits both P-gp and CYP3A4, thus 
it is difficult to attribute its interactions with certain statins solely to CYP3A4 
inhibition. Nonetheless, CYP3A inhibition is primarily involved. Itraconazole 
co-administration with certain statins can elevate their systemic concentrations, 
which may result in rare, but severe, life-threatening toxicities [25]. Lovastatin, 
simvastatin, and atorvastatin are CYP3A4 substrates; fluvastatin is a CYP2C9 
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 substrate [108]. In contrast, pravastatin, and rosuvastatin are negligibly metabolized 
by CYP and excreted primarily in the urine as unchanged drug [108].

The inhibitory effects of itraconazole on the CYP3A4-metabolized statins var-
ies. It significantly increases the exposure and C

max
 of lovastatin or simvastatin, but 

it affects atorvastatin pharmacokinetics considerably less [69–71, 109, 110]. 
Quantitative prediction models based upon parameters obtained from the in vitro 
inhibition experiments and in vivo pharmacokinetic analysis predict that the maxi-
mum competitive inhibition of simvastatin metabolism by itraconazole increases 
simvastatin exposure up to 100 times [110]. Using this method also predicts that 
itraconazole increases lovastatin exposure up to 240 times, which is approximately 
2.5 times that observed with simvastatin [110]. Data from clinical evaluations dem-
onstrate interactions that are much smaller in magnitude (Table 15.4). Nonetheless 
this method is a reasonable approach for identifying the potential extent of itracon-
azole inhibition [110] In contrast, itraconazole has no significant effect on fluvasta-
tin, pravastatin, and rosuvastatin pharmacokinetics [68, 69, 71, 72, 108, 110].

15.6.2.2  Benzodiazepines

Itraconazole co-administration with triazolam, midazolam, or diazepam can pro-
duce significant pharmacokinetic interactions that enhance their pharmacologic 
effects. The most notable alterations are observed with triazolam and midazolam, 
which are metabolized only by CYP3A4 [73, 111]. The oral administration of either 
benzodiazepine with itraconazole increases their systemic availability and decreases 
their clearance (CL). This interaction produces significant changes in triazolam or 
midazolam exposure, C

max
, t

max
, and t

1⁄2
 [73, 111]. The effect of itraconazole on the 

systemic clearance (CL) of triazolam cannot be determined because an i.v. formula-
tion of this benzodiazepine does not exist. Therefore, further characterizing the 
mechanism of this interaction (intestinal, hepatic, etc.) is not possible. However, 
itraconazole does not affect the steady-state volume of distribution (Vss) of i.v. 
midazolam, but it substantially reduces its plasma CL as reflected by a prolongation 
in t

1⁄2
 [111].

The itraconazole – triazolam interaction occurs even if triazolam is administered 
up to 24 h after itraconazole and can persist for several days after discontinuing the 
azole [74, 112]. The itraconazole metabolites, which in vitro are potent CYP3A4 
inhibitors, likely contribute to the persistence of the interactions [26, 28]. The 
N-desalkyl-itraconazole metabolite has a much longer half-life than the other 
metabolites or the parent compound and contributes substantially to CYP3A4 inhi-
bition for at least 24 h [28].

The interaction between itraconazole and either benzodiazepine produces long-
lasting pharmacological effects, including prolonged amnesia, significantly reduced 
psychomotor performance, and severe sedation [73, 111]. These effects can occur 
with a single or multiple itraconazole doses. Given the nonlinear stereoselective 
sequential metabolism of itraconazole, and prolonged elimination of itraconazole 
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and its metabolites, the affect on the benzodiazepines’ pharmacokinetics and phar-
macological effects will likely be greater and more prolonged with repeated or 
increased itraconazole doses [73, 111].

Diazepam undergoes minimal first-pass metabolism, and is metabolized by 
CYP2C19 [75]. Concomitant itraconazole produces a small yet statistically sig-
nificant increase in diazepam exposure, and slightly prolongs its t

1⁄2
, but it does 

not enhance the pharmacological effects of this benzodiazepine [75]. Estazolam 
is a short-acting – triazolobenzodiazepine derivative that is extensively metabo-
lized by CYP3A4 [113]. Itraconazole inhibits estazolam metabolism in vitro, but 
co- administration with itraconazole capsules (100 mg/day) for 3 days did not alter 
the pharmacokinetics or enhance the effects of single dose estazolam [76, 113]. The 
lack of in vitro to in vivo correlation of this drug interaction may have been a 
result of the low dose of itraconazole used in this clinical study [76]. Itraconazole 
does not affect the pharmacokinetics or enhance the effects of benzodiazepines 
that are not appreciably metabolized by CYP3A4 (i.e. bromazepam, temazepam, 
oxazepam) [77, 78].

15.6.2.3  Other Anxiolytics, Sedatives, and Hypnotics

Buspirone undergoes extensive first-pass metabolism [79]. Itraconazole co-admin-
istration significantly increases buspirone exposure and C

max
. The interaction does 

not alter the buspirone t
1⁄2

, which suggests it involves intestinal CYP3A4 inhibition. 
Itraconazole co-administration moderately enhances the pharmacological effects of 
buspirone [79]. Zolpidem is a substrate of CYP3A4, and to a lesser extent CYP1A2. 
Unlike midazolam, triazolam, and buspirone, it undergoes minimal first-pass metab-
olism and possesses good oral availability. Itraconazole minimally affects zolpidem 
pharmacokinetics or its pharmacological effects [80].

15.6.2.4  Antipsychotic Agents

Haloperidol undergoes first-pass metabolism, but has good oral availability. The drug 
is hepatically metabolized by CYP2D6 and CYP3A4 [81]. The CYP2D6 gene is 
highly polymorphic; certain alleles (CYP2D6*3, *4, and *5) are associated with com-
plete loss of activity, and significantly influence haloperidol disposition [81]. Other 
alleles (CYP2D6*10) are only associated with diminished but not complete loss of 
activity, and moderately influence haloperidol disposition [81]. Itraconazole signifi-
cantly increases plasma concentrations of haloperidol and its metabolite (reduced 
haloperidol), which demonstrates the critical role CYP3A4 plays in haloperidol dispo-
sition [81, 82]. CYP3A4 inhibition by itraconazole also enhances the contribution of 
minor CYP2D6 alleles to haloperidol metabolism [81]. Itraconazole co-administration 
also augments the neurological side effects of haloperidol [81, 82]. The atypical antip-
sychotic agent clozapine is primarily metabolized by CYP1A2, but CYP3A4 and 
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CYP2D6 catalyze secondary metabolic pathways [83]. Because CYP3A4 has only a 
minor influence on clozapine disposition, its pharmacokinetics or activity are unaf-
fected by itraconazole co-administration [83].

15.6.2.5  Calcineurin Inhibitors and Proliferation Signal Inhibitors

Pharmacokinetic interactions between tacrolimus or cyclosporine and the azoles 
are well known. Regardless of route of administration, itraconazole increases 
cyclosporine concentrations 40–200% [84, 114]. Itraconazole interacts with tac-
rolimus even more substantially and raises “trough” (C

min
) tacrolimus concentra-

tions up to sevenfold [84, 115]. The interaction between itraconazole and the 
calcineurin inhibitors persists even after itraconazole is discontinued. The itracon-
azole metabolites likely contribute to the persistence of the interaction [28]. All the 
azoles apparently interact with sirolimus, but the interaction between sirolimus and 
itraconazole has only been reported in several cases [116, 117]. An anecdotal obser-
vation from a large population pharmacokinetic analysis of everolimus demon-
strated that itraconazole co-administration in a single patient reduced everolimus 
clearance 74% [118].

15.6.2.6  Corticosteroids

Itraconazole inhibits the metabolism of oral or i.v. methylprednisolone (i.e., two-
threefold increases in exposure, C

max
, and t

1⁄2
) [85, 87]. The interaction can reduce 

morning plasma cortisol concentration 80–90% [85–87]. The metabolism of meth-
ylprednisolone has not been elucidated, but these data suggest CYP3A4 is primarily 
involved.

Dexamethasone is a CYP3A4 substrate, and like methylprednisolone, itracon-
azole increases its systemic exposure after i.v. or oral administration, approximately 
three and fourfold, respectively [88]. The interaction can also significantly reduce 
morning plasma cortisol concentrations. Dexamethasone is also a P-gp substrate, 
and thus this efflux protein may be involved in this interaction. In contrast to 
methylprednisolone and dexamethasone, itraconazole co-administration increases 
prednisolone exposure and t

1/2
 13–30%, but produces only minimal changes in pred-

nisolone C
max

 or morning plasma cortisol concentrations [86, 89].
Itraconazole also interacts with inhaled corticosteroids. Depending on the inha-

lation device and patient technique, approximately 33% of an inhaled corticosteroid 
dose reaches the lungs and is absorbed into the systemic circulation, where it can 
undergo hepatic metabolism [90]. The remaining fraction is inadvertently swal-
lowed and can undergo intestinal and/or hepatic metabolism [90]. Oral itraconazole 
significantly inhibits the metabolism of inhaled budesonide and leads to 1.5–4-fold 
increases in exposure, C

max
, and t

1⁄2
 [90]. This interaction enhances the adrenal sup-

pressive effects of budesonide and should be considered when coadministering 
other similar corticosteroids with itraconazole [90, 119].
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15.6.2.7  Calcium Channel Blockers

Felodipine, is a CYP3A4 substrate that undergoes extensive first-pass metabolism 
[91]. Itraconazole co-administration increases felodipine exposure approximately 
sixfold; C

max
 eightfold, and t

1⁄2
 approximately twofold [91]. These pharmacokinetic 

changes significantly reduce systolic and diastolic blood pressure and increase heart 
rate considerably [91].

15.6.2.8  Miscellaneous Drugs

Itraconazole interacts with several other medicines including oxybutynin (increases 
exposure and C

max
) [92], and busulfan (increases steady-state busulfan concentra-

tions and lowers apparent oral clearance (CL/F)) [25]. A case report has noted that 
concomitant itraconazole therapy also substantially enhances warfarin’s effect. The 
pharmacologically active S enantiomer of warfarin (S-warfarin) is a CYP2C9 sub-
strate. However, itraconazole does not inhibit CYP2C9 activity. A well controlled, 
rigorous pharmacokinetic evaluation of these drugs administered in combination is 
needed [120].

In healthy volunteers oral itraconazole co-administration significantly reduced 
the exposure, and C

max
, and delayed the absorption of the COX-2 inhibitor meloxi-

cam [93]. The mechanism behind this interaction is unknown, but investigators 
ruled out protein displacement of meloxicam. Rather, they hypothesize that itracon-
azole decreases meloxicam exposure by impairing its gastrointestinal absorption, 
perhaps by inhibiting a yet to be characterized intestinal transport system for 
meloxicam absorption [93]. Oxycodone undergoes extensive hepatic metabolism 
via CYP3A to noroxycodone and via CY2D6 to oxymorphone. Both metabolites 
are further metabolized via CYP3A4 to noroxymorphone [121, 122]. Itraconazole 
co-administration affected the metabolism of oxycodone administered i.v. and even 
more so orally. Itraconazole reduced i.v. oxycodone CL and prolonged its t

1/2
 [94]. 

Itraconazole co-administration increased oral oxycodone exposure, C
max

, and bio-
availability, and decreased CL/F and prolonged its t

1/2
 [94]. These changes resulted 

from itraconazole inhibition of hepatic and intestinal CYP3A4-mediated pathways 
of oxycodone metabolism [94]. This can produce small compensatory changes in 
oxymorphone pharmacokinetics, via a minor pathway mediated by CYP2D6, which 
itraconazole does not inhibit [94]. Itraconazole did not change the pharmacological 
effects of i.v. oxycodone, but did so with oral oxycodone [94].

15.6.2.9  Clinical Importance of Itraconazole Interactions Affecting  
CYP Biotransformation of Other Drugs

Many interactions involving itraconazole are clinically important. Myopathy (skel-
etal muscle toxicity), a rare, but potentially severe side effect of elevated statin con-
centrations can progress to rhabdomyolysis [109]. The incidence of rhabdomyolysis 
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associated with the CYP3A4-metabolized statins is nearly five-times greater than 
that of the statins that are not metabolized by CYP3A4 [123]. The risk of rhabdomy-
olysis associated with the CYP3A4-metabolized statins increases significantly when 
they are administered with potent CYP3A4 inhibitors [124]. Rhabdomyolysis has 
been reported when lovastatin or simvastatin is co-administered with itraconazole 
and may occur with atorvastatin [69–71]. Concomitant itraconazole therapy may 
increase the risk of dose-dependent adverse effects (i.e., hepatotoxicity) associated 
with the CYP3A4-metabolized statins [125].

Co-administration of itraconazole with midazolam, triazolam, or buspirone 
severely impairs intellectual capacity and psychomotor skills even when low doses 
of these benzodiazepines (particularly midazolam and triazolam) are used for pro-
longed periods. The interaction between the azoles, such as itraconazole and the 
calcineurin inhibitors is largely unavoidable, and if not properly managed can lead 
to calcineurin associated nephrotoxicity. Itraconazole interacts significantly with 
orally, i.v. or inhaled corticosteroids and the interaction can produce significant sup-
pression of endogenous cortisol production. There have been approximately 20 
cases of Cushing’s syndrome or adrenal insufficiency reported literature attributed 
to itraconazole co-administration with either fluticasone or budesonide [119].

Itraconazole co-administration with felodipine produces clinically significant 
cardiovascular effects. In addition, although there are no data indicating that itra-
conazole inhibits CYP2C9, the interaction between itraconazole and warfarin pro-
duces excessive anticoagulation and is considered clinically significant.

15.6.2.10  Management of Itraconazole Interactions Affecting  
CYP-Mediated Biotransformation of Other Drugs

Patients receiving lovastatin, simvastatin, or atorvastatin, with itraconazole should 
be closely monitored for clinical and laboratory signs of skeletal muscle toxicity 
(myalgia, arthralgia, CK elevations) and hepatotoxicity (transaminase elevations). 
Pravastatin, fluvastatin, and rosuvastatin are alternatives for patients receiving con-
current itraconazole therapy.

Itraconazole and its metabolites are slowly eliminated therefore the interaction 
between triazolam, and midazolam, cannot be avoided by adjusting itraconazole 
dosing [8]. The benzodiazepines temazepam, oxazepam, and lorazepam are not 
appreciably metabolized by CYP3A4 and are alternatives to triazolam and midazo-
lam for patients receiving concurrent itraconazole therapy. Other alternatives include 
diazepam, estazolam and zolpidem.

Management of the itraconazole-calcineurin inhibitor interaction necessitates 
monitoring calcineurin inhibitor blood concentrations; adjusting calcineurin inhibi-
tor dosages, or switching antifungal therapy. Calcineurin inhibitor blood concentra-
tions should be obtained before, during, and after azole use and dosages adjusted 
accordingly. The use of itraconazole is not recommended with the proliferation 
signal inhibitors.

In patients requiring concomitant itraconazole and oral or i.v. corticosteroid therapy, 
prednisolone should be considered for immunosuppressive or anti- inflammatory agent. 
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If patients are receiving dexamethasone or methylprednisolone (dosed chronically or 
as pulse therapy), corticosteroid dose reduction may be needed during concomitant 
itraconazole therapy.

Co-administration of itraconazole with felodipine, or other chemically-related 
calcium channel blockers (i.e., amlodipine, isradipine, nifedipine, etc.) should be 
avoided given the considerable clinical significance of the interaction. If these com-
binations cannot be avoided, then the dose of the calcium channel blocker should be 
reduced, and the patient’s heart rate and blood pressure should be closely monitored 
until stable. Termination of the interaction between itraconazole and warfarin 
requires discontinuation of itraconazole, and perhaps infusion of fresh-frozen 
plasma and administration of vitamin K to reverse excessive anticoagulation [120]. 
The combination of itraconazole and warfarin should be avoided. If antifungal ther-
apy is needed, an amphotericin B formulation or an echinocandin should be used.

15.6.3  Interactions that Induce Itraconazole  
Biotransformation

Phenytoin, phenobarbital, carbamazepine, rifampin, and nevirapine are CYP3A4 
inducers. Itraconazole co-administration with these agents results in a pharmacoki-
netic interaction that markedly reduces its serum concentrations [126–129]. The 
onset of induction varies with each drug, and may not be detectable for up to 2 weeks 
[126–129]. After discontinuation of these agents, induction may persist for up to 
2 weeks [126–129].

Phenytoin significantly reduces itraconazole and hydroxyitraconazole exposure, 
t
1⁄2

, C
max

 and C
min

. In addition itraconazole CL/F is increased approximately 14-fold 
[127]. Rifampin and nevirapine also induce itraconazole metabolism lowering its 
serum concentrations [128, 129].

15.6.3.1  Clinical Importance of Interactions that Induce  
Itraconazole Biotransformation

Interactions between CYP3A inducers and itraconazole lead to undetectable or sub-
therapeutic serum itraconazole concentrations, which can result in therapeutic 
failure.

15.6.3.2  Management of Interactions that Induce Itraconazole 
Biotransformation

These interactions likely cannot be circumvented by increasing the itraconazole 
dose. If possible, these combinations should be avoided. However, this is often not 
possible, especially in HIV patients receiving rifampin or rifabutin. In these cases, 
if alternative antifungal therapy (i.e., amphotericin B, echinocandins) cannot be 
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used, then itraconazole serum concentrations and the patient’s clinical condition 
should be closely monitored for therapeutic failure. If alternative antifungal 
agents cannot be used, then antimycobacterial regimens without rifampin or 
rifabutin should be considered. Similarly, gabapentin, or levetiracetam may rep-
resent alternatives devoid of CYP3A-inducing properties for patients needing 
anticonvulsant therapy.

15.6.4  Itraconazole Interactions Affecting P-Glycoprotein-
Mediated Efflux of Other Drugs

15.6.4.1  Digoxin

Initially the interaction between itraconazole was somewhat enigmatic. Digoxin is 
not metabolized by CYP, undergoes little hepatic metabolism and is renally elimi-
nated primarily as unchanged drug, through P-gp-mediated renal tubular secretion 
[130]. Therefore, the interaction results from inhibition of P-gp-mediated digoxin 
renal secretion by itraconazole. The reduced P-gp-mediated efflux causes decreases 
CL

R
 and increases serum digoxin concentrations [95].

15.6.4.2  Quinidine

Quinidine is primarily metabolized by CYP3A4 to form 3-hydroxyquinidine and 
CYP2C9 and perhaps CYP3A4 to form quinidine N-oxide [96, 97]. Quinidine is 
also actively secreted by the renal tubules, which most likely involves P-gp. 
Itraconazole co-administration significantly increases quinidine exposure 2.5-fold; 
C

max
 nearly twofold; prolongs elimination t

1⁄2
 and significantly reduces its CL

R
 [96, 

97]. Itraconazole co-administration also significantly reduces the partial CL of both 
metabolites [97]. This interaction likely results from inhibition of intestinal and 
hepatic CYP3A4 metabolism, and P-gp-mediated tubular secretion of quinidine by 
itraconazole [96, 97, 131].

15.6.4.3  Vinca Alkaloids and Opiates

Itraconazole reduces CYP3A4 metabolism and P-gp efflux of vincristine. The sub-
sequent accumulation and distribution of vincristine produces neurological toxici-
ties (seizures, paresthesia, sensory deficits, muscle weakness, neuropathy), 
gastrointestinal disturbances (abdominal pain/distention, constipation, ileus) 
hyponatremia, and SIADH [132]. Itraconazole also interacts to a similar degree 
with vinblastine [133]. Itraconazole produces subtle increases in oral morphine 
plasma concentrations, but does not alter its pharmacological effects [98]. The inter-
action probably involves inhibition of intestinal P-gp [98].
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15.6.4.4  Clinical Importance of Itraconazole Interactions Involving 
P-Glycoprotein-Mediated Efflux of Other Drugs

Case reports document that interactions between itraconazole and digoxin or the 
vinca alkaloids are clinically significant [98, 132–134]. Quinidine has a relatively 
narrow therapeutic index, and elevated concentrations can produce life-threatening 
toxicity. Therefore, the interaction is considered clinically significant [96].

15.6.4.5  Management of Itraconazole Interactions Involving 
P-Glycoprotein-Mediated Efflux of Other Drugs

Patients receiving itraconazole and digoxin should be questioned about nonspecific 
symptoms of digoxin toxicity and have their serum digoxin concentrations closely 
monitored [134]. Similarly, plasma quinidine concentrations should be closely mon-
itored in patients receiving quinidine and itraconazole [96]. Due to the severity of 
the interaction itraconazole, or any azole should not be co-administered with vin-
cristine or vinblastine containing regimens. If a vinca alkaloid is started in a patient 
receiving an azole, the azole should be discontinued [132].

15.7  Interactions Involving Fluconazole

Drug interactions involving fluconazole are summarized in Table 15.5.

15.7.1  Fluconazole Interactions Affecting CYP-Mediated 
Biotransformation of Other Drugs

15.7.1.1  The 3-Hydroxy-3 Methylglutaryl (HMG) Coenzyme a Reductase 
Inhibitors (the “Statins”)

Fluconazole significantly increases fluvastatin exposure, C
max,

 and t
1/2

 [98]. Pravastatin, 
and rosuvastatin are not CYP2C9 or CYP2C19 substrates, thus fluconazole does not 
significantly affect their pharmacokinetics [135, 136]. Case reports suggest even a 
moderate CYP3A4 inhibitor like fluconazole can inhibit the metabolism of CYP3A-
metabolized statins (simvastatin, atorvastatin, lovastatin) [150–152].

15.7.1.2  Benzodiazepines

Fluconazole co-administration with triazolam or midazolam significantly alters the 
pharmacokinetics and enhances the pharmacological effect of both. Fluconazole 
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Table 15.5 Fluconazole interactions affecting CYP-mediated biotransformation of other drugs

Drug Effect on drug (% change) Inhibition site Reference(s)

Statins
Fluvastatin ↑C

max
 (44%); ↑AUC

(0-∞)
 (84%); t

1/2
 

(80%)
Hepatic 

CYP2C9
[135]

Pravastatin None [135]
Rosuvastatin None [136]

Benzodiazepines
Midazolam (oral)

+ FCZ po Day 1 ↑C
max

 (130–150%); ↑AUC
(0-∞)

 
(251–273%); ↑t

1/2
 (71–123%)

Hepatic and 
intestinal 
CYP3A4

[73, 137]

+ FCZ po Day 6 ↑C
max

 (74%); ↑AUC
(0-∞)

  
(259%); ↑t

1/2
 (71%)

Hepatic and 
intestinal 
CYP3A4

[73]

+ FCZ iv Day 1 ↑C
max

 (79%); ↑T
max

  
(100%); ↑AUC

(0-∞)
 (244%); 

↑t
1/2

 (123%)

Hepatic 
CYP3A4

[137]

Midazolam (i.v.) Hepatic 
CYP3A4

[73]

+ FCZ po Day 4 ↓CL (51%); ↑t
1/2

 (52%)
a-OH-midazolam Hepatic 

CYP3A4
[137]

+ FCZ po Day 1 ↓C
max

 (19%); ↑AUC
(0–17)

 (50%); 
↑t

1/2
 (142%); ↓Ratio (54%)

+ FCZ iv Day 1 ↓C
max

 (10%); ↑AUC
(0–17)

 (56%); 
↑t

1/2
 (157%); ↓Ratio (56%)

Triazolam Hepatic and 
possibly 
intestinal 
CYP3A4

+ FCZ po 50 mg ↓C
max

 (47%); ↑AUC
(0-∞)

  
(63%); ↑t

1/2
 (29%); ↑T

max
 

(15%)

[138]

+ FCZ po 100 mg ↓C
max

 (25–40%); ↑AUC
(0-∞)

 
(105–145%); ↑t

1/2
 (77–83); 

↑T
max

 (11–92%)

[138, 139]

+ FCZ po 200 mg ↓C
max

 (133%); ↑AUC
(0-∞)

  
(342%); ↑t

1/2
 (126%); ↑T

max
 

(54%)

[138]

Diazepam ↑AUC
(0–48)

 (51%); ↑AUC
(0-∞)

 
(174%); ↑t

1/2
 (135%); ↓CL/F 

(59%)

Hepatic 
CYP2C19 
and CYP3A4

[140]

N-Desmethyldiazepam ↓C
48 h

 (60%); ↓AUC
(0–48)

 (70%); ↓ 
AUC

ratio
 (71%)

Hepatic 
CYP2C19

[140]

Calcineurin inhibitors
Cyclosporine
 Day 4 ↑C

max
 (39%); ↑C

min
 (38%); ↑AUC 

(87%); ↓CL (18%)
Hepatic 

intestinal 
CYP3A and 
P-gp

[141]

(continued)
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Table 15.5 (continued)

Drug Effect on drug (% change) Inhibition site Reference(s)

Tacrolimus C
min

, AUC
(0–12)

 similar pre- and 
post- fluconazole with 40% 
↓dose

[142]

Anticonvulsants
Phenytoin ↑C

min
 (»25%); ↑AUC

(0–24)
 (75%) Hepatic 

CYP3A4
[143]

Anticoagulants
Warfarin Inhibits S-warfarin metabolic 

pathway » 70%
Hepatic 

CYP2C9
[58, 120]

Miscellaneous drugs
Fentanyl ↓CL (17%); ↓norfentanyl 

AUC
(0-∞)

 (56%); ↓Ratio (67%)
Hepatic 

CYP3A4
[144]

Alfentanil Hepatic 
CYP3A4

[145]

FCZ po ↑AUC
(0–10)

 (96%); ↑t
1/2

 (67%); 
↓CL (54%); ↓V

ss
 (19%)

FCZ i.v. ↑AUC
(0–10)

 (107%); ↑t
1/2

 (80%); 
↓CL (58%); ↓V

ss
 (19%)

Methadone ↑AUC
(0–24)

 (35%); ↑C
max

 (27%); 
↑C

min
 (48%);↓CL/F (24%)

Hepatic CYP [146]

Cyclophosphamide ↑AUC
(0–24)

 (79%); ↑C
max

 
(33–36%)

Hepatic CYP [147]

4-OH-cyclophosphamide ↓C
max

 (33–36%)
Nevirapine ↑AUC

(0–8)
 (29%); ↑C

max
 (28%); 

↓CL/F (22%)
Hepatic 

CYP3A4
[148]

Ibuprofen (S-enantiomer) ↑AUC
(0–24)

 (83%); ↑C
max

 (16%); 
↑t

1/2
 (34%)

Hepatic 
CYP2C9

[149]

increases the oral availability and decreases the CL (i.e., increases exposure, C
max

 
and t

1⁄2
,) of both benzodiazepines [73, 137–139]. Fluconazole has no affect on Vss of 

i.v. midazolam, but does substantially reduce its plasma CL thereby prolonging its 
t
1⁄2

 [72]. The interaction significantly enhances and prolongs the pharmacological 
effects of these benzodiazepines [72, 137–139]. The inhibition of CYP-mediated 
midazolam metabolism is greater with orally rather than i.v. administered flucon-
azole [73, 137]. The effects of fluconazole on midazolam did not increase with 
repeated dosing [73], but with increasing dose, the extent of the interaction with 
triazolam increased accordingly [138]. Fluconazole significantly increases diazepam 
exposure, but the interaction minimally changes its pharmacological effects [140].

15.7.1.3  Calcineurin Inhibitors and Proliferation Signal Inhibitors

Fluconazole interacts with calcineurin inhibitors in a dose-related manner, with 
interaction occurring at higher (³200 mg) doses [57, 141, 153–156]. The maximum 
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effect occurs approximately 4 days after starting fluconazole [156]. The magnitude 
of the interaction is influenced by route of fluconazole administration and is less 
with i.v. dosing [157]. A case report describes a significant interaction between 
fluconazole and sirolimus [158]. The interaction manifests rapidly, and results in 
toxic sirolimus concentrations [158]. Similarly, a case report describing the man-
agement of a pharmacokinetic drug interaction between everolimus and fluconazole 
suggest that the dose of everolimus should be reduced to avoid overexposure, and 
that reduction should probably be less when administered with fluconazole than 
other triazoles (e.g. voriconazole) [159].

15.7.1.4  Phenytoin

In a study of healthy volunteers fluconazole significantly increased phenytoin expo-
sure and C

min
 [143]. For ethical and safety reasons the study limited the phenytoin 

dose and its duration [143]. Therefore, phenytoin did not induce fluconazole, but in 
practice it likely will.

15.7.1.5  Warfarin

Therapeutic plasma fluconazole concentrations exceed its in vitro inhibitory con-
stant for CYP2C9-mediated warfarin metabolism [58].Therefore fluconazole inter-
acts with warfarin in a predictable manner. Fluconazole inhibits S-warfarin 
metabolism approximately 70%, which results in a 38% increase in the INR in pre-
viously stabilized patients [58, 120].

15.7.1.6  Miscellaneous Drugs

Oral fluconazole (400 mg) significantly decreased fentanyl plasma CL and the 
exposure of its primary active metabolite, norfentanyl [144]. The interaction did not 
affect fentanyl V

ss
 or t

1/2
, which suggests it was due to inhibition of CYP3A-mediated 

norfentanyl formation. Oral or i.v. fluconazole significantly reduces alfentanil CL 
and nearly doubles its t

1⁄2
 [145]. The increased alfentanil concentrations were asso-

ciated with enhance pharmacological effects [145]. Fluconazole (200 mg daily) 
reduced methadone CL/F and increased its exposure in patients receiving a mean 
daily methadone dose of 55 mg [146].

Cyclophosphamide undergoes extensive metabolism including one pathway 
involving activation by several CYPs including CYP2C9, and CYP3A4, which pro-
duces the cytotoxic alkylating agent 4-hydroxycyclophosphamide. Fluconazole 
reduces cyclophosphamide CL and increases its t

1/2
 in children [147]. Data also indi-

cate that fluconazole increases cyclophosphamide exposure and C
max

, and reduces 
4-hydroxycyclophosphamide C

max
 [160]. In HIV patients, the co-administration 

of fluconazole and rifabutin increased the rifabutin C
max

 91% and the AUC 76%. 
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This interaction also extended to the primary rifabutin metabolite, 25-O-desacetyl-
rifabutin, in which the C

max
 and C

min
 were increased by 3.6-fold and 2.3-fold, respec-

tively [161]. Drug interactions involving antiretroviral agents are discussed in detail 
elsewhere. However, fluconazole (200 mg three times/week) co-administration sig-
nificantly increases nevirapine exposure [148].

Ibuprofen, is a chiral compound and the pharmacologically active S-enantiomer, 
which produces most of its analgesic effect, is metabolized primarily by 
CYP2C9. Fluconazole significantly increases the S-enantiomer C

max
, exposure, and 

its t
1/2

 [149].

15.7.1.7  Clinical Importance of Fluconazole Interactions Affecting  
CYP-Mediated Biotransformation of Other Drugs

Several interactions involving fluconazole are clinically significant. For example, the 
interaction between fluconazole and midazolam or triazolam produces significant 
and prolonged changes in these benzodiazepines’ pharmacological effects. Unless 
properly monitored interactions between fluconazole-cyclosporine, phenytoin and 
warfarin can produce significant toxicity. A case report with fatal outcome of patient 
administered fluconazole while receiving transdermal fentanyl illustrates the clinical 
significance of this interaction [162]. By reducing metabolite formation, the flucon-
azole-cyclophosphamide may exert a protective effect against toxicities associated 
with cyclophosphamide regimens, however further study is needed to determine the 
impact of this interaction on efficacy of such regimens [160]. In certain patient popu-
lations the potential for fluconazole to be co-administered with rifabutin is high. 
Thus, it is important that clinicians monitor for, and recognize rifabutin toxicities 
(uveitis, flu-like symptoms, and liver enzymes) [161]. Fluconazole co-administration 
with ibuprofen may increase the risk of concentration-dependent ibuprofen toxicity, 
including renal, cardiovascular, or gastrointestinal adverse effects [149].

15.7.1.8  Management of Fluconazole Interactions Affecting  
CYP-Mediated Biotransformation of Other Drugs

The interaction between fluconazole and triazolam, and perhaps midazolam, occurs 
with low doses of fluconazole, thus these combinations should be avoided. In 
patients receiving fluconazole, temazepam, oxazepam, and lorazepam may be alter-
natives to triazolam and midazolam. Other possible alternatives including diazepam 
and zolpidem require further study to determine their potential to interact with 
fluconazole.

When used with the calcineurin inhibitors, the lowest effective fluconazole dose 
should be employed and calcineurin inhibitor blood concentrations and renal function 
monitored accordingly. Phenytoin serum concentrations should be monitored prospec-
tively with the addition of fluconazole therapy. If the two are used together for prolonged 
times, clinicians should monitor for breakthrough fungal infections. The interaction 



536 P.O. Gubbins and J.R. Amsden

between fluconazole and warfarin cannot be avoided by reducing the fluconazole dose. 
Termination this interaction requires azole discontinuation and perhaps infusion of 
fresh-frozen plasma and administration of vitamin K to reverse excessive anticoagulation 
[120].Therefore, amphotericin B or an echinocandin should be used.

When using fluconazole and fentanyl concomitantly, respiratory depression may 
occur if the i.v. or transdermal fentanyl dose is not reduced and the patients are not 
monitored closely [144]. The use of rifabutin therapy in Mycobacterium avium 
infections is often unavoidable, therefore careful monitoring will be necessary 
[161]. Similar to fentanyl, a reduced ibuprofen dose should be used in patients 
receiving fluconazole. If the fluconazole-phenytoin interaction cannot be overcome 
by adjusting the fluconazole dose, or the patient is not responding to antifungal 
therapy, echinocandins or amphotericin B formulations should be considered.

15.7.2  Interactions that Induce Fluconazole Biotransformation

Although fluconazole undergoes minimal metabolism, co-administration with 
CYP3A4 inducers markedly reduce its exposure [163].

15.7.2.1  Clinical Importance of Interactions that Induce Fluconazole 
Biotransformation

Rifampin co-administration with fluconazole produces a clinically significant inter-
action [163]. Without adjusting fluconazole dosage, the resulting induction leads to 
undetectable or subtherapeutic serum fluconazole concentrations that could lead 
to therapeutic failure.

15.7.2.2  Management of Interactions that Induce Fluconazole 
Biotransformation

Often the induction of fluconazole CYP-mediated metabolism cannot be overcome 
by increasing its dose. However, in patients receiving rifampin, the dose of flucon-
azole should be doubled [163].

15.7.3  Fluconazole Interactions Affecting Conjugative 
Biotransformation of Other Drugs

Fluconazole lowers concentrations of the conjugative enzyme, uridine diphosphate 
glucuronosyl transferase (UDPGT) in rats [15]. In humans UDPGT catalyzes 
zidovudine metabolism to its major metabolite, zidovudine glucuronide [164]. 
Fluconazole (400 mg daily) co-administration significantly decreased zidovudine 
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CL/F and formation of zidovudine glucuronide, which increased zidovudine expo-
sure, C

max
, and t

1⁄2
 [164].

15.7.3.1  Clinical Importance and Management of Fluconazole  
Interactions Affecting Conjugative Biotransformation  
of Other Drugs

The clinical significance of the fluconazole-zidovudine interaction is undetermined. 
Patients receiving this combination should be monitored for zidovudine toxicity.

15.8  Interactions Involving Voriconazole

Drug interactions involving voriconazole are summarized in Tables 15.6 and 15.7.

Table 15.6 Voriconazole interactions affecting CYP-mediated biotransformation of other drugs

Drug Effect on drug (% change) Inhibition site Reference(s)

Benzodiazepines
Midazolam (oral) Hepatic and intestinal 

CYP3A4
[165]

+ VCZ po ↑C
max

 (259%); ↑AUC
(0-∞)

 
(840%) ↑t

1/2
 (252%); 

↓CL/F (91%)
a-OH-midazolam
+ VCZ po ↓C

max
 (6%); ↑AUC

(0-∞)
 

(149%); ↓Ratio(77%)
Midazolam (i.v.) Hepatic CYP3A4 [165]

+ VCZ po ↑AUC
(0-∞)

 (253%);↓CL 
(72%); ↑t

1/2
 (196%)

a-OH-midazolam
+ VCZ po ↓C

max
 (18%); ↑AUC

(0-∞)
 

(68%); ↑T
max

 (168%); 
↓Ratio (54%)

Diazepam ↑AUC
(0–48)

 (39%); 
↑AUC

(0-∞)
 (123%); ↑t

1/2
 

(97%); ↓CL/F (47%)

Hepatic CYP2C19 and 
CYP3A4

[140]

N-Desmethyldiazepam ↓C
48 h

 (48%); ↓AUC
(0–48)

 
(64%); ↓AUC

ratio
 (71%)

Hepatic CYP2C19 [140]

Calcineurin inhibitors
Cyclosporine ↑C

min
 (248%); ↑AUC

(0–12)
 

(70%)
Hepatic and intestinal 

CYP3A and P-gp
[166]

Tacrolimus ↑C
min

 great than predicted Hepatic intestinal 
CYP3A

[167, 168]

Analgesics and anti-inflammatory agents
Ibuprofen (S-enantiomer) ↑AUC

(0–24)
 (103%); ↑C

max
 

(19%); ↑t
1/2

 (33%)
Hepatic CYP2C9 [149]

(continued)
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Table 15.6 (continued)

Drug Effect on drug (% change) Inhibition site Reference(s)

Alfentanil ↑AUC
(0–10)

 
(264%);↑AUC

(0-∞)
 

(444%) ↑t
1/2

 
(340%);↓CL (85%); 
↓V

ss
 (28%)

Hepatic CYP3A4 [169]

Fentanyl ↓CL (24%); ↑AUC
(0-∞)

 
(39%);

Hepatic CYP3A4 [144]

 Norfentanyl ↓ AUC
(0-∞)

 (56%); ↓Ratio 
(67%)

Methadone ↑AUC
(0–24)

 (44%); ↑C
max

 
(30%)

Hepatic CYP2B6, 3A, 
2C9 and 2C19

[170]

Oxycodone ↑C
max

 (69%); ↑AUC
(0-∞)

 
(257%); ↓CL/F (71%); 
↑t

1/2
 (102%)

Hepatic CYP3A4 [171]

Noroxycodone ↓C
max

 (87%); ↓AUC
(0-∞)

 
(67%); ↓Ratio(92%); 
↑t

1/2
 (106%)

Oxymorphone ↑C
max

 (104%); ↑AUC
(0-∞)

 
(597%); ↑Ratio(100%); 
↑t

1/2
 (541%)

Noroxymorphone ↓C
max

 (88%); ↓AUC
(0-∞)

 
(49%); ↓Ratio(87%); 
↑t

1/2
 (218%)

Meloxicam ↑AUC
(0–72)

 (46%); ↑t
1/2

 
(50%)

HepaticCYP2C9 and 
CYP3A4

[93]

Diclofenac ↑AUC
(0-∞)

 (77%); ↑C
max

 
(114%)

HepaticCYP2C9/19 
and CYP3A4

[172]

Etoricoxib ↑AUC
(0-∞)

 (49%) Hepatic CYP3A [173]

Miscellaneous drugs
Warfarin Inhibits S-warfarin 

metabolic 
pathway » 41%

Hepatic CYP2C9 [174]

Phenytoin ↑AUC
(0–24)

 (80%); ↑C
max

 
(70%)

Hepatic CYP2C9 and 
CYP3A4

[175]

Efavirenz (400 mg/day) Hepatic CYP2B6 [176]
+ VCZ 200 mg B.I.D ↑AUC

(0–24)
 (44%); ↑C

max
 

(37%)
Efavirenz (300 mg/day)a Less inhibition with 

lower efavirenz 
dose and higher 
voriconazole dose

[177]
+ VCZ 300 mg Q12 h ↓AUC

(0–24)
 (8%); ↓C

max
 

(18%)
+ VCZ 400 mg Q12 h ↑AUC

(0–24)
 (6%); ↓C

max
 

(10%)
Ritonavir

400 mg B.I.D None
100 mg B.I.D ↓AUC

(0–12)
 (18%); ↓C

max
 

(30%); ↓C
min

 (22%)
Unknown [178]

a Values compared to Efavirenz 600 mg/day
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15.8.1  Voriconazole Interactions Involving Gastric  
pH and Motility

Voriconazole co-administration with high fat meals reduces the absolute bioavail-
ability by 22%, and C

max
 by 34% [17].

15.8.1.1  Clinical Importance of Voriconazole Interactions  
Involving Gastric pH or Motility Interactions

When considered alone, the clinical significance of the impact of food on voricon-
azole disposition is minimal.

Table 15.7 Interactions that induce voriconazole biotransformation

Drug
Effect on voriconazole  
(% change) Comments Reference(s)

Phenytoin CYP 3A4, 2 C9/19 
induction

[175]

 + VCZ 200 mg 
B.I.D

↓AUC
(0–12)

 (64%); ↓C
max

 
(39%)

 + VCZ 400 mg 
B.I.Da

↑AUC
(0–12)

 (39%); ↑C
max

 
(34%)

Doubling dose compen-
sated induction

Ritonavir (Chronic 
dose study)

CYP2C19 and CYP2C9 
induction

[178]

 400 mg B.I.D ↓AUC
(0–12)

 (84%); ↓C
max

 
(66%)

 100 mg B.I.D ↓AUC
(0–12)

 (27%); ↓C
max

 
(16%)

Ritonavir (Acute 
dose study)

↑AUC
(0-∞)

 (354%); ↑C
max

 
(17%);↓CL/F (43%)

CYP 3A4 inhibition [179]

Efavirenz (400 mg/
day)

↓AUC
(0–24)

 (78%); ↓C
max

 
(62%)

CYP2C19/9 and CYP3A4 
induction; greater effect 
with standard 600 mg 
dose?

[176]

 + VCZ 200 mg 
B.I.D

Efavirenz (300 mg/
day)b

Less induction with lower 
efavirenz dose and 
higher voriconazole 
dose

[177]

 + VCZ 300 mg 
Q12 h

↓AUC
(0–12)

 (48%); ↓C
max

 
(27%)

 (VCZ-N-oxide) None
 + VCZ 400 mg 

Q12 h
↑AUC

(0–24)
 (4.5%); ↑C

max
 

(28%)
 (VCZ-N-oxide) ↑AUC

(0–24)
 (41%); ↑C

max
 

(45%)
a Values compared to Voriconazole 200 mg
b Values compared to Voriconazole 400 mg/day
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15.8.1.2  Management of Voriconazole Interactions Involving  
Gastric pH Interactions and Motility

The voriconazole-food interaction can be managed by separating the doses from 
meals or by therapeutic drug monitoring. Separating the voriconazole dose by more 
than 1 h pre – or post a meal, should maintain its high oral bioavailability [17].

15.8.2  Voriconazole Interactions Affecting CYP-Mediated 
Biotransformation of Other Drugs

15.8.2.1  Benzodiazepines

Voriconazole co-administration significantly reduces i.v. midazolam CL and 
nearly triples its t

1/2
 [165]. Voriconazole co-administration also significantly 

increases oral midazolam exposure, C
max,

 and bioavailability [165]. Voriconazole 
profoundly enhanced the pharmacological effects oral midazolam, more so than 
intravenous midazolam. Voriconazole co-administration significantly increases 
diazepam exposure, but does not enhance the pharmacological effects of this ben-
zodiazepine [140].

15.8.2.2  Calcineurin Inhibitors and Proliferation Signal Inhibitors

Voriconazole co-administration significantly increases cyclosporine exposure and 
C

min
 [166].The magnitude of this interaction is similar to that observed with tac-

rolimus and voriconazole [142, 166]. However, the interaction between voricon-
azole and tacrolimus observed in vivo is much greater than that predicted by in vitro 
studies [167, 168]. Whether administered orally or via i.v., voriconazole interacts 
with the calcineurin inhibitors with considerable interpatient variability [142]. In 
healthy adults voriconazole reportedly increases systemic sirolimus exposure 
11-fold [180]. A case report describing the management of a pharmacokinetic drug 
interaction between everolimus and voriconazole suggest that the dose of everoli-
mus should be reduced to avoid overexposure, and that reduction should probably 
be more when administered with voriconazole than other triazoles (e.g. 
fluconazole) [159].

15.8.2.3  Analgesics and Anti-inflammatory Agents

Voriconazole co-administration with ibuprofen produces effects on the pharmacoki-
netics of the pharmacologically active ibuprofen S-enantiomer similar to those 
observed with fluconazole co-administration (significantly increases in plasma 
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S-ibuprofen C
max

, exposure, and t
1⁄2

) [149]. Alfentanil, a short-acting, synthetic opioid 
analgesic used as anesthesia during painful diagnostic and therapeutic procedures, is 
a CYP3A4 substrate. Voriconazole co-administration significantly decreases the 
mean alfentanil plasma CL; increases exposure (sixfold) and prolongs its t

1/2
 [169]. 

Similar to fluconazole, oral voriconazole significantly increases fentanyl exposure, 
and decreases its CL, and norfentanyl exposure [144]. Voriconazole likely inhibits 
CYP3A-mediated norfentanyl formation. Methadone hydrochloride, is a chiral com-
pound with a pharmacologically active R-enantiomer. The oxidative metabolism of 
methadone involves multiple CYP enzymes including, but not limited to, CYP2B6, 
CYP3A4, CYP2C19, and CYP2C9. Voriconazole significantly increases R-methadone 
exposure (47.2%) and C

max
 (30.7%) [170]. Voriconazole co-administration with oxy-

codone can significantly decrease first-pass metabolism of oxycodone by inhibiting 
its CYP3A4-mediated pathway of metabolism [171].This can produce compensatory 
changes in oxymorphone pharmacokintetics mediated by CYP2D6, which voricon-
azole does not inhibit [171]. Despite these changes, the interaction only modestly 
enhances the pharmacological effects of oxycodone [171].

Meloxicam is extensively metabolized by hepatic CYP2C9, and somewhat by 
CYP3A4 [93]. Voriconazole co-administration markedly increases meloxicam 
exposure and prolongs its t

1/2
, but does not affect its C

max
 [93]. Diclofenac is exten-

sively metabolized by hepatic CYP2C9, and somewhat by CYP2C19 and CYP3A4 
[172]. Voriconazole co-administration can significantly increase diclofenac expo-
sure, and C

max
, but does not affect its t

1/2
 [172]. The interaction likely results from 

inhibition of the first-pass metabolism of diclofenac [172]. Etoricoxib, undergoes 
negligible first pass metabolism. However it is extensively metabolized by hepatic 
CYP, primarily by CYP3A4, but CYP2C9, 2 C19, 2D6, and 1A2 also contribute to 
a lesser extent. Voriconazole co-administration can moderately increase single dose 
etoricoxib exposure, C

max
, and t

1/2
 [173].

15.8.2.4  Miscellaneous Drugs

Voriconazole interacts with several other medicines including warfarin, phenytoin, 
efavirenz. Voriconazole co-administration significantly enhances the pharmacologi-
cal effects of warfarin [174]. The interaction can increase prothrombin time by 100% 
from baseline and can persist for upto 6 days [174]. Steady state plasma phenytoin 
concentrations and exposure increase dramatically following repeated administration 
of oral voriconazole (400 mg twice daily for 10 days) [175]. However, as discussed 
below, this interaction is bi-directional. Efavirenz is a CYP3A4 and CYP2B6 sub-
strate and it undergoes glucuronidation. In addition, it inhibits CYP2C9, CYP2C19 
and CYP3A4 and induces CYP3A4 in a concentration-dependent manner [181, 182]. 
Drug interactions involving antiretroviral agents are discussed in detail elsewhere. 
However, in healthy volunteers co-administration of voriconazole (400 mg daily in 
divided doses) with efavirenz (400 mg daily), can moderately increase efavirenz 
exposure and C

max
 [176]. Doubling the voriconazole dose (800 mg daily in divided 
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doses) and lowering the efavirenz dose 25% (300 mg daily) minimizes changes in 
efavirenz pharmacokinetic values [177]. This interaction is likely due to voriconazole 
inhibition of CYP2B6 [59]. However, as discussed below, efavirenz produced more 
significant changes in voriconazole disposition [176, 177]. Voriconazole had no 
apparent effect on steady-state high-dose (400 mg twice daily) ritonavir exposure, but 
did slightly reduce C

max
 of low-dose (100 mg twice daily). The mechanism of this 

effect is not clear [178]. Voriconazole may also interact with other antiretrovirals, 
calcium channel blockers, omeprazole, quinidine, rifabutin, the statins, sulfonylureas, 
and vinca alkaloids, and but data describing these interactions are lacking [183].

15.8.2.5  Clinical Importance of Voriconazole Interactions  
Affecting CYP-Mediated Biotransformation of Other Drugs

Voriconazole interactions with midazolam, the calcineurin inhibitors, sirolimus ibu-
profen, alfentanil, fentanyl and warfarin are clinically significant. Voriconazole 
increases and prolongs the effects of commonly used hypnotic doses of oral mida-
zolam to the extent that its pharmacological effects are no longer considered “short 
acting”. The use of voriconazole with oral midazolam should be avoided. The inter-
action between i.v. midazolam and oral voriconazole is also significant. If high 
doses of i.v. midazolam are co-administered with voriconazole, the doses should be 
adjusted and the patients should be monitored closely.

The impact of voriconazole on cyclosporine and tacrolimus pharmacokinetics 
are qualitatively similar and are likely to become clinically significant if appropriate 
dose modifications are not made with the use of therapeutic drug monitoring.

Voriconazole co-administration with ibuprofen may increase the risk of concentration-
 dependent ibuprofen toxicity, including renal, cardiovascular, or gastrointestinal adverse 
effects [149]. The interaction between voriconazole and alfentanil is probably only 
significant when larger alfentanil doses are given either by intermittent bolus or con-
tinuous infusion. In these cases extubation procedures may be delayed, more nausea 
and vomiting may be observed, and respiratory depression can occur. Although there 
have been no case reports, the voriconazole-fentanyl interaction is as clinically signifi-
cant as that of fluconazole and fentanyl. Given the danger of prolonged and excessive 
anticoagulation, the voriconazole–warfarin interaction is clinically significant.

15.8.2.6  Management of Voriconazole Interactions Affecting  
CYP-Mediated Biotransformation of Other Drugs

The use of oral midazolam with voriconazole should be avoided, or substantially 
lower doses should be used. To manage the voriconazole-calcineurin inhibitors 
interactions, uniform dose reduction of calcineurin inhibitors 50–66% has been 
recommended. However, given the substantial interpatient variability associated 
with this interaction, dosage adjustments should be individualized [142]. The con-
comitant use of fluconazole and sirolimus is contraindicated. Even though there are 
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retrospective data, including a moderately sized (n = 31 cases) medical record 
review, that suggest this significant interaction may be clinically manageable, the 
combination should be avoided until there are prospective data further characteriz-
ing the interaction [183].

Caution should be exercised when using alfentanil with voriconazole. Alfentanil 
dosage adjustments are not needed if only small bolus alfentanil doses are adminis-
tered during voriconazole treatment. However, patients receiving larger alfentanil 
doses as repetitive bolus or continuous infusion, may require 70–90% reductions in 
alfentanil dosage for the maintenance of analgesia [169]. In patients receiving war-
farin who require voriconazole therapy, the warfarin dose should be reduced accord-
ing to INR and prothrombin time values.

15.8.3  Interactions that Induce Voriconazole  
Biotransformation

Co-administration of voriconazole with CYP inducers (i.e. phenytoin, ritonavir, efa-
virenz) can significantly reduce its serum concentrations, which could lead to thera-
peutic failure [16, 24, 184].

15.8.3.1  Phenytoin

The interaction between voriconazole and phenytoin is bi-directional. Initially, 
repeated administration of oral voriconazole increases steady-state phenytoin con-
centrations and exposure [172]. However, phenytoin (300 mg/day) co-administration 
for 2 weeks significantly reduces steady state voriconazole C

max
, and exposure for up 

to 12 h postdose [175].

15.8.3.2  Antiretroviral Agents

Voriconazole plasma concentrations increase with acute co-administration of 
 ritonavir, particularly among the CYP2C19 PM phenotype [179]. The increase 
results from CYP3A4 inhibition by ritonavir [179]. However, with chronic co-
administration, ritonavir significantly reduces voriconazole exposure in a dose 
dependent fashion [178]. This interaction likely results from ritonavir induction of 
CYP2C19/2C9.

Efavirenz (400 mg daily) co-administration with voriconazole (400 mg daily in 
divided doses) decreases voriconazole exposure and C

max
 [176]. However, this com-

plex interaction is mitigated by doubling the voriconazole dose (800 mg daily in 
divided doses) and lowering the efavirenz 25% (300 mg daily) [177]. The interaction 
is caused by efavirenz induction of CYP3A4, and possibly CYP2C19 or CYP2C9 
[176, 177].
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15.8.3.3  Miscellaneous Drugs

Voriconazole may also be induced by co-administration with phenobarbital, car-
bamazepine, rifampin, or other CYP inducers, but data from well controlled studies 
describing these interactions are lacking.

15.8.3.4  Clinical Importance of Interactions that Induce Voriconazole 
Biotransformation

Interactions that reduce voriconazole serum concentrations are clinically significant 
because they can precipitate therapeutic failure.

15.8.3.5  Management of Interactions that Induce Voriconazole 
Biotransformation

In many cases, given the magnitude of the interaction, induction of voriconazole can-
not be completely overcome by increasing the voriconazole dose or reducing the dose 
of the CYP inducer. Therefore, the concomitant use of certain drugs (rifabutin, 
rifampin, phenobarbital, and carbamazepine) are contraindicated. While doubling the 
voriconazole dose may compensate for the effect of phenytoin on plasma voricon-
azole levels in healthy volunteers [175], this may not work in clinical practice [185].

15.9  Interactions Involving Posaconazole

Drug interactions involving posaconazole are summarized in Tables 15.8 and 15.9.

15.9.1  Posaconazole Interactions Involving Gastric  
pH and Motility

Antacid co-administration with an unmarketed form of posaconazole suggested that 
elevations in gastric pH did not impact posaconazole absorption [190]. However, a 
well designed study using the currently marketed suspension, and esomeprazole 
clearly demonstrates that posaconazole absorption is significantly impacted by 
changes in pH, and by food [20]. Co-administration with esomeprazole reduces 
posaconazole C

max
 and exposure [20]. Regardless of fat content, solid or liquid food 

significantly increases posaconazole systemic availability [21, 22, 190]. Increases 
in gastric emptying caused by metoclopramide may result in clinically insignificant 
reductions in C

max
 and exposure [20].
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Table 15.8 Posaconazole interactions affecting CYP-mediated biotransformation of other drugs

Drug Effect on drug (% change) Inhibition site Reference(s)

Benzodiazepines
Midazolam (oral) Hepatic CYP3A; perhaps 

intestinal CYP3A
[186]

+ PCZ 200 mg B.I.D ↑C
max

 (120%); ↑AUC
(0-∞)

 
(398%); ↑t

1/2
 (112%); 

↓CL/F (81%)
+ PCZ 400 mg B.I.D ↑C

max
 (133%); ↑AUC

(0-∞)
 

(426%); ↑t
1/2

 (162%); 
↓CL/F (82%)

Midazolam (i.v.) Hepatic CYP3A [186]
+ PCZ 200 mg B.I.D ↑C

max
 (30%); ↑AUC

(0-∞)
 

(342%); ↑t
1/2

 (130%); 
↓CL/F (76%)

+ PCZ 400 mg B.I.D ↑C
max

 (68%); ↑AUC
(0-∞)

 
(523%); ↑t

1/2
 (130%); 

↓CL/F (83%)

Calcineurin

Inhibitors
Tacrolimus ↑C

max
 (114%); ↑AUC

(0-∞)
 

(323%); ↑t
1/2

 (24%); 
↓CL/F (80%)

Hepatic CYP3A; perhaps 
intestinal 
CYP3A/P-gp

[187]

Miscellaneous Drugs
Sirolimus ↑C

max
 (537%); ↑AUC

(0-∞)
 

(690%); ↑t
1/2

 (52%); 
↓CL/F (89%); ↓Vd/F 
(80%)

Hepatic CYP3A4 [188]

Atazanavir Hepatic CYP3A4 [189]
+ PCZ ↑C

max
 (115%); ↑AUC

(0–24)
 

(209%); ↑t
1/2

 (90%); 
↓CL/F (81%); ↓Vd/F 
(56%)

+ PCZ + RTV ↑C
max

 (47%); ↑AUC
(0–24)

 
(140%);↓CL/F (60%)

Ritonavir (+ Atazanavir) Hepatic CYP3A4 [189]
+ PCZ ↑C

max
 (27%); ↑AUC

(0–24)
 

(63%); ↑t
1/2

 
(30%);↓CL/F (51%) 
↓Vd/F (31%)

Table 15.9 Interactions that induce posaconazole biotransformation or inhibit its absorption

Drug
Effect of Itraconazole  
(% change) Mechanism Reference(s)

Gastric pH

Modifiers
Esomeprazole ↓C

max
 (49%); AUC (34%) ↑ gastric pH and ↓ absorption [20]

Inducing agents
Efavirenz ↓C

max
 (40%); ↓AUC

(0–24)
 

(46%); ↑CL/F (99%)
Induction of UGT-mediated 

Glucuronidation
[189]



546 P.O. Gubbins and J.R. Amsden

15.9.1.1  Clinical Importance of Posaconazole Interactions  
Involving Gastric pH Interactions

Reduced posaconazole absorption may lead to therapeutic failure. However, ele-
vated gastric pH interactions with posaconazole are unavoidable in certain patients.

15.9.1.2  Management of Posaconazole Interactions Involving  
Gastric pH Interactions

Posaconazole interactions involving alterations in gastric pH may be managed by 
administering posaconazole in three or four divided doses; with or after a high-fat 
meal or any meal; or with a nutritional supplement, or an acidic beverage [20].

15.9.2  Posaconazole Interactions Affecting CYP-Mediated 
Biotransformation of Other Drugs

15.9.2.1  Benzodiazepines

Posaconazole significantly inhibits CYP3A metabolism of intravenous or oral mida-
zolam [186]. Posaconazole (200 or 400 mg BID) co-administration significantly 
increases oral midazolam (2 mg) exposure, C

max
, more than doubles its T

1/2
 and pro-

longs its T
max

 [186]. Similar changes were seen when posaconazole (200 or 400 mg 
BID) was co-administration i.v. midazolam [186]. Posaconazole likely interacts 
with other benzodiazepines that are CYP3A4 substrates (triazolam, alprazolam, 
etc.), but data regarding such interactions are lacking.

15.9.2.2  Calcineurin Inhibitors and Proliferation Signal Inhibitors

Posaconazole significantly interacts with the calcineurin inhibitors. However, the 
magnitude of the interaction with cyclosporine is much less than with the other 
azoles [187]. However, these data are derived from a small number of patients 
(n = 4), using an unmarketed posaconazole tablet rather than the marketed suspen-
sion, and a lower dose (200 mg once daily) given less frequently than is currently 
recommended [187]. However, a simulation to predict what the interaction with 
cyclosporine would be at a clinically relevant dose (600 mg/divided in three doses) 
revealed cyclosporine concentrations would increase 50% [187]. A significant inter-
action (increased exposure, C

max
, t

1/2
, and reduced CL/F) between posaconazole sus-

pension and single-dose tacrolimus has also been reported [187].
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Posaconazole suspension (400 mg twice daily) significantly altered the single 
dose pharmacokinetics of sirolimus in 12 healthy adults. Posaconazole increased 
sirolimus exposure, C

max
, and t

1/2
 [188]. In addition, the interaction reduced  sirolimus 

apparent volume of distribution (Vd/F), and CL/F, 80% and 88%, respectively [188]. 
The interaction is likely due to posaconazole inhibition of CYP3A-mediated siroli-
mus metabolism [188]. Whether, P-gp inhibition by posaconazole contributed to 
this interaction is unknown.

15.9.2.3  Phenytoin

One parallel-designed interaction study demonstrated a bi-directional interaction 
between posaconazole and phenytoin. Posaconazole co-administration produced 
modest, but not statistically significant increases in steady state phenytoin C

max
 

(24%), exposure (25%), and relative bioavailability (15.5%) which are not consid-
ered clinically significantly [191]. However, this study used a small number of 
healthy volunteers (three groups, n = 12/group), who did not serve as their own con-
trols and received substandard doses of posaconazole tablets (200 mg/day), and 
phenytoin (200 mg/day). Whether these limitations impacted the magnitude of the 
observed interaction is unclear. How posaconazole produces these modest changes 
in phenytoin disposition is unknown.

15.9.2.4  Miscellaneous Drugs

Posaconazole interacts with several other medicines including atazanavir, ritonavir 
and rifabutin. Drug interactions involving antiretroviral agents are discussed in 
detail in elsewhere. However, healthy volunteers in part 1 of a 2-part crossover 
study received the protease inhibitor atazanavir alone, and then co-administered 
with either ritonavir or posaconazole. In addition subjects received all three con-
comitantly [189]. Atazanavir and ritonavir are CYP3A4 substrates and inhibitors. 
When administered concomitantly with atazanavir, ritonavir and posaconazole each 
increased the protease inhibitor’s concentration and exposure via CYP3A4 inhibi-
tion [189]. Compared to when atazanavir was administered alone, posaconazole 
co-administration (400 mg twice daily for 7 days) increased atazanavir exposure, 
C

max
, and t

1/2
 [189]. In addition, the interaction reduced atazanavir Vd/F, and CL/F 

[189]. However, because both ritonavir and posaconazole inhibit CYP3A4, when all 
three were administered together no additional increases in the concentrations and 
exposure of atazanavir were observed compared with ritonavir and atazanavir 
administration together [189]. In this study, posaconazole co-administration mod-
estly increased ritonavir exposure and C

max
 compared with ritonavir and atazanavir 

administration alone [189].
Steady state plasma rifabutin exposure and C

max
 increase 72% and 31%, 

respectively following repeated administration of an unmarketed posaconazole 
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tablet (200 mg once daily for 10 days) in healthy volunteers [192]. However, as 
discussed below, this interaction is bi-directional.

Posaconazole may also interact with other antiretrovirals, calcium channel 
blockers, omeprazole, the statins, and vinca alkaloids, but data describing these 
interactions are lacking.

15.9.2.5  Clinical Importance of Posaconazole Interactions Affecting  
CYP-Mediated Biotransformation of Other Drugs

Posaconazole interactions with midazolam, the calcineurin inhibitors, and sirolimus 
are clinically significant. Similar to the other azole, the posaconazole-calcineurin 
inhibitor interactions are clinically significant when clinicians fail to properly moni-
tor blood concentrations and make dosage adjustments accordingly. More impor-
tantly, all of these interactions illustrate that even drugs like posaconazole that are 
minimally metabolized by CYP3A4 can potently inhibit this important enzyme. 
Clinicians may miss or confuse this point and mistakenly believe that because 
posaconazole is a poor CYP3A4 substrate, it will be relatively devoid of drug 
interactions.

15.9.2.6  Management of Posaconazole Interactions Affecting  
CYP-Mediated Biotransformation of Other Drugs

Data regarding the management of patients receiving benzodiazepines, other than 
midazolam, and concomitant posaconazole therapy are lacking. Clinicians should 
consider empirical dose adjustments, and monitoring of benzodiazepine adverse 
events in patients receiving midazolam or other benzodiazepines that are metabo-
lized by CYP3A4 (e.g., triazolam, alprazolam).

Depending on the suspected pathogen, the interaction between the azoles and 
calcineurin inhibitors may be unavoidable. Management of these interactions neces-
sitates monitoring, adjusting, or substituting calcineurin inhibitor therapy. 
Empirically derived dose adjustments are a good starting point to manage these 
interactions. A small retrospective study of lung transplant recipients receiving pos-
aconazole and tacrolimus suggests the interaction may be safely managed by an 
empirical reduction in the tacrolimus dose by a factor of 3, with subsequent tapering 
to a mean of 2 mg daily [193]. However, to adequately manage these interactions, 
blood concentrations of the calcineurin inhibitors should be obtained before, during, 
and after azole use. Any dose adjustment should be based upon the objective results 
of these blood concentration data. The combination of posaconazole and sirolimus 
should be avoided until this interaction is more thoroughly characterized in a larger 
study in patients.
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15.9.3  Interactions that Induce Posaconazole  
Biotransformation

Co-administration of posaconazole with CYP inducers (i.e. phenytoin, ritonavir, 
efavirenz) can significantly reduce its serum concentrations, which could poten-
tially lead to therapeutic failure. As discussed above, one study demonstrated that 
posaconazole interacts with phenytoin. Despite the limitations of that study, which 
were previously mentioned, steady state posaconazole exposure and C

max
 were sig-

nificantly reduced by phenytoin co-administration. There was also a 57% reduction 
in posaconazole t

1/2
 and a 90% increase in its steady-state CL [191]. Rifabutin 

reduces the posaconazole tablets C
max

 and AUCt by 43% and 49%, respectively 
[192]. Co-administration of efavirenz (400 mg once daily for 10 days) decreased 
posaconazole exposure and C

max
 [189]. Posaconazole undergoes glucuronidation 

via UGT1A4 and phenytoin, rifabutin and efavirenz all induce UGT activity [189]. 
Therefore, in all these interactions are believed to result from or be due in part to 
induction of UGT-mediated posaconazole glucuronidation [189, 191, 192].

15.9.3.1  Clinical Importance of Interactions that Induce Posaconazole 
Biotransformation

Interactions that induce posaconazole biotransformation are potentially clinically 
significant because they may precipitate therapeutic failure. In addition, these inter-
actions are often bi-directional and may at times increase the risk of toxicity associ-
ated with the inducer.

15.9.3.2  Management of Interactions that Induce Posaconazole 
Biotransformation

Because these interactions are bi-directional, increased plasma concentrations of 
phenytoin, rifabutin and efavirenz should be expected when these drugs are co-
administered with posaconazole. Thus, frequent adverse events and toxicity moni-
toring is recommended. However, if possible avoid these combinations due to the 
decreased posaconazole exposure and subsequent risk for therapeutic failure.

15.10  Echinocandins

There have been very few reported drug-drug interactions with this class. The inter-
actions reported to date have involved caspofungin and micafungin, but not anidu-
lafungin. The mechanism(s) behind those that have been reported are largely 
unknown.
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15.10.1  Interactions Involving Echinocandins

15.10.1.1  Calcineurin Inhibitors

Early studies involving very few patients raised concerns about the potential for the 
co-administration of caspofungin and cyclosporine to produce additive or synergis-
tic hepatotoxicity. However, with more widespread use experience with this combi-
nation has demonstrated that the combination is well tolerated and these concerns 
have dissipated. There are few published data describing drug interactions with 
micafungin. Data suggest that micafungin does not significantly interact with tac-
rolimus [194]. Micafungin does interact with cyclosporine. In most individuals 
micafungin mildly inhibits cyclosporine metabolism, but the interaction varies in 
magnitude, and in rare cases a clinically significant increase in cyclosporine con-
centrations can occur [195].

15.10.1.2  Miscellaneous Drugs

Caspofungin, is not a CYP substrate or inhibitor, and at concentrations achieved 
clinically, it does not inhibit P-gp [37]. However, co-administration of rifampin pro-
duces both an inhibitory and an induction effect on caspofungin disposition, with an 
overall effect being slight induction at steady state [196]. In the initial days of con-
comitant therapy rifampin produced a transient increase in caspofungin plasma con-
centration [196]. This interaction occurred during the b distribution phase of 
caspofungin, which suggests that rifampin inhibits the uptake of caspofungin into 
tissues. The mechanism for this interaction is believed to involve OATP. Caspofungin 
and rifampin are OATP1B1 substrates and rifampin is an inhibitor of this transport 
protein [37]. Inhibition of OATP1B1 could reduce caspofungin distribution and lead 
to increases in concentrations of and exposure to this agent [36, 37, 196]. Ultimately, 
continued rifampin co-administration produced continually declining C

min
 over a 

2 week period. This part of the interaction may have been due to induction of tissue 
uptake of caspofungin by rifampin [196].

15.10.1.3  Clinical Importance of Interactions Involving Echinocandins

The interaction between cyclosporine and micafungin is significant only in those 
individuals with a very high cyclosporine CL/F. These individuals cannot be identi-
fied by obtaining a single cyclosporine blood concentration.

It is unlikely that the initial transient increase in serum caspofungin concentra-
tions produced by rifampin co-administration are clinically important. However, the 
continuing decline in caspofungin concentrations as therapy continued, could pre-
cipitate therapeutic failure [196].
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15.10.1.4  Management of Interactions Involving Caspofungin

When micafungin is co-administered with cyclosporine, it is difficult to identify 
patients in who will have a clinically significant interaction. Therefore, in these 
patients careful monitoring of cyclosporine blood concentrations, and dosage 
adjustment as needed are recommended upon initiating or discontinuing micafungin 
therapy.

A reduction in caspofungin dose is not necessary for the transient elevation in 
caspofungin plasma concentrations when rifampin and caspofungin are initiated on 
the same study day. When rifampin is added to caspofungin therapy, an increase 
in the daily caspofungin maintenance dose from 50 to 70 mg should be 
considered [196].

15.11  Summary

The myriad of potential drugs that antifungal agents can interact with is daunting 
and can be confusing. Antifungal agents differ markedly in their pharmacokinetic 
properties and in how the interact with other medicines. The clinical relevance of 
antifungal-drug interactions varies substantially. While certain interactions are 
benign and result in little or no untoward clinical outcomes, others can produce 
significant toxicity or compromise efficacy if not properly managed. However, 
certain interactions produce significant toxicity or compromise efficacy to such an 
extent that they cannot be managed and the particular combination of antifungal 
and interacting medicine should be avoided. The amphotericin B formulations 
interact with other medicines by reducing their renal elimination or producing 
additive toxicities. However, among the several classes of antifungal agents, drug 
interactions are most common with the triazole class (fluconazole, itraconazole, 
voriconazole and posaconazole), due primarily to their ability to inhibit CYP. As 
a class these agents inhibit several CYP isoforms including CYP2C9, and 
CYP2C19 (fluconazole and voriconazole), and CYP3A4 (all agents). In addition, 
while they all inhibit CYP3A4, they do so to different degrees (e.g. itraconazole 
and voriconazole are the strong CYP3A4 inhibitors, whereas fluconazole is a 
moderate inhibitor). Therefore, collectively this class interacts with a vast array of 
medicines and the degree of interaction is often triazole specific. While the poten-
tial drug interaction profile of this class is vast, the most clinically significant 
interactions with the triazoles involve benzodiazepines and anxiolytics, immuno-
suppressants (i.e. calcineurin inhibitors, proliferation signal inhibitors, corticos-
teroids), the “statins”, certain types of calcium channel blockers, phenytoin and 
warfarin. The echinocandins have the lowest propensity to interact with other 
medicines.
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Abstract Malaria is one of the most important infectious diseases in the world. 
Disease caused by Plasmodium falciparum, the most virulent human malaria 
 parasite, is responsible for approximately 243 million cases of malaria yearly, 
accounting for ~863,000 deaths. Artemisinin combination therapy (ACT) is the 
mainstay of treatment for malaria today due to resistance to older drugs and is now 
recommended by the World Health Organization for treatment of uncomplicated 
malaria. ACT drugs are very effective clinically; include two drug combinations of 
a short acting artemisinin drug coupled with a long acting partner drug and exhibit 
complex pharmacology making them susceptible to drug-drug interactions, espe-
cially during treatment for coinfections including HIV and tuberculosis. Alterations 
in ACT exposure may impact response to malaria therapy and increase risk for 
development of drug resistance. If resistance were to arise for ACT, this would have 
devastating consequences in regions such as sub-Saharan Africa. This chapter will 
discuss pharmacokinetic and pharmacodynamic interactions involving current 
ACTs: artemether-lumefantrine, dihydroartemisinin-piperaquine, artesunate in 
combination with amodiaquine as well as summarize data relevant to older antima-
larial drugs include mefloquine and sulfadoxine–pyrimethamine. In addition, drug 
interactions involving other antimalarials (atovaquone, proguanil, chloroquine, 
mefloquine, quinine) recommended for prophylactic use and for treatment of 
malaria will also be discussed.
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16.1  Malaria and Its Treatment

Malaria is a serious and sometimes fatal disease with over 243 million new cases 
and up to 1 million deaths annually worldwide [1]. Transmitted by Anopheles mos-
quitoes, malaria primarily afflicts young children in sub-Saharan Africa and South 
Asia, leading to fever and nonspecific symptoms [2]. Malaria has a devastating eco-
nomic impact on already impoverished countries. Increasing predominance and 
expanding geographical distribution of resistant strains of Plasmodium falciparum 
malaria has led to a demand for novel antimalarial treatment.

Up until recently, the management of malaria has relied upon the use of antima-
larial agents such as chloroquine, sulfadoxine/pyrimethamine (SP) and meflo-
quine. Chloroquine and SP are inexpensive but their use has been limited by the 
development and spread of drug resistance [3]. Chloroquine became widely used 
in 1946. In 1957, the emergence of chloroquine resistant P. falciparum was identi-
fied in Southeast Asia which led to its diminishing use over the next several decades 
[4]. Resistance to SP was reported in 1967 in the Thai-Cambodia border, within the 
same year after the drug was introduced [5]. Mefloquine resistance, although com-
paratively more rare, was identified in 1982 after 5 years of use clinically [6].

In 2001, due to increasing resistance to the mainstays of antimalarial therapy, 
chloroquine and SP, the World Health Organization (WHO) recommended artemisi-
nin-based combination therapy (ACT) for the treatment of uncomplicated malaria 
[7]. ACTs are very potent drugs that include two drug components; a short-acting 
artemisinin derivative that rapidly diminishes parasite burden and fever, partnered 
with a longer-acting, less potent drug responsible for eradicating residual parasites 
and protecting against artemisinin resistance [8]. The two most widely adopted 
ACTs in Africa are artemether-lumefantrine (AL) and artesunate-amodiaquine (AS/
AQ) [9]. A third and promising ACT is dihydroartemisinin-piperaquine (DP) [10]. 
The partner drug piperaquine (PQ) has a uniquely long half-life of ~21–28 days, 
longer than most other current partner drugs (lumefantrine t ½ approximately 
3–4 days) [11]. While all three regimens display unique PK/PD, all have proven to 
be highly effective through numerous clinical trials [12].

The extent of exposure to ACT may impact clinical outcomes [13]. For example, 
significantly diminished ACT exposure during acute treatment may increase risk for 
malaria treatment failure (recrudescence or relapse due to the original infecting 
strain). Low ACT exposure may also increase risk for new infection due to low 
exposure of the long-acting partner drug limiting “post-treatment prophylaxis”. 
Recent studies evaluating exposure-outcome relationships have focused primarily 
on artemether-lumefantrine and evaluated the predictive value of single day 7 drug 
levels of lumefantrine with treatment outcomes [14]. The rationale for this approach 
is that by day 7, following rapid elimination of the artemisinins, residual parasites 
are exposed only to the partner drug, and this exposure is critical to both clearing the 
current infection and potentially providing “post-treatment prophylaxis” against 
newly infecting strains. Day 7 levels also serve as a surrogate for the area under the 
plasma concentration versus time curve (AUC), as has been recently reported for 
AQ and lumefantrine (LR), and has been reported for SP [13, 15, 16]. In 201 patients, 
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aged 2–70 years, the median day 7 LR level was 528 ng/ml, and patients with levels 
<175 ng/mL were more likely to experience treatment failure [17]. Other studies 
have also correlated LR PK exposure with clinical outcomes in adults [18–20].

16.1.1  Pharmacology of Artemisinin Combination Therapy

The pharmacology of ACTs is interesting and highly complex. Nearly all drug 
components of ACTs require pharmacological activation and/or undergo metabo-
lism, making these drugs highly prone to clinically relevant drug-drug interactions 
[11]. For example in the case of AL, artemether (AR) undergoes rapid demethyla-
tion, by cytochrome p450 3A4/5 (CYP3A4/5) and possibly CYP2B6 [21, 22]. The 
resulting metabolite, dihydroartemisinin (DHA), undergoes further metabolism via 
UDP-glucuronosyltransferases (UGT) [23]. Both AR and DHA are potent antima-
larials. Intriguingly, artemether also enhances its own metabolism through autoin-
duction, possibly of CYP2B6, although the clinical significance of this remains 
unclear [24–26]. Lumefantrine, the partner drug, is metabolized via CYP3A4, to 
marginally active or inactive metabolites [27]. Lumefantrine also demonstrates 
significant CYP2D6 inhibition in vitro [28]. A number of studies described in detail 
below document drug-drug interactions between AL and concomitant therapies 
including ART and antifungal drugs such as ketoconazole [29, 30]. As ACT pre-
scribing continues to rise, specific information on antimalarial drug interactions 
will become increasingly relevant for clinicians managing third-world populations 
where  polypharmacy is the norm for treatment of patients with co-infections.

16.1.2  Antiretroviral Therapy and ACT Drug Interactions

As malaria treatment is common in the setting of expanded access to ART, potential 
drug-drug interactions must be assessed (Table 16.1). Significant alterations in antima-
larial levels in the context of daily ART may impact malaria treatment efficacy or toxic-
ity. Conversely, the effect of 3 days of ACT on antiretroviral efficacy is less of a concern. 
The standard first-line ART regimens used in resource limited settings generally 
consist of a non-nucleoside reverse transcriptase inhibitor (NNRTI) given with two 
nucleoside reverse transcriptase inhibitors (NRTI) [31]. The predominant NNRTI in 
these settings is nevirapine, followed by efavirenz. Second-line ART regimens include 
use of protease inhibitors (PI), especially lopinavir/ritonavir, given with 2 NRTIs. 
Knowledge of the metabolism of enzyme-inducing or inhibiting antiretrovirals (ARVs) 
and AL suggests that there is potential for PK drug–drug interactions. HIV PIs and 
NNRTIs (particularly efavirenz, EFV and nevirapine, NVP) have opposing effects on 
CYP3A4 and may inhibit and induce, respectively, the metabolism of artemether and 
lumefantrine. For example, the protease inhibitor ritonavir, given in combination at a 
low-dose with several other protease inhibitors, is among the most potent known inhibi-
tors of CYP3A4 metabolism [32]. Additional interactions may arise through metabo-
lism or induction of CYP2B6 by NNRTIs and  artemether [22, 26, 33, 34] (Table 16.1).
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16.1.3  Antituberculosis and ACT Drug Interactions

Malaria and tuberculosis (TB) co-infection is also of paramount importance in 
endemic countries causing more than 3 million deaths worldwide annually, TB and 
malaria are two of the leading diseases contributing to morbidity and mortality in 
countries with limited resources [35]. The complexity of co-treatment of these dis-
eases also lies in the potential drug-drug interactions between TB treatment and 
ACT. Rifamycins, potent P450 inducers, are prescribed in combination with etham-
butol and isoniazid for the treatment of TB [36]. Co-administration of rifamycins, 
in particular rifampin, with antimalarials is likely to lead to decreased levels and 
efficacy of antimalarial treatment.

This chapter will discuss pharmacokinetic and pharmacodynamic interactions 
involving current artemisinin combination therapies (ACTs): artemether-lumefantrine, 
dihydroartemisinin-piperaquine, artesunate in combination with amodiaquine as well 
as summarize data relevant to older antimalarial drugs include mefloquine and sulfa-
doxine–pyrimethamine. In particular, clinically relevant drug interactions, between 
ACT, ART and TB treatment will be summarized. In addition, drug interactions involv-
ing other antimalarials (atovaquone, proguanil, chloroquine, mefloquine, quinine) rec-
ommended for prophylactic use and for treatment of malaria will also be discussed.

16.2  Pharmacokinetic Interactions

16.2.1  Drug Interactions with Antiretrovirals

16.2.1.1  Interactions Between AS/AQ and Antiretrovirals

NNRTIs are known substrates and inducers of P450, particularly CYP3A4, but 
occasionally efavirenz inhibits certain P450 isoforms (Table 16.2). Amodiaquine 
(AQ), a component of the ACT AS/AQ, has been shown to undergo metabolism 

Table 16.1 Routes of metabolism for artemether-lumefantrine and selected ARTs

Substrates Induces Inhibits

Antimalarial
Lumefantrine CYP3A4 – CYP2D6
Artemether CYP3A4, CYP2B6 CYP3A4/2B6/2C19 –
DHA UGT1A9, UGT2B7 – –

Antiretroviral
LPV/r CYP3A4 – CYP3A4
Nevirapine CYP2B6, CYP3A4 CYP3A4 –
Efavirenz CYP2B6 > CYP3A4 CYP3A4 CYP3A4 (rare)



Table 16.2 Pharmacokinetic interaction of antimalarials and concomitant drugs

Antimalarial Interacting drug Effects on antimalarial PK
Clinical  
comment Reference

Artesunate- 
amodiaquine

Efavirenz AQ: AUC, C
max

, t
1/2

 increased Avoid [40]
DEAQ: AUC decreased

Lumefantrine Lopinavir/RTV LR: AUC +125%, C
max

 +39% Likely safe [29]
Ketoconazole LR: AUC +61%, C

max
 +28% Likely safe [30]

Artemether Lopinavir/RTV AR: AUC −35%, C
max

 −22% Likely safe [29]
DHA: AUC −45%, C

max
 −37%

Ketoconazole AR: AUC +131%, C
max

 
+116%

Likely safe [30]

DHA: AUC +51%, C
max

 
+37%

Atovaquone- 
proquanil

Efavirenz Proguanil: AUC +113%, C
max

 
+47%

Potential  
reduced  
efficacy

[45]

Cycloguanil: AUC −37%, 
C

max
 -31%

ATQ: AUC −75%, C
max

 −44%

[44]

Proguanil: AUC −43%, C
max

 
N/S

Lopinavir/RTV ATQ: AUC −74% C
max

 −44% Potentially  
reduced  
efficacy

Proguanil: AUC −38%, C
max

 
N/S

Atazanavir/RTV ATQ: AUC −46% C
max

 −49%
Proguanil: AUC −41%, C

max
 

N/S
Rifampin ATQ: AUC −50% Avoid [58]
Rifabutin ATQ: AUC −34%

Quinine RTV Q: AUC +340%, C
max

 +284% Consider dose  
adjustment

[48]
3-HQ: AUC −59% C

max
 −47%

Nevirapine AUC −33%, C
max

 −36% Caution [47]
Rifampin Clearance +521%, t

1/2
 −50% Avoid [56]

AUC
(day 0–7)

 −75% [110]

Mefloquine RTV No significant change Safe [49]
Nelfinavir No significant change Safe [50]
Indinavir No significant change Safe
Rifampin MQ: AUC −68%, C

max
 −19%, 

t
1/2

 −63%
Avoid [55]

Tetracycline MQ: AUC no significant 
change, C

max
 +38%

Safe [59]

Ampicillin MQ: AUC no significant 
change, C

max
 +34%

Safe [60]

Ketoconazole AUC + 79%, C
max

 + 64%, t
1/2

 
+39%

Caution [61]

Halofantrine Tetracycline HF: AUC +99%, C
max

 
+147%, t

1/2
 +73%

Avoid [62]

Fluconazole HF: no significant change Caution [63]
DHF: AUC −46%, C

max
 −37%

AUC area under the curve, Cl clearance, AQ amodiaquine, DEAQ desethylamodiaquine, LR lume-
fantrine, RTV ritonavir, AR artemether, DHA dihydroartemisinin, ATQ atovaquone, Q quinine, 
3-HQ 3-hydroxyquinine, MQ mefloquine, HF halofantrine, DHF desbutylhalofantrine
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primarily through CYP2C8, into the active metabolite desethylamodiaquine 
(DEAQ), while artesunate (AS) undergoes hydrolysis by plasma esterases and 
metabolism through CYP2A6 and CYP2B6 [37, 38]. Most recently, in vitro studies 
have shown both that efavirenz, lopinavir, saquinavir, and tipranavir inhibit 
CYP2C8 at clinically relevant concentrations (10). Metabolism of both debriso-
quine, a CYP2D6 substrate, and losartan, a CYP2C9 substrate, has been shown to 
be inhibited in vivo after a single AQ dose given to healthy volunteers [39].

The potential for in vivo interactions between AS/AQ and efavirenz has been stud-
ied in healthy volunteers. In two participants, hepatoxicity was observed with notable 
increases in alanine and aspartate transferase levels above the upper limit of normal. 
Exposure to AQ was increased in these two individuals (AUC +300% and +100%, 
respectively), while exposure to the metabolite, DEAQ, was decreased by 24% and 
9%, respectively, a finding possibly partly related to CYP2C8-mediated drug drug 
interactions [40, 41]. This pivotal study led to recommendations that AQ-AS should 
be avoided in patients receiving EFV [42]. Studies examine the clinical relevance of 
protease inhibitor-mediated CYP2C8 inhibition have not been done.

16.2.1.2  Interactions Between AL and ART

Artemether-lumefantrine (AL) is predominantly metabolized by CYP3A4, making 
drug interactions between AL and both PIs and NNRTIs highly likely [30]. In the case 
of AL with PI, a study in healthy volunteers found that co-administration of lopinavir/
ritonavir (LPV/r, Kaletra®) with AL resulted in a two- to threefold increase in lume-
fantrine AUC [29]. However, co-administration with LPV/r modestly decreased the 
AUC and C

max
 of artemether and active DHA, without change in the DHA:artemether 

AUC ratio [29]. A second study evaluated the effect of 3A4 inhibitor ketoconazole on 
the bioavailability of AL; coadministration increased AUC and C

max
 of artemether 

(mean +131% and +116%, respectively), DHA AUC and C
max

 (mean +51% and +37%, 
respectively) and lumefantrine AUC and C

max
 (mean +61% and +28%, respectively) 

compared to AL alone [30]. These increases were not associated with increased inci-
dence of serious side-effects or changes in ECG parameters. Therefore, the increases 
in exposure of lumefantrine were determined as not significant enough to require dose 
adjustment of AL or avoid coadministration with PIs. Clinical studies currently under-
way in malaria-endemic are addressing safety of AL and PI co-administration. AL is 
also suspectible to drug-drug interactions with NNRTIs, potentially resulting in the 
opposite effect than seen with PI. One report has shown unexpected increases in 
 lumefantrine levels in HIV-infected females treated with NVP [43]. Studies of AL in 
combination with both efavirenz and with nevirapine are currently underway.

16.2.1.3  Interactions Between Atovaquone-Proguanil and ART

Recent studies have evaluated the pharmacokinetics of atovaquone/proguanil, an 
antimalarial primarily used in prophylaxis for travelers, in combination with 
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ARTs [44, 45]. The mean ratio of AUC of atovaquone in those on ART compared 
to those not on ART was 0.25, 0.26, and 0.54 for efavirenz, lopinavir/ritonavir, 
and atazanavir/ritonavir, respectively [44]. Similarly, proguanil concentrations 
were decreased by 38–43%. Thus, although not a contraindication, concern has 
been raised regarding atovaquone-proguanil prophylaxis in HIV-infected patients 
on ART.

16.2.1.4  Interactions Between Quinine and ART

Quinine, metabolized through CYP3A4 and P-glycoprotein (P-gp), remains a 
mainstay for the treatment of severe malaria. Although little resistance has been 
reported, side effects such as cardiotoxicity and cinchonism are not unusual [46]. 
Two studies in healthy volunteers have recently shown that coadministation of 
ART impacts upon quinine levels [47, 48]. Ritonavir, which both inhibits CYP3A4 
and P-gp, when administered with quinine, resulted in a nearly fourfold increase 
in quinine Cmax and AUC, raising concerns that quinine may need to be down-
ward dose adjusted [48]. Consideration of more extensive safety studies and studies 
with routinely used ritonavir dosage (100 mg bid or qd, not 200 mg bid) may help 
to formalize these recommendations. A second study evaluated the concomitant 
use of nevirapine, typically a CYP3A4 inducer, and quinine [47]. Concurrent 
administration of nevirapine led to an approximately 33% decrease in quinine 
AUC and Cmax [47]. As above, further studies are required, but this study raises 
concern that conventional dosing of quinine may be insufficient in the setting of 
nevirapine usage.

16.2.1.5  Interactions Between Mefloquine and ART

A final antimalarial that has been evaluated with ART is mefloquine. Similar to 
quinine, mefloquine use has been associated with a number of side effects, most 
notably neuropsychiatric disturbances. Its interaction with ritonavir was evaluated 
in a healthy control study, and revealed that despite using a relatively high dose of 
ritonavir (200 mg bid), mefloquine AUC and Cmax were minimally altered [49]. 
Similarly, a study involving two patients taking either nelfinavir or indinavir, found 
no significant increase or decrease in mefloquine levels [50].

16.2.2  Antimalarials and Antituberculous Therapy

In vivo studies have unveiled the potential drug interactions of administering 
 antimalarials concomitantly with rifamycins [51]. Rifamycins are potent P450 
inducers, particularly CYP3A4, and rifampin also induces P-gp [36]. Rifabutin, a 
newer rifamycin, is a weaker enzyme inducer than rifampin [52].
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16.2.2.1  Interactions Between Quinoline Antimalarials and Rifamycins

A study in infected mice reported that the concurrent administration of rifampin and 
CQ decreased survival rate and clearance of parasitaemia and increased the rate of 
recrudescence [53]. These findings support a pregnane X receptor upregulating 
CYP3A4 expression [54]. Rifampin (600 mg dose) has also been shown to lower 
mefloquine AUC (−68%) and t

1/2
 (−63%); and increase mefloquine metabolite AUC 

and clearance (+30% and +25%, respectively) after a single mefloquine dose in 
healthy Thai volunteers [55]. Even though the results did not reach statistical sig-
nificance, the study authors recommended avoiding the co-administration of MQ 
and rifampin due to increased risk for antimalarial resistance. Rifampin has also 
been studied in combination with quinine. When administered with rifampin, qui-
nine clearance increased (0.87 vs. 0.14 L/h/kg), as did the elimination half-life of 
quinine (5.5 vs. 11.1 h) [56]. A second study evaluated the clinical impact of 
rifampin and quinine coadminstration in the setting of acute malaria [57]. Results 
showed that patients receiving rifampin had significantly greater metabolism of qui-
nine and thus considerably lower concentrations of quinine in their plasma after the 
second day of treatment (AUC

0-7day
 = 11.7 versus 47.5 mg/ml/day, P < 0.001). Most 

strikingly, recurrence rates were 5 times higher in those receiving rifampin. Thus, 
coadministration of these two drugs should be avoided.

16.2.2.2  Interactions Between Atovaquone-Proguanil and Rifamycins

A similar risk is posed in prescribing hepatically metabolized antimalarials with rifa-
mycins in the treatment of TB and malaria co-infected patients. Atovaquone metabo-
lism is characterized by enterohepatic circulation. In a study of 13 subjects treated for 
Toxoplasma gondii, atovaquone AUC decreased (−50%) with rifampin and to a lesser 
extent with rifabutin (−34%) [58]. Co-administration of atovaquone and rifampin is 
not recommended, while the clinical significance of the moderate decrease in atova-
quone concentrations in the presence of rifabutin remains unclear. Data on proguanil 
and rifampin is not available. Theoretically, since rifampin is a potent inducer of 
CYP2C19, and proguanil is metabolized to the active metabolite cycloguanil, it is pos-
sible that proguanil levels may be reduced in the setting of rifampin coadminstration.

16.2.2.3  Antimalarials and Other Antimicrobials

Mefloquine (MQ) has also been evaluated in combination with tetracycline in 20 
healthy Thai male volunteers. There was no significant change in the MQ AUC

0-∞, 
but AUC

0-7days
 was significantly increased with tetracycline without an apparent 

increase in side-effects [59]. In the case of ampicillin, there were no significant 
changes in MQ AUC

0-∞, but C
max

 of MQ was increased by 34% [60]. Increases in the 
MQ AUC, elimination t ½, and C

max
 have been seen when administered with keto-

conazole in healthy Thai males [61].
Artemether-lumefantrine has been evaluated after a single dose in the setting  

of ketoconazole [30]. In this study, exposure (AUC) to artemether, DHA, and 
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 lumefantrine increased by 131%, 51%, and 61%, respectively. These increases were 
not felt substantial enough to warrant dose adjustment.

Halofantrine, although rarely in use clinically, remains an alternative option for 
antimalarial treatment or prophylaxis. The rarity of its usage is due to concerns of 
cardiotoxicity, including QT interval prolongation, torsades de pointes, and fatal 
cardiac arrests [46]. Since halofantrine is predominantly metabolized by CYP3A4, 
inhibition of substrate metabolism could potentially potentiate cardiotoxicity. 
Several crossover studies have evaluated the effect of CYP3A4 inhibitors on the 
pharmacokinetics of halofantrine. The co-administration of tetracycline (500 mg 
twice daily for 7 days) and halofantrine (500 mg single doses) in 8 healthy partici-
pants resulted in a significant increase in the plasma halofantrine C

max
 (mean 

+147%), AUC (mean +199%), t
1/2

 (mean +73%) compared with halofantrine alone 
(P < 0.05) [62]. The effect of the 3A4 inhibitor fluconazole on the PK of halofantrine 
was evaluated in healthy participants. Co-administration of fluconazole significantly 
altered the metabolite (desbutylhalofantrine)/drug ratio through a reduction in 
metabolite C

max
, and AUC by 37% and 46%, respectively (P < 0.05), presumably due 

to inhibition of CYP3A4-mediated metabolism of halofantrine by fluconazole [63]. 
Given the narrow therapeutic index of this drug, the manufacturer’s Summary of 
Product Characteristics advises that coadministration of CYP 3A4 inhibitors such 
as PIs are contraindicated [64]. The therapeutic consequences of 3A4 inhibition on 
halofantrine are not clear but caution should be exercised when co-administering 
azoles, tetracycline, PIs, and NNRTIs to avoid accumulation and subsequent cardio-
toxic effects of halofantrine.

16.2.3  Interactions at the Level of Drug Absorption

Among the most significant interactions reported with ACTs has been the impact of 
food upon lumefantrine bioavailability. Absorption of lumefantrine may be 
increased by 16-fold with food as compared to a fasting state [65, 66]. Thus, to 
improve bioavailability, it is recommended to take AL with fatty food. Similar, 
although less significant findings, have been seen with piperaquine, a component of 
DP. In one study, in the fed state, piperaquine C

max
 increased by 213% and AUC

0-∞ 
increased by 98% [67]. However, no effect with food intake was seen in a study of 
Vietnamese [68].

The effect of multivalent cations decreasing the oral bioavailability of the quino-
line, chloroquine, was first reported in 1982 [69]. The pharmacokinetic study 
revealed that magnesium trisilicate and kaolin decreased chloroquine AUC by 
(mean +18.2% and +28.6%, respectively). The mechanism of the interaction is 
postulated as chelation of quinolines to the antacids/adsorbents. Tetracycline 
absorption is also reduced in the setting of concomitant cation administration. It is 
unclear to what extent such interactions exist for ACTs. Although clinical use of 
chloroquine is at an all time low, if used, the antimalarial should not be taken with 
gastrointestinal medications of this type or its administration with these drugs 
should be separated by at least 4 h to prevent loss of systemic availability.
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16.2.4  Impact of Clinical Malaria Upon Antimalarial 
Pharmacokinetics

Acute malaria also has been shown to influence the metabolism and distribution of 
certain antimalarials. Plasma concentrations of quinine following oral administra-
tion in 11 Africans during acute uncomplicated malaria revealed that mean plasma 
quinine concentrations were significantly higher during the acute illness than after 
recovery (5.2 ± 0.9 ug/ml versus 3.6 ± 0.4 ug/ml) [70]. The apparent oral clearance 
and volume of distribution of quinine was also significantly lower during the acute 
illness than after recovery. These and other data suggest that the disposition of qui-
nine is significantly altered by acute malaria [70–73]. Artesunate and dihydroar-
temisinin PK following intra-rectal dosing of artesunate has also been found to vary 
during acute malaria [74]. These changes in antimalarial PK are felt to largely be 
due to alterations in drug absorption and/or disease-induced hepatic dysfunction 
occurring during malaria which impairs drug metabolism.

16.2.5  Impact of Pharmacogenetic Variation upon  
Antimalarial Pharmacokinetics

Proguanil is metabolized through CYP2C19 into the active metabolite cycloquanil. 
Studies of poor metabolizers (PM) and extensive metabolizers (EM) have revealed 
that genetic variants in CYP2C19 do impact upon substrate:metabolite ratios [75]. 
However, no impact upon clinical efficacy has been seen, possibly due to intrinsic 
activity of proguanil against malaria parasites [75–77].

AQ metabolism may be impaired by common CYP2C8 polymorphisms; 
CYP2C8(*)2, allele frequency 0.155 in Africans, showed defective metabolism of 
AQ (threefold higher K(m) and sixfold lower intrinsic clearance); CYP2C8(*)3, 
allele frequency of up to 0.15 in Caucasians, had markedly decreased activity [78]. 
The in vivo relevance of these findings has yet to be explored.

16.3  Pharmacodynamic Interactions

16.3.1  Neutropenia in HIV and Malaria Co-infection

Patients with HIV and malaria co-infection are prone to increased rates of drug tox-
icity especially neutropenia. High rates of neutropenia have been reported in HIV-
infected children, aged 5–13 years of age who were receiving artesunate-amodiaquine 
(AS/AQ) in Kampala, Uganda [79]. Specifically, the risk of neutropenia 14 days 
after treatment with AS/AQ was higher (45% vs 6%, p < 0.001) and more severe in 
HIV infected children compared to HIV uninfected children. In addition, children 
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receiving ART were more likely to experience neutropenia compared to those 
not receiving ART (75% vs. 26%, p = 0.001) with 16% of cases rated severe or life 
threatening (grade 3 or 4, absolute neutrophil count (ANC), <750 cells/mm3).

Increased rate of neutropenia have also been seen in a cohort of HIV infected 
children in Tororo, Uganda randomized to either AL or DP for episodes of malaria 
(Jamal Harris, personal communication). In children aged 4–22 months, ART was 
an independent risk factor for grade 3–4 neutropenia. Similar results linking ART 
use and neutropenia have also been observed for older HIV-infected children also 
residing in Tororo.

Multiple factors may contribute to neutropenia in the context of HIV and malaria 
co-infection making it difficult to decipher the primary cause. Potential contributors 
include the direct effects of malaria, prophylactic therapy with trimethoprim- 
sulfamethoxazole, ART and drug-drug interactions between ART and ACT. 
Trimethoprim-sulfamethoxazole has been directly associated with neutropenia in 
multiple studies [80, 81]. Specifically in one study, a 34% rate of neutropenia was 
reported in children receiving an oral 10-day course of drug [80].

For ART, the nucleoside analogues including zidovudine (ZDV) in particular, 
have been associated with high rates of neutropenia with rates ranging from 10% to 
50% reported through multiple studies [82–84]. In HIV infected children managed 
with ZDV rates of neutropenia range from 1% to 20% from previously published 
studies, rates lower than observed recently in Uganda [85–87] (unpublished). One 
study from Thailand reported increased rates of neutropenia in children switching 
from stavudine to zidovudine [88].

Zidovudine has a direct effect on bone marrow suppression with some studies 
suggesting this correlates directly with plasma ZDV exposure [89–91]. However, 
ZDV requires intracellular phosphorylation to ZDV-triphosphate in order to exert 
pharmacological activity. ZDV-monophosphate has been directly linked to bone 
marrow suppression through in vitro studies [92, 93]. Whether or not treating 
malaria and HIV concomitantly leads to a worsening of ZDV associated neutrope-
nia is a focus of ongoing studies in Tororo, Uganda.

Specific components of ACT have also been linked to neutropenia. A recent 
study reported an increased rate of neutropenia in the setting of high-dose artesu-
nate monotherapy [94]. AQ has also been directly linked to neutropenia where 
severe neutropenia was reported during prophylactic use in several patients from 
two travel clinics in the United Kingdom where frequency was estimated as one 
case of severe neutropenia for every 2000 patients receiving prophylactic drug [95]. 
This report is consistent with multiple case studies reported for amodiaquine 
associated neutropenia over 4 decades of use for malaria prophylaxis. Amodiaquine 
has also been associated with neutropenia when used in combination with artesu-
nate in healthy volunteers to determine the pharmacokinetics of this ACT regi-
men. Following administration of only 3 doses of AS/AQ over 28 days to 13 
healthy volunteers in Africa, 2 of the 13 volunteers developed neutropenia [96]. 
The mechanism of the neutropenia has been postulated that AQ and its metabo-
lites exhibit cytotoxic effects on mononuclear leukocytes and inhibit granulocyte-
monocyte colony formation [97].
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16.3.2  Hepatotoxicity with ACT and ART Use

Additional toxicities can be exacerbated during ACT and ART coadministration. As 
noted earlier, a study in healthy volunteers, designed to evaluate the pharmacoki-
netic interaction between AS/AQ and efavirenz was terminated early due to unex-
pected drug toxicity [40]. Hepatitis induced by EFV therapy is uncommon and has 
not been associated with AS therapy [98]. However, AQ therapy has resulted in 
hepatitis when used for chronic malaria chemoprophylaxis but 3-day treatment 
courses of AQ/AS therapy have not been linked to hepatotoxicity [99, 100].

16.3.3  Cardiotoxicity of Antimalarials

Although there is a lack of available large scale clinical studies, the co-administration 
of QT prolonging agents with halofantrine poses a theoretical increased risk of 
QT-prolongation and Torsades de Pointes [101–103]. Therefore an alternative 
antimalarial should be selected for patients currently taking QT prolonging 
agents: antipsychotics (haloperidol, risperadone, pimozide, quetiapine, clozapine, 
ziprasidone), appetite suppressants (sibutramine, phentermine), cardiac agents 
(flecanide, mexiletine, quinidine, dofetilide, ibutilide, amiodarone, sotalol, ranola-
zine, nicardipine), azoles, decongestants (pseudoephedrine, phenylephrine), meth-
adone, 5HT3 antagonists (dolasetron, ondansetron). Similarly, quinine should be 
avoided with halofantrine. As CQ also increases the risk of QT prolongation, chlo-
roquine should not be used in combination with halofantrine.

16.3.4  Neuropsychiatric Side Effects of Quinolines

Seizures have been reported in patients taking quinolines (chloroquine and meflo-
quine) for malaria prophylaxis [104]. Generalized convulsions have been reported 
rarely in travelers taking weekly chloroquine prophylaxis. Four case studies of 
women who developed tonic-clonic seizures after taking chloroquine all had either 
a previous history of seizures and/or electroencephalogram (EEG) remarkable for 
lower seizure threshold [105]. Conversely, a prospective study conducted in 5,120 
Italian soldiers evaluated for compliance and tolerability of long-term malaria 
chemoprophylaxis using mefloquine or chloroquine with proguanil; no seizures 
were reported in either group [106]. Even though further evidence is needed for a 
formal recommendation, precautions should be taken when prescribing mefloquine 
or chloroquine with drugs that can induce seizures, lower the seizure thresholds, or 
lead to increased antimalarial levels: clozapine, enflurane, theophylline, foscarnet, 
ganciclovir, ritonavir, conventional antipsychotics (olanzapine or risperidone), 
bupropion, tricyclic antidepressants/selective serotonin reuptake inhibitors, 
cyclosporin, interferon, corticosteroids, propofol, imipenem especially in epileptic 



57316 Antimalarial Agents

patients. Caution should also be taken when prescribing mefloquine with chloro-
quine or quinine due to possible increased risk of seizures.

Mefloquine has also been associated more generally with several neuropsychiatric 
effects. Approximately 1/200 European travelers and 1/1,754 ethnic Karen develop 
dose related neuropsychiatric effects during treatment of malaria with mefloquine 
[107]. The risk of serious adverse neuropsychiatric events is estimated to be 1 in 
10,600 patients taking mefloquine for prophylaxis [107]. Even though no formal cor-
relation has been established, confusion, depressed mood, panic attacks, sleep distur-
bances, anorexia, tremor, ataxia, fatigue and rarely suicide have also been reported in 
patients taking mefloquine. Caution should be taken when prescribing concomitant 
use of mefloquine with agents known to cause neuropsychiatric side effects (steroids, 
dopamine agonists in addition to the agents listed that increase the risk of seizure) 
until clinical findings evaluate the safety of additive neuropsychiatric effects.

16.3.5  Hematologic Toxicity of Antifolates

Several case reports have suggested that the coadministration of sulfadoxine-
pyrimethamine and trimethoprim-sulfamethoxasole should be avoided [108, 109]. 
Reports of megaloblastic anemia are postulated to be due to additive inhibition of 
folate synthesis.

16.4  Perspective

In recent years, the treatment of malaria has rapidly evolved towards the use of 
newer artemisinin combination therapies. Importantly, regions undergoing this shift 
in antimalarial therapy are also facing widespread HIV and TB epidemics. As access 
to therapy for malaria, HIV, and TB is expanded, it will be important for practitio-
ners to familiarize themselves with potential drug interactions, as many of these 
drugs share common metabolic pathways. Notably, these concerns are not limited to 
co-endemic regions, as recent studies have highlighted potentially important inter-
actions in the setting of antimalarial prophylaxis.
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Abstract Since combination chemotherapy is becoming normal practice in the 
management of parasitic disease there have been predictions of a vast array of 
potential interactions caused by drug classes sharing common routes of elimination. 
This chapter reviews the key interactions likely to occur or those that have been 
seen to occur when drugs are administered with food or with other agents in the 
management of malaria and helminthiases. There is a particular emphasis on those 
drugs contributing to artemisinin combination therapy (ACT) and the potential for 
interaction between antiparasitics and antiretroviral drugs. While many of these 
interactions may be of little clinical significance, changes in pharmacokinetics may 
occasionally contribute to an enhanced pharmacological response and increased 
toxicity. No review of this kind can hope to be exhaustive. The aim is to address 
those interactions where clinical relevance has been demonstrated or where a path-
way of drug metabolism or transport may have the potential for competition. Over 
30 years of investigation, the pharmacokinetics and metabolic pathways of a variety 
of antiparasitic drugs have been reported. Notably, there have been numerous inves-
tigations of the combinations of artemisinin drugs and a variety of partner agents, 
but fortunately few drug-drug or food-drug interactions of clinical relevance have 
been seen. The most important of these interactions involve poorly soluble agents 
like halofantrine and albendazole. Here food intake may exacerbate the pharmaco-
logical response or, in the case of halofantrine, lead to adverse effects.
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17.1  Introduction

Combination chemotherapy is becoming normal practice in the management of 
parasitic disease. In malaria such a strategy is dictated by a requirement to combine 
the aim of effective chemotherapy with the wish to minimize the emergence of drug 
resistance [1–3]. The control of lymphatic filariasis and onchocerciasis involves 
combinations geared at reducing transmission as a prelude to elimination of dis-
eases posing huge socio-economic problems [4, 5]. There are several arguments 
favouring the use of drug combinations in the treatment of malaria. Synergy among 
drugs or the potentiation of their individual effects is the reason for use in the treat-
ment of an individual patient. Resistance of parasites is the main reason why drugs 
are being combined for individual patients and why combinations are advocated on 
a population level. Development of resistance as a result of drug pressure depends 
upon numerous factors [2]. Among them, genetic determinants include mutation 
frequency and the number of mutations required for expression of resistance. Single 
point mutations may confer resistance to inhibitors of dihydrofolate reductase in 
Plasmodium falciparum. Combination with other drugs is advantageous when the 
number of genes required to express resistance is increased; for example, with com-
binations such as sulfadoxine with pyrimethamine (Fansidar™). The survival and 
selection of resistant parasites - may additionally depend on the pharmacodynamics 
of the component drugs. Parasitaemia should ideally be reduced rapidly in order to 
reduce the opportunity for the development of mutations and the likelihood that 
parasites will survive under drug pressure. Rapid reduction of the parasite burden in 
patients with malaria and the relatively short terminal elimination half life of the 
artemisinin drugs leads to little or no selective pressure, yet parasites may not fully 
be eliminated and recrudescence may take place. The benefits of the artemisinin 
drugs are better realized when combined with other drugs. Drugs with longer half 
lives may cause greater selection pressure, notably when used as monotherapy in 
areas with relatively high transmission. Advantages of combination therapy need to 
be viewed alongside the increased probability of drug-drug interactions. During the 
last 25 years, the clinical pharmacokinetics and metabolism of many antiparasitic 
agents has been elucidated, particularly the role of drug metabolizing enzymes, 
notably cytochromes P450, and drug transporter proteins [6–11]. Moreover, the use-
fulness of this information is now being realized as we begin to learn more about the 
pharmacodynamics of antiparasitic agents [12]. While these advances have led to 
predictions of a vast array of potential interactions caused by drug classes sharing 
common routes of elimination, it is important to focus on those drugs for which 
there is strong evidence that such interactions have clinical consequences. Equally 
important is the consequence of dietary change on pharmacokinetics. Patients nor-
mally take drugs with meals unless advised to the contrary. Diets may differ sub-
stantially between developed and underdeveloped countries where diseases 
susceptible to antiparasitic agents are most prevalent. Failure to understand the 
nature of any food effects may lead to a poor clinical outcome and/or unacceptable 
adverse effects [13, 14]. Finally, many drug-drug interactions can be postulated on 
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the basis of common pathways of metabolism among combinations of therapeutic 
agents. While it is outside the scope of this review to deal with all possible effects, 
they will be highlighted with regard to antiretroviral therapy where the possibility 
of co-administration is high and an interaction more likely.

17.2  Interactions with Food

Many of the factors which influence oral bioavailability can be altered by food; 
acutely, where a drug is taken with a meal, and chronically, where regularly con-
sumed food products may impact the disposition of a drug taken repeatedly. The 
nature of such interactions is complex and, as may be influenced by the quantity of 
food ingested as well as its composition. Moreover, both pharmacokinetics and drug 
response may be affected. Food may change the bioavailability of many drugs and 
influence their dose response relationships, making awareness of the more clini-
cally-relevant examples essential. Food can unintentionally reduce or increase the 
effect of the drug, resulting in therapeutic failure or increased toxicity. The influ-
ence of drug formulation on interactions with food is predictable from knowledge 
of gastric function, with solutions and suspensions less susceptible to food interac-
tions than solid formulations and enteric coated drugs more susceptible, as retention 
of the capsule in the stomach delays drug release [13].

17.2.1  Food Interactions with Antiparasitic Drugs

17.2.1.1  Antimalarial Agents

 Halofantrine

Halofantrine is one of three classes of arylaminoalcohols identified as in the United 
States as potential antimalarial agents by the World War II Chemotherapy Programme. 
It is a blood schizonticide with selective activity against intra-erythrocytic asexual 
stages of Plasmodia. Bioavailability of halofantrine is low with wide intra- and inter-
subject variability [15, 16]. The absorption of halofantrine may increase dramatically 
when taken with food. Both C

max
 and AUC of halofantrine and desbutyl-halofantrine 

are increased by an order of magnitude after the administration of a 250 mg dose of 
halofantrine hydrochloride with a fatty meal [16]. Studies in dogs have shown that 
the clearance of halofantrine is influenced by the composition of plasma lipoproteins 
and may help to explain the dramatic changes in circulating plasma concentrations in 
the post-prandial state [17]. The most serious effects of halofantrine relate to QTc 
prolongation, torsades de pointes or sudden cardiac death [18–23]. These events led 
to the curtailment of the drug as a front-line antimalarial agent. Although some of 
them occurred in patients with congenital long QT syndrome, halofantrine-induced 
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QT prolongation was noticed in individuals with normal QT intervals. Additionally, 
adverse effects of halofantrine have been observed in patients receiving standard 
doses of the drug, indicating this problem may not be restricted to over dosage [19]. 
It is believed that the basis for QTc prolongation is inhibition by halofantrine of the 
delayed rectifier potassium (HERG) channel and that such effects are related to the 
circulating plasma concentrations of halofantrine [23, 24].

 Artemisinin, its Derivatives and Partner Drugs

Artemisinin (qinghaosu) was introduced into clinical practice in the 1980’s. 
Subsequently, semi-synthetic derivatives were developed and these have been used 
in some tropical countries since the early 1990s. Several artemisinin derivatives 
including artesunate, artemether and arteether, alone or in combination with other 
antimalarials are currently registered in a number of Western countries and commer-
cially available throughout the world. In recent times, the World Health Organization 
(WHO) and others have recognized the therapeutic benefits of combining the short-
acting artemisinins with longer-acting antimalarials such as lumefantrine, meflo-
quine and piperaquine [25, 26]. The currently available ACT therapies are included 
in Table 17.1 and described in detail below. In order for such antimalarial drug com-
binations to be effective, the parasite biomass must be reduced sufficiently by one 
of the drug components so that the chances of mutation to the other, more slowly 
eliminated drug are greatly reduced. This is the rationale behind the combination of 
artemisinin derivatives with mefloquine and other drugs. The artemisinin derivatives 
are the most active of the available antimalarial compounds and produce a fractional 
reduction in parasite biomass of approximately 104 per asexual cycle. So, 3 days of 
treatment, which involves two cycles, usually produces a 108-fold reduction in bio-
mass, leaving a maximum of 105 parasites for the other antimalarial drug (usually 
mefloquine or lumefantrine) to clear. This reduces  considerably the exposure of the 
parasite population to mefloquine or lumefantrine, thereby reducing the chance of an 
escape-resistant mutant arising from the infection [12].

Table 17.1 The five artemisinin combination treatments (ACT’s) listed above are those currently 
recommended by WHO. Details of their manufacturer and brand name are given where appropri-
ate. Those marked N/A are not yet available as co-formulations
ACT Proprietary brand Manufacturer Date of introduction

Artemether- 
Lumefantrine (AL)

Coartem®, Riamet® Novartis 2006

Artesunate-Mefloquine 
(AS + MQ)

N/A N/A N/A

Artesunate-SP (AS + SP) N/A N/A N/A
Artesunate-Amodiaquine 

(AS + AQ)
Coarsucam® Sanofi-Aventis 2008

Dihydroartemisinin-
Piperaquine 
(DHA + PPQ)

Artekin® Chong Qing Holley, 
Sigma-Tau

2008
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 Artemether and Lumefantrine

Artemether-lumefantrine (CoArtemTM) represents the first coformulated ACT that 
was introduced into the market to treat acute uncomplicated Plasmodium falci-
parum malaria. Food, especially dietary fat, may enhance the oral availability of 
artemether and especially lumefantrine [27, 28]. Administration of artemether and 
lumefantrine to healthy volunteers at the same time as a high-fat meal increases the 
bioavailability of both drugs by 2 and 16-fold, respectively when compared with 
the fasted state. This may be particularly important given the reduced food intake 
of many patients in the acute phase of malaria. As if to emphasize this point, a 
double-blind trial of patients with uncomplicated malaria in Thailand demonstrated 
that the extent and variability of lumefantrine absorption improved alongside clini-
cal recovery as normal food intake was resumed [29]. This prompts a debate as to 
how much dietary fat is necessary to achieve plasma concentrations of lumefantrine 
that would affect total parasite clearance in combination with artemether. A popula-
tion model developed from lumefantrine concentration measurements in a cross-
over study in healthy volunteers receiving with different volumes of Soya milk or 
with no milk demonstrated that 36 mL of soya milk (containing 1.2 g of fat) was 
associated with 90% of the lumefantrine exposure obtained with 500 mL regular 
milk (16 g fat) [30]. Data on relative lumefantrine exposure in African children 
receiving artemether-lumefantrine within a randomized trial were assessed against 
their consumption of different foods [31]. The relative increase in mean lumefan-
trine absorption was 1.57-fold in patients drinking milk and 2.74-fold in those eat-
ing pancakes versus those who fasted; a much smaller difference than that observed 
between fasting and fed volunteers [26, 27]. Interestingly, a group of children with 
malaria who did not eat when any of the six artemether-lumefantrine dose regimens 
in this study were administered were cured. Fat intake in sub-Saharan countries is 
approximately 15–30 g/day during breast feeding; greater than 10 g/day in the post-
weaning phase and upwards of 30–60 g/day in a normal diet, supporting the view 
that typically fat intake is consonant with optimal efficacy of lumefantrine. A trial 
of 957 patients in Uganda receiving artemether-lumefantrine in hospital under 
supervision with a meal containing 23 g fat or unsupervised at home after the first 
dose with advice to take the drug with a meal or breast milk, showed both groups 
to have identical and complete cure rates [32, 33]. Lumefantrine plasma concentra-
tions were higher in the supervised group, but the clinical response showed that 
home food consumption was sufficient to achieve pharmacologically effective con-
centrations of lumefantrine [33, 34]. Finally, a recent report has established that 
concomitant food administration can markedly enhance the absorption of lumefan-
trine in children, an important target group for CoArtem™ [35]. It may be con-
cluded that a very small amount of dietary fat may be necessary to ensure adequate 
absorption of lumefantrine, and that standard African diets or breast milk are suf-
ficient to fulfil this need. However, it is important that patients maintain normal 
food or milk intake during drug administration and to resume intake quickly once 
able to do so. Van Agtmael and colleagues [36, 37] have argued that an oral treat-
ment course with artemether is probably more effective when the tablets are taken 
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with grapefruit juice. They demonstrated a two-fold increase in the concentrations 
of artemether and dihydroartemisinin in plasma during treatment. Although grape-
fruit juice did not reverse auto-induction of artemether metabolism, it could 
 conceivably reduce recrudescence with artemether monotherapy by enhancing 
effective plasma concentrations. Interestingly, in preclinical studies of experimental 
infection with Schistosoma mansoni, co administration of grapefruit juice with 
artemether achieved complete protection of the host from damage induced by schis-
tosomal infection again suggesting an effect of the juice on the pharmacokinetics of 
artemether [38].

 Artesunate-Amodiaquine

Artesunate-amodiaquine is one of a group of artemisinin combination treatments 
currently recommended by the WHO (Table 17.1) and adopted as first-line treat-
ment in many African countries [39, 40]. Relative to the fasting state, the adminis-
tration of the fixed-dose combination after a high-fat breakfast resulted in a 
statistically significant increase in circulating concentrations of amodiaquine and 
desethyl amodiaquine which could affect the safety and tolerability of the two drugs, 
and a decrease in the blood concentrations of artesunate and dihydroartemisinin that 
might affect their efficacy [41].

 Piperaquine

Piperaquine (PQ) is a bis-quinoline antimalarial drug that was first synthesized in 
the 1950s. It was seen as less toxic than chloroquine, and its efficacy against 
chloroquine-resistant strains of Plasmodium falciparum led to widespread distribu-
tion in China and Indochina in the 1970s. With the emergence of piperaquine-resis-
tant parasites, its use declined, but the continuing search for suitable partner drugs 
prompted a renewed interest in piperaquine [42]. Fixed-dose combinations with 
dihydroartemisinin are marketed in China and Vietnam. Sim and colleagues [43] 
investigated the oral bioavailability of piperaquine with food relative to the fasting 
state and discovered a 1.2 fold increase after a high-fat meal. Side effects (i.e. pos-
tural blood pressure changes, electrocardiographic corrected QT interval, serum 
glucose, and other biochemical and haematological indices) were similar in the 
fasting and fed states. Confusingly, a later study revealed no significant difference 
in drug exposure between fed and fasting subjects after administration of piper-
aquine with dihydroartemisinin with or without a standard Vietnamese meal [44]. 
Different drug products were used in these studies and it is possible that differences 
in drug formulation significantly influenced the bioavailability of piperaquine. 
Additionally, a relatively small change in the fraction of dose absorbed, from, e.g. 
10–20%, would result in a doubling of the AUC and a halving of the CL/F. It should 
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also be noted that the ethnicities and gender distribution of the study populations 
were different.

 Mefloquine

Mefloquine is a chiral quinoline-methanol active against asexual forms of the spe-
cies of Plasmodium that infect humans. Mefloquine is poorly water-soluble and the 
extent of its absorption is increased modestly when taken with food [45]. Because 
its oral bioavailability is relatively high, this interaction is probably irrelevant to the 
treatment of malaria, but it may be of importance when using mefloquine for 
chemoprophylaxis.

 Atovaquone

Atovaquone is a hydroxyl-naphthoquinone with broad-spectrum anti-protozoal 
activity initially selected for development as an antimalarial agent on the basis of 
potent activity against drug-resistant strains of Plasmodium falciparum in vitro. 
Atovaquone was subsequently found to be active against a number of other micro-
organisms including Pneumocystis carinii and Toxoplasma gondii. Studies on the 
in vitro potentiation of atovaquone by other antimalarial drugs revealed evidence of 
marked synergistic activity with proguanil stimulated the subsequent clinical evalu-
ation of these two drugs, culminating in the development of a fixed dose combina-
tion for the treatment and prevention of malaria. Food increases the bioavailability 
of atovaquone from tablets by 200–290% and from various suspensions by 26–174% 
which is chiefly attributable to the fat content of the meal [46]. In patients with HIV, 
target concentrations for the treatment of Pneumocystis carinii pneumonia are more 
consistently reached when atovaquone is administered with food or a nutrition sup-
plement with a moderate fat content [47, 48]. The findings of some of the major 
investigations into the effect of food on the pharmacokinetics of antimalarial agents 
are summarized in Table 17.2.

17.2.1.2  Anthelmintics

 Benzimidazoles

Albendazole and mebendazole are benzimidazole carbamates with a broad spec-
trum of anthelmintic activity. While poor absorption may be advantageous for ther-
apy of helminth infections located in the gut lumen, successful treatment of tissue 
helminth infections, such as hydatid disease or neurocysticercosis, with albendazole 
requires a sufficient quantity of active drug to reach the site of infection. All of the 



588 G. Edwards

Table 17.2 Key food-drug interactions with antimalarial agents
Antimalarial agent (s) Interaction Effect on drug aReference(s)

Halofantrine (HF) C
max

 of HF ↑ Possible ↑ in QT 
prolongation.

[15–17]
AUC of HF ↑

Artemether (ARM)/
lumefantrine 
(LUM)

High fat: F of ARM and 
LUM ↑ 2–16-fold

Increased systemic 
exposure that might 
affect efficacy  
of LUM or ARM

[27, 28]

Milk: F of LUM ↑ 1.57-fold
Pancakes: F of LUM ↑ 

2.74-fold
[30]

Grapefruit juice: F of LUM 
↑ two-fold

[28]

Artesunate (ARTS)/
amodiaquine (AQ)

High fat: F of AQ ↑ after 
high-fat breakfast

Increased systemic 
exposure that might 
affect efficacy of AQ

[36, 37]

High fat: AUC of AQ and 
desethyl AQ ↑

[41]

AUC of ARTS and 
dihydroartemisinin ↓

Piperaquine (PIP) High fat: F of PIP↑ 20%. 
Contradicted by later 
study

Increased systemic 
exposure that might 
affect efficacy of PIP.

[43]

Mefloquine (MQ) Food: AUC of MQ↑ No clinical relevance as 
MQ already has high F.

[45]

Atovaquone (ATQ) Fatty meal: F of ATQ ↑ 
200–290% and 26–174% 
in suspensions

More consistent target 
concentrations of 
ATQ achieved in 
Pneumocystis carinii

[46]

Standard abbreviations for bioavailability (F) and area under the curve (AUC) are used. Values in 
square parentheses refer to circulating concentrations of a particular drug. If no additional informa-
tion is available concerning the effect or its clinical importance, this is indicated by n/a.
a Note that the references given are the key source in each case. The reader is referred to the text of 
the chapter for more detailed information

benzimidazole derivatives exhibit low and variable bioavailability. The bioavail-
ability of albendazole is increased markedly when taken with food, which enhances 
its chemosterilant properties against systemic parasitic infections [49–51].

 Ivermectin

Ivermectin is a potent antiparasitic drug from the macrocyclic lactone family; the 
most powerful agents against a broad spectrum of ecto- and endoparasites. It was 
used exclusively in veterinary medicine due to its high efficacy and wide margin of 
safety until 1987 when it was introduced into humans use for the treatment of 
onchocerciasis [52, 53]. Since then, it has been used in combination with ABZ and 
diethylcarbamazine (DEC) for the treatment and control of onchocerciasis and lym-
phatic filariasis [5]. While information about the influence of food on the pharma-
cokinetics of ivermectin is scarce, co-ingestion of alcoholic drinks however is not 
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recommended, because of the association of ivermectin with GABA receptors, and 
the effect of alcohol in the central nervous system. In healthy volunteers given iver-
mectin orally (150 mg/kg), plasma concentrations were significantly higher when 
co-administered with beer (750 mL) than with an equivalent volume of water [54]. 
When ivermectin was administered to 16 individuals with water or orange juice, the 
juice was associated with a decreased AUC and maximum serum concentration 
(C

max
), possibly because fruit juices and constituents are potent inhibitors of certain 

drug transporters [55].

 Praziquantel

Praziquantel is a pyrazino-isoquinoline whose potent anthelminthic activity against 
all Schistosoma species and the majority of other trematodes and cestodes was seen 
as a major advance in medical parasitology. Several studies have shown that admin-
istration of praziquantel with food increases its bioavailability. An early investiga-
tional study using fasting and fed healthy volunteers demonstrated that both C

max
 

and AUC were 2–3 times higher in the fed state [56]. A more recent study showed 
that meals high in fat and carbohydrate increased AUC by 180% and 271% respec-
tively [57]. These data were consistent with a further study involving healthy vol-
unteers where meals with high and low oil contents were associated with mean 
AUC praziquantel values that were 134% and 174% respectively of those during 
fasting [58]. After a single oral dose of praziquantel with grapefruit juice, AUC and 
C

max
 were both increased [59]. The findings of some of the major investigations into 

the effect of food on the pharmacokinetics of anthelmintics are summarized in 
Table 17.3.

Table 17.3 Key food-drug interactions with anthelmintics
Antimalarial agent (s) Interaction Effect on drug aReference (s)

Albendazole (ALB) Fatty meal: AUC of ALB 
sulfoxide↑

↑ chemosterilant 
properties vs. 
systemic parasites

[49–51]

Ivermectin (IVM) Beer Vs water: AUC of IVM ↑ n/a [54, 55]
Orange juice: AUC and C

max
 ↓

Praziquantel (PZQ) Food Vs fed: AUC and C
max

 of 
PZQ ↑ 100–200%

n/a [56–59]

Fat: AUC of PZQ ↑ 180%
Carbohydrate: AUC PZQ ↑ 

271%
High-oil meal: 134%
Low-oil meal: 174%

Standard abbreviations for bioavailability (F) and area under the curve (AUC) are used. Values in 
square parentheses refer to circulating concentrations of a particular drug. If no additional informa-
tion is available concerning the effect or its clinical importance, this is indicated by n/a.
a Note that the references given are the key source in each case. The reader is referred to the text of 
the chapter for more detailed information
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17.3  Anti-Malarial Drug-Drug Interactions

17.3.1  4-Aminoquinolines

17.3.1.1  Amodiaquine

Amodiaquine has been used in the treatment of malaria for over 40 years having once 
been considered as a successor to chloroquine in East Africa. The use of amodiaquine 
in prophylaxis was ended due to unacceptable incidences of agranulocytosis and hepa-
totoxicity [60–62]. CYP2C8 is primarily responsible for the metabolism of amodi-
aquine and exclusively catalyses the formation of desethyl-amodiaquine hinting at a 
potential interaction with co-substrates [63, 64]. Paradoxically, ketoconazole, an inhib-
itor of CYP3A4, was associated with decreased formation of  desethyl-amodiaquine 
in human liver microsomes [65]. More recently, amodiaquine received a new lease of 
life as a partner drug with artesunate, where a pharmacokinetic interaction has been 
observed such that the total AUC for dihydroartemisinin and desethyl-amodiaquine 
was significantly reduced when compared with the equivalent parameters from the 
individual drugs [66]. Artesunate is rapidly converted to dihydroartemisinin, suggest-
ing its principal role is as a prodrug for the former. Dihydroartemisinin is largely 
glucuronidated, principally by UGT1A9 and UGT2B7, suggesting that common 
CYP isoenzymes are not involved in the metabolism of either drug pointing to some 
other, as yet poorly understood mechanism for the interaction [67, 68]. Clinically, 
however, these observations may be of limited importance, as cure rates with this 
combination are still generally higher than with amodiaquine monotherapy.

17.3.1.2  Chloroquine

Magnesium trisilicate and kaolin caused a modest reduction in the bioavailability of 
chloroquine. To avoid drug loss, it is suggested that the chloroquine should not be 
administered with gastrointestinal medications of this type or that they should be 
separated by at least 4 h to reduce the risk of adsorption to antacids or adsorbents 
[69, 70]. In vitro and in vivo, chloroquine is an inhibitor of CYP2D6 and possibly a 
substrate for this polymorphically expressed enzyme, but the relevance of this find-
ing to drug-drug interactions is yet to be established fully [71–73]. A small reduction 
was observed in C

max
 for the fluoroquinolone ciprofloxacin when it was administered 

with chloroquine but the clinical significance of this observation is unknown [74]. 
The rapid reduction in parasitaemia after the administration of chloroquine could be 
a valuable contribution to combination therapy, but the relatively long half life 
would induce substantial pressure to favour chloroquine-resistant strains. Moreover, 
because of the currently widespread resistance to chloroquine, it would appear to be 
of little value in combination with other agents [65]. One approach to overcome 
resistance to chloroquine has been to combine it with non-antimalarial agents that 
reverse chloroquine resistance. Often this would require using super-therapeutic and 
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potentially dangerous, doses. Chlorpheniramine, a  histamine H1 receptor antagonist, 
can ameliorate chloroquine-induced pruritus. A therapeutic dose of chlorpheniramine 
increased the oral bioavailability of chloroquine by 70% in Nigerian children with 
uncomplicated falciparum malaria [75]. The mechanism is unexplained and the 
sample size was small.

17.3.2  8-Aminoquinolines

17.3.2.1  Primaquine

The hepatic biotransformation of primaquine and metabolites is partly mediated by 
cytochromes P450 [76] but it is not clear how any interactions might manifest them-
selves. The principal plasma metabolite is carboxy-primaquine [77, 78]. Clinically, 
the most significant interactions would be those that facilitate the formation or accu-
mulation of toxic metabolites [65]. In vitro studies have shown that conversion to 
carboxy-primaquine is inhibited by ketoconazole, a potent CYP3A4 inhibitor. In 
vitro studies with human liver microsomes did not indicate any effect of quinine, 
artemether, artesunate, halofantrine or chloroquine [79]. In humans, a small decrease 
in C

max
 and AUC of carboxyprimaquine were observed after co-administration with 

quinine [80] but this is probably of little clinical relevance. While quinine may 
enhance the gastrointestinal side effects of higher dosages of primaquine, it may 
simultaneously offer some protection against primaquine-induced methaemoglobi-
naemia [81]. The combination of chloroquine and primaquine may increase meth-
aemoglobin concentrations in healthy individuals [81–83]. However, it is mainly in 
subjects with NADH-cytochrome 5b reductase deficiency that this combination 
causes clinically significant methaemoglobinaemia and in such subjects primaquine 
would be contraindicated [84]. Although co-administration with mefloquine had no 
effect on the elimination of primaquine, or its main metabolite carboxyprimaquine, 
in healthy Thai male adults here may be a minor inhibitory effect of mefloquine on 
the formation of carboxyprimaquine [80]. The combination of primaquine with 
other haemolytic agents, e.g. some sulphonamides, should be avoided; notably the 
combination with dapsone, which is also a potent inducer of methaemoglobin, 
which enhances haemolysis [85].

17.3.3  Antifolates

Combination of inhibitors of folate synthesis takes advantage of their synergism and 
the observation that different genes contribute to the resistance phenotype, thus 
reducing the likelihood that resistant strains will be selected. Unfortunately, resis-
tance to these drugs has developed in most endemic areas of the world, but the 
degree of resistance varies [86].
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17.3.3.1  Biguanides

Proguanil and chlorproguanil are biguanides that inhibit dihydrofolate reductase 
(DHFR) which is an enzyme involved in the folate-thymidylate pathway. Proguanil 
is a prodrug, since it is rapidly transformed in the liver to the DHFR inhibitor 
cycloguanil. The metabolism of proguanil is mediated jointly by CYP3A4 and 
CYP2C19 [87–89]. A genetic polymorphism in CYP2C19 enzyme, with up to 20% 
poor metabolizers in Asian and African populations, has been demonstrated [90–92]. 
Poor metabolizers have reduced plasma concentrations of cycloguanil during pro-
phylaxis and this could conceivably contribute to prophylactic failure in this group, 
but the large inter-subject variability and the role of CYP3A4 means there is no 
clear association [88, 89, 91]. Chlorproguanil is a chloro derivative of proguanil and 
intrinsically it is more active. A similar difference in activity exists with regard to its 
active metabolite, chlorcycloguanil, when compared with cycloguanil [93]. 
Chlorproguanil has recently received considerable attention, notably due to its com-
bination with dapsone (i.e. LapDap™). It was envisaged that such a combination 
would in have several advantages over existing antifolate combinations [94]. It is 
known that pyrimethamine-resistant strains retain sensitivity to other DHFR inhibi-
tors, and the much shorter half-life of chlorproguanil means the selection pressure 
of chlorproguanil for development of resistance would be reduced. However, the 
chlorproguanil-dapsone combination has been withdrawn from clinical use due to 
unacceptable toxicity [95–97]. Surprisingly, there have been few reports of drug-
drug interactions and certainly none of any clinical relevance involving the partner 
drugs with which proguanil or cycloguanil are likely to be administered. The H

2
 

receptor antagonist cimetidine significantly increased C
max

, AUC and elimination 
half-life and reduced total body clearance of proguanil. C

max
 and AUC of cyclogua-

nil were significantly decreased pointing to effects on CYP isoenzymes [98].

17.3.3.2  Sulfonamides and Sulfones

Dapsone (4¢, 4¢-diaminodiphenylsulfone) is the most widely used sulfone, but has 
limited antimalarial activity. Against malaria, it has mainly been used as a prophy-
lactic in combination with pyrimethamine (Maloprim™). Dapsone is rapidly 
absorbed and metabolised, principally to mono-acetyl-dapsone, and to dapsone 
hydroxylamine with food inducing a five-fold increase in C

max
. The major metabo-

lite, mono-acetyl-dapsone, is excreted after de-acetylation. The intrinsic antipara-
sitic activity of this metabolite is comparable to that of the parent compound [99]. 
Acetylation displays considerable inter-subject variation which has a genetic basis. 
N-Hydroxylation, a CYP-mediated phase I reaction is age-dependent and is the 
biochemical basis for the toxicity of dapsone, mainly haemolytic anaemia and 
methaemoglobinaemia, by formation of the haematotoxic hydroxylamine metabo-
lite [100, 101]. In vitro, CYP3A, CYP2C9 and CYP2E1 have been found to mediate 
N-hydroxylation, but not CYP1A2 and CYP2D6 In vivo, CYP3A4 is involved but 
not CYP2D6 and CYP2C19. The involvement of CYP3A4 points to the possibility 
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of drug-drug interactions with inhibitors or inducers of this enzyme [102–104]. 
Interestingly, administration of cimetidine with dapsone can reduce hydroxylation 
and ameliorate toxicity [105, 106]. Sulfonamides are inhibitors of DHPS and his-
torically have been used extensively in combination with inhibitors of DHFR in the 
prevention and treatment of malaria, notably sulfadoxine, sulfalene (sulfametopyra-
zine) and sulfamethoxazole [86]. Chiefly they appear in fixed-dose combinations; 
sulfadoxine and sulfalene in combination with pyrimethamine (Fansidar™ and 
Metakelfin™ respectively) and sulfamethoxazole in combination with trimethoprim 
as cotrimoxazole. Most sulfonamides are acetylated or undergo glucuronidation. 
The principal metabolites are inactive. Sulfonamides display a wide variety of phar-
macokinetic variablity .Sulfadoxine and sulfalene are eliminated relatively slowly, 
whereas sulfamethoxazole has a shorter half-life [107]. Few pharmacokinetic inter-
actions of clinical importance involving antimalarial sulfonamides have been 
reported, due probably to the limited involvement of cytochromes P450 in their 
metabolism although certain sulfonamides (e.g. sulfaphenazole) may inhibit 
CYP2C9 [108]. Finally, the initial CYP2C9-mediated activation to a chemically 
reactive hydroxylamine that is displayed by dapsone is common to antimalarial 
sulfonamides and is a mediator of chemical reactivity [109].

17.3.4  Atovaquone

The combination of proguanil and atovaquone was originally developed to combat 
multi-drug-resistant falciparum malaria [110]. In vitro, proguanil has a specific syn-
ergistic effect with atovaquone, which is dependent, not on its active metabolite 
cycloguanil, but proguanil itself [111]. Therefore, the combination is effective in 
cycloguanil resistance and genetic polymorphism for CYP2C19 or its inhibition by 
other drugs is unlikely to affect efficacy [112].

In healthy Caucasians, the pharmacokinetics of proguanil, cycloguanil and atova-
quone are unaffected by combination. In patients with P. falciparum malaria, the 
pharmacokinetics of proguanil with atovaquone was comparable to with healthy vol-
unteers treated solely with proguanil. In a population pharmacokinetic study, there 
appeared to be a difference in the oral clearance of proguanil between poor and 
extensive metabolizers and a small but clinically unimportant difference between 
racially different groups when compared with monotherapy. There is no effect of 
co-administration with proguanil on the pharmacokinetics of atovaquone [112, 113].

17.3.5  Artemisinin and Derivatives

Artemisinin drugs rapidly reduce the parasite burden. Because of the short half-
life of most artemisinin derivatives, recrudescence occurs after monotherapy. In 
combination with other drugs, the rapidly acting artemisinin may help to minimize 
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selection pressure [2, 3, 114]. While the pharmacokinetics of the combination of 
artemether and lumefantrine (CoArtem™) are identical to the pharmacokinetics of 
the individual agents, there is a minor retardation in the rate of absorption. 
However, there is no reduction in AUC. A time-dependent decline in artemether 
and corresponding increase in concentrations of dihydroartemisinin was observed 
[115]. When combined with artemether, the C

max
 of pyrimethamine was increased 

significantly and the volume of distribution was reduced slightly. The reason for 
these changes is not known [116]. Chlorproguanil-dapsone -artesunate was in 
development for the treatment of uncomplicated Plasmodium falciparum malaria. 
Artesunate did not significantly affect the pharmacokinetics of chlorproguanil or 
dapsone. In the case of chlorproguanil and mono-acetyl-dapsone, small to moder-
ate increases in exposure with artesunate dosing were observed. There was a 
greater than proportional increase in artesunate and DHA exposure with increasing 
artesunate dose. These effects were not considered to be clinically relevant. 
However, it should be noted that the chlorproguanil-dapsone-artesunate programme 
has now been stopped following unacceptable haematological toxicity in patients 
with glucose-6-phosphate dehydrogenase deficiency during a phase III trial [95–97]. 
After repeated doses, plasma concentrations of artemisinin decline steadily, with a 
6- to 7-fold reduction of the AUC after 6 days of daily administration [117, 118]. 
It is likely that artemisinin induces its own metabolism but the exact mechanism 
has not yet been elucidated. It is also not known if the production of metabolites is 
increased. This time-dependent decline of artemisinin also occurs after rectal 
administration, which suggests that the site of induction is hepatic [119]. This 
effect has also been observed with artemether and also dihydroartemisinin after 
oral administration of artesunate [120] and probably contributes to the high rate of 
recrudescence. The time-dependent pharmacokinetics of artemisinin suggests that 
artemisinin is a selective inducer of drug metabolism. This view is supported by 
artemisinin increasing the activity of CYP2C19 but not CYP3A4. However, the 
time-dependent decline of the AUC for artemisinin is not associated with the 
CYP2C19 phenotype. It is thought that at least one other enzyme, most likely 
CYP2B6, catalyzes the auto-induction of artemisinin [121, 122]. A study in healthy 
volunteersevaluated the combination of oral artesunate (100 mg),administered 
before and during a 5-day course of artemisinin (500 mg). Curiously the apparent 
oral clearance of dihydroartemisinin was 3-fold lower in the presence of artemisinin, 
suggesting a competitive interaction and the possibility that combination therapy 
with artesunate and artemisinin might be useful [123]. Administration of artemether-
lumefantrine with ketoconazole, a potent inhibitor of CYP3A4 increased the area 
under the plasma concentration-time curve for both artemether (2.4-fold) and 
lumefantrine (1.7-fold) [124].

17.3.6  Cinchona Alkaloids

Quinine is transformed into 3-hydroxyquinine principally by CYP3A4 [125]. 
Co-administration with rifampicin and cigarette smoking each increase the metabolic 
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clearance of quinine [126, 127]. That smoking increases quinine clearance points to 
a role for CYP1A in its elimination [126]. Fortunately, among other antimalarials, 
there are few potent inducers or inhibitors of CYP3A4 and clinically relevant inter-
actions revolving around enzyme induction and inhibition are unlikely. However, 
there is a wide range of possible interactions with other drugs, notably those used 
in the treatment of HIV (see below) and interactions involving drug transport pro-
teins. The diastereoisomer of quinine, quinidine, used as an antimalarial in North 
America, is the more potent inhibitor of CYP2D6 in vivo [128]. Theoretically, 
drug-drug interactions would be expected to be more problematic, but in the con-
text of antimalarial therapy relatively few have been observed. In preclinical stud-
ies it has been shown that the clearance of quinine clearance increased by a number 
of drugs that induce cytochromes P450, such as phenobarbitone [129]. The clear-
ance of quinine is inhibited by cimetidine, an inhibitor of cytochromes P450 [130]. 
Quinine is known to inhibit the metabolism of phenobarbitone and carbamazepine 
metabolism [131] and to reduce the clearance of flecainide [132] although not 
excessively [133]. Quinine and quinidine may increase the plasma concentrations 
of digoxin although the magnitude of the effect is less for quinine than for quinidine 
[134, 135]. The clearance of quinidine is unaltered in smokers [136]. Elimination 
of quinidine is markedly increased by phenobarbitone, phenytoin, and rifampicin, 
but reduced by inhibitors of cytochrome P450 isoenzymes, such as cimetidine, 
amiodarone, verapamil and erythromycin [137, 138]. Pharmacokinetic interactions 
between phenobarbitone and quinine have not been noted in patients with cerebral 
malaria where both drugs are commonly co-administered without evidence of toxic-
ity [139, 140]. Quinine and quinidine have potent effects on repolarization in car-
diac conduction tissue and interactions with digoxin and other antiarrthymic agents 
may be clinically important. The dose of digoxin may need to be reduced and plasma 
concentrations of quinine, quinidine and digoxin monitored in patients receiving 
both agents.

17.3.7  Mefloquine

Mefloquine has a very long terminal elimination half –life [6]. This may increase 
selection pressure and it is probably the principal reason why resistance developed 
soon after its introduction in Thailand. Mefloquine was at one time combined with 
sulfadoxine-pyrimethamine in a fixed combination, but the high degree of resistance 
against sulfadoxine-pyrimethamine meant there was no protective effect for meflo-
quine [141, 142]. A combination of mefloquine and the artemisinin derivatives is 
effective against multi-drug resistant parasites. Moreover, it is argued that use of the 
combination will also delay the development of mefloquine resistance where mono-
therapy has not been used. Mefloquine is metabolised by CYP3A4 to carboxy-
mefloquine [143]. While co-administration of mefloquine has no effect on the 
pharmacokinetics of primaquine or carboxy-primaquine in healthy Thai males [80], 
there is some evidence that a combination of mefloquine, primaquine and sulfadoxine-
pyrimethamine may reduce the half life of mefloquine compared with a combination 
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of mefloquine and sulfadoxine-pyrimethamine, but this is of little clinical significance 
[144]. Mefloquine co-administration to patients with uncomplicated falciparum 
malaria increased the AUC of artemisinin by one third to one half and reduced the 
apparent volume of distribution and clearance without affecting half-life. Since the 
metabolic fate of artemisinin is largely unknown, there is no obvious explanation for 
this observation [145]. Mefloquine did not affect the pharmacokinetics of dihydroar-
temisinin in healthy Thai males and patients with malaria and dihydroartemisinin 
did not affect the pharmacokinetics of mefloquine in the same group [146, 147]. In a 
large study in Thai children with falciparum malaria; the AUC of mefloquine on day 
0 was also lower than the AUC on day 2 when artesunate was given for 3 days. The 
authors suggested that the recovery from malaria was the main cause of the increased 
bioavailability [148]. Food intake, as suggested in a previous study, was not a sig-
nificant factor. However, in a study comparing adult Thai patients and healthy vol-
unteers, malaria slowed the rate of absorption somewhat without effect on AUC 
[149]. Finally, in another study there was no difference between single dose and 2 
divided dose regimens [150]. Such conflicting data do not provide convincing evi-
dence for an interaction between artesunate and mefloquine. A limited study in 
patients with uncomplicated malaria revealed the AUC of mefloquine to be slightly 
reduced when given 24 h after artemether [151]. In a further volunteer study, the 
same group reported that there was no interaction between artemether and quinine, 
mefloquine or primaquine [152]. Co-artemether (40 mg artemether + 480 mg lume-
fantrine) given in six doses over 60 h following a 1,000 mg dose of mefloquine 
elicited a significant decrease (30–40%) in plasma lumefantrine concentrations com-
pared with lumefantrine alone. However, the authors considered that clinical effects 
were unlikely to be influenced by the interaction [153]. It is concluded that there is 
no clinically relevant interaction between mefloquine and dihydroartemisinin.

Reciprocal interactions with mefloquine are unimportant as the antimalarial 
efficacy of the artemisinin component is governed by the combined activity of 
artemether and dihydroartemisinin. However, it may be prudent to delay the 
administration of mefloquine until initial recovery has been achieved by one of the 
artemisinin drugs [65]. In patients with acute malaria, despite mefloquine prophy-
laxis, treatment with halofantrine was is associated with significant QT

c
 prolonga-

tion and the risk of sudden death. This observation points to an effect of mefloquine 
on ventricular re-polarization [21]. While there are no data relating to the cardio-
toxicity of other quinoline antimalarial drugs including quinine in the context of 
prophylactic failure of mefloquine, two studies have looked at patients with falci-
parum malaria who received combination treatment with quinine and mefloquine. 
In the first of these, plasma concentrations of mefloquine increased markedly when 
quinine therapy was curtailed [154] while, in the other, no significant cardiovascular 
effects were noticed [155]. Treatment with quinolines is probably best avoided if a 
patient has been taking mefloquine. Furthermore, where quinine or quinidine is the 
only available agents for treating severe malaria, electrocardiographic monitoring 
is advised.

The risk of convulsions may also be greater [156]. As mentioned previously, 
artemisinin-mefloquine combinations clear parasitaemia rapidly, reduce the risk 
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of recrudescence and are mutually protective against the development of parasite 
resistance. They have been used as first-line treatment for falciparum malaria in the 
tropics, but no significant cardiotoxic or other interaction has been observed. This 
could be due in part to the relatively short half-lives of the artemisinin derivatives 
and the slow absorption of mefloquine [157]. It was once thought mefloquine might 
interact with other cardioactive drugs such as anti-arrhythmic agents, adrenergic and 
calcium channel blockers, antihistamines, tricyclic antidepressants and major tran-
quillisers, but this now seems unlikely [157, 158]. The findings of some of the major 
investigations into drug-drug interactions among antimalarials and co-administered 
drugs are summarized in Table 17.4.

17.4  Anthelmintic Drug-Drug Interactions

17.4.1  Albendazole

Albendazole is converted in vivo into albendazole sulfoxide, the systemically active 
form of the drug and albendazole sulfone, which is inactive, in sequential sulfoxida-
tion. CYP450 and flavin monoxygenases have been implicated in the reaction. 
CYP450 is the main determinant of sulfonation [159, 160]. Plasma concentrations 
of albendazole sulphoxide are increased in the presence of cimetidine and after 
ingestion of grapefruit juice [161] Albendazole has a chiral centre and it appears 
that that the formation of albendazole (−) sulfoxide is dependent upon on P450 
isoenzymes, whereas the formation of albendazole (+) sulfoxide is dependent upon 
on flavin monoxygenases. Subsequent oxidation to albendazole sulfone is wholly 
dependent on P450 enzymes [160, 162]. Albendazole, although a substrate of 
CYP3A4, is neither a substrate nor an inhibitor of P-glycoprotein or Breast Cancer 
Resistant protein, BCRP/ABCG2. Accordingly, interactions between albendazole 
and P-gp substrates or inhibitors are unlikely to be clinically important [163, 164].

17.4.2  Ivermectin

Ivermectin and other macrocyclic lactones are highly lipophilic molecules and 
therefore widely distributed in the body [165, 166]. The antiparasitic activities of 
ivermectin and other macrocyclic lactones are related to the presence of effective 
concentrations for a suitable length of time in the systemic circulation and in target 
tissues [167, 168]. Information regarding the metabolism of ivermectin in humans is 
scanty [169]. It is extensively metabolised by human cytochromes P450. The pre-
dominant isoform responsible is CYP3A4 converting the drug to at least 10 metabo-
lites, most of them hydroxylated and demethylated derivatives [170]. A number of 
radioactive metabolites were reported after oral administration of 14C- ivermectin to 



Table 17.4 Key drug-drug interactions with antimalarial agents

Antimalarial agent(s) Interaction
Effect on drug/
importance

aKey 
reference(s)

4-aminoquinolines In vitro: AQ metabolism ↓ by 
ketoconazole.

v [65]

 Amodiaquine (AQ)
 Chloroquine (CQ) F of CQ ↓ by antacids n/a [69, 70]
8-aminoquinolines – C

max
 and AUC of carboxy PQ ↓ 

by quinine
– No clinical 

relevance
[81–85]

 Primaquine (PQ) – PQ + CQ or PQ + DAP ↑ 
methaemoglobin

– Avoid PQ/DAP 
combination

Antifolates PG and cycloguanil: AUC and 
C

max
 of ↑ by cimetidine.

n/a [98]

 Biguanides
 Proguanil (PG)
 Chlorproguanil (CG)
 Sulfa drugs
 Dapsone (DAP) DAP: Hydroxylation ↓ by 

cimetidine
– Amelioration of 

DAP toxicity
[105, 106]

 Sulfonamides Sulfaphenazole: Inhibition of 
CYP2C9

– Potential CYP 
based 
drug-drug 
interactions

[109]

Artemisinin and 
derivatives

ARM/ART: Time dependent ↓ in 
[ARM] and ↑ in [DHA] repeat 
dosage of ARM

n/a [115]

 Artemether/
lumefantrine  
(ARM/LUM)

Time dependent ↓ in [ART] on 
repeat dosage.

[117–119]

 Artemisinin (ART) Pyrimethamine: C
max

 ↑ and Vd ↓ 
with ARM

– Not clinically 
relevant

[116]

 Artesunate (ARTS)
 Dihydroartemisinin 

(DHA)
ART: Cl

oral
 of DHA ↓75% by ART – Not clinically 

relevant
[123]

AUC of ARM ↑ (140%) and AUC 
of LUM ↑ (70%) by 
ketoconazole

– Increased activity 
of ARM and 
LUM

[124]

Mefloquine (MQ) PQ/sulfadoxine/ MQ: t ½ of MQ ↓ No clinical 
significance

[144]

ARM/MQ; t ½ of ART unchanged; 
Vd of ART ↓ AUC of ART ↑

n/a [145]

ARTS/MQ: AUC and F of MQ ↑ 
from day 0 to day 2 when 
ARTS given for 3 days.

Recovery from 
malaria leads to 
↑ AUC and F.

[148]

ARM/MQ: AUC of MQ ↓ slightly 
after ARM.

n/a [151]

Co-ARM (6 doses)/MQ: AUC of 
LUM↓.30–40%.

n/a [153]

QN: [MQ] ↓ after QN stopped n/a [154]

Standard abbreviations for bioavailability (F) and area under the curve (AUC) are used. Values in 
square parentheses refer to circulating concentrations of a particular drug. If no additional informa-
tion is available concerning the effect or its clinical importance, this is indicated by n/a.
a Note that the references given are the key source in each case. The reader is referred to the text of 
the chapter for more detailed information
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healthy volunteers [171]. Ivermectin is both a substrate and inhibitor of P-gp [172], 
and has been demonstrated to inhibit P-gp, ABCC1, ABCC2, and ABCC3 activities 
after stimulation by their respective activators [173, 174], and preclinical studies 
have indicated that it is a potential inducer of several cytochrome P450 subfamilies 
including CYP1A, CYP2B and CYP3A [175]. It is apparent that all of this informa-
tion points to numerous possibilities for drug-drug interactions, orchestrated largely 
through transporter proteins.

17.4.3  Praziquantel

The commercial preparation of praziquantel is a racemate composed of levo R (−) 
and dextro S (+) isomers of which only the (−) enantiomer has antischistosomal 
activity, both in vivo and in vitro [176]. The isomers do, however, have similar tox-
icity. Orally administered praziquantel is rapidly absorbed, measurable amounts 
appearing in the blood as early as 15 min after dosing with peak levels occurring 
after 1–2 h. The maximum plasma concentrations after standard dose of 40 mg/kg 
shows wide inter individual variations in the range of 200–2,000 ng/mL. praziquan-
tel undergoes pronounced liver first pass metabolism, with rapid disappearance 
from the circulation, the plasma half-life ranging between 1 and 3 h. Elimination 
occurs through urine and faeces and is more than 80% complete after 24 h [177]. The 
main metabolites are represented by mono-, di-, and tri-hydroxylated compounds 

Table 17.5 Key drug-drug interactions with anthelmintics
Anthelmintic  
agent Interaction Effect on drug/importance

aKey  
reference (s)

Albendazole 
(ABZ)

[ABZ-sulfoxide] ↑ by cimetidine 
and grapefruit juice

↑ and prolonged activity 
of ABZ-sulfoxide

[161]

Ivermectin 
(IVM)

IVM is a substrate for/inhibitor  
of p-glycoprotein and substrate 
for CYP3A4

Potential ↑ in incidence of 
CNS related adverse 
events

[172]

Praziquantel 
(PZQ)

Cimetidine: PZQ AUC  
↑ 100%. (similar effect with 
diphenhydramine and 
17a-ethinylestradiol)

Enhanced effectiveness in 
cysticercosis

[179, 180]

Carbamazepine: F of PZQ ↓ n/a [181]
Phenytoin: F of PZQ ↓ n/a
Chloroquine: F of PZQ ↓ n/a [182]
Ketoconazole: [PZQ] ↑ 100%. 

Rifampicin: [PZQ] ↓
Some dose adjustment 

may be needed
[178, 183]

Standard abbreviations for bioavailability (F) and area under the curve (AUC) are used. Values in 
square parentheses refer to circulating concentrations of a particular drug. If no additional informa-
tion is available concerning the effect or its clinical importance, this is indicated by n/a
a Note that the references given are the key source in each case. The reader is referred to the text of 
the chapter for more detailed information



600 G. Edwards

that are produced in the liver by microsomal cytochrome P450, particularly by the 
isoforms 2B1 and 3A, which are experimentally inducible by phenobarbitone [177, 
178]. The most abundant metabolite is the 4-hydroxycyclohexyl-carbonyl analogue, 
which represents 60% of the metabolites. The bioavailability of praziquantel is 
increased by simultaneous administration of substances that inhibit cytochrome 
P450 activities e.g. cimetidine causes a 100% increase [179, 180]. For this reason, 
cimetidine has been used in combination with praziquantel, especially in the treat-
ment of neurocysticercosis, where high concentrations are required. Diphenhydramine 
and 17a-ethinylestradiol each have the same effect. Epileptic drugs, especially car-
bamazepine and phenytoin, as well as corticosteroids reduce its bioavailability 
[181]. Chloroquine similarly decreases its bioavailability to a significant extent 
[182]. Ketoconazole, a CYP3A inhibitor, has been observed to double the plasma 
concentration of praziquantel in humans, while rifampicin, an inducer of drug 
metabolism, has been reported dramatically to reduce its concentration, and dose 
adjustment upon co-administration has been recommended [178, 183].

To date, praziquantel has not conclusively been characterised in relation to its 
effects on drug transporters. In a study involving permeability through Caco-2 cells, 
praziquantel did not show potential for interacting with cellular efflux pumps at a 
concentration range of 10–100 mg/mL despite being highly permeable [184]. 
A related study concluded that praziquantel, among other anthelmintics, was an inhib-
itor of P-gp without being its substrate based on transport along Caco-2 monolayers 
[185]. The findings of some of the major investigations into drug-drug interactions 
among anthelmintics and co-administered drugs are summarized in Table 17.5.

17.5  Antiretroviral and Antiparasitic Drug-Drug Interactions

Given the co-existence of HIV and a variety of parasitic infections in the tropics, it 
is appropriate separately to review potential pharmacokinetic interactions. Generally, 
such interactions involve protease inhibitors and non-nucleotide reverse tran-
scriptase inhibitors The former are among the most potent inhibitors of cytochromes 
P450 and their role in pharmacokinetic interactions is exacerbated by some protease 
inhibitors being auto-inducers. Protease inhibitors may also inhibit or be substrates 
of the multi-drug efflux transporter P-glycoprotein. Such properties are advanta-
geous in boosting plasma protease inhibitor concentrations by ritonavir, or the 
reduction of hepatic clearance by inhibition of CYP3A4 in gut or liver. The non-
nucleoside reverse transcriptase inhibitors nevirapine and efavirenz may inducer 
CYP3A4, while delavirdine is an inhibitor of the same enzymes and also enhances 
the bioavailability of the protease inhibitors .However, such properties may contrib-
ute to the high risk of drug-drug interactions, some of which may be serious, as a 
result of inhibition or induction of drug metabolism. However, it is relevant to note 
that few clinical data exist to support interactions between antiretroviral and antima-
larial drugs and risk assessment is based primarily on prior knowledge of the phar-
macokinetics of these drugs or in vitro screens [186].



60117 Antiprotozoal and Anthelmintic Agents

17.5.1  Antifolates

Since proguanil is a prodrug activated partly by CYP2C19 and CYP3A4 [87–89] 
there is concern that inhibition of metabolism by ritonavir or ritonavir-containing 
boosted protease inhibitor regimens will reduce its pharmacological effect. However, 
synergy with atovaquone is related to proguanil, not cycloguanil [111]. When the 
two drugs are co-administered, CYP2C19 inhibition may offset decreased cyclogua-
nil formation and potentially enhance this synergistic effect.

17.5.2  Artemisinin and Its Derivatives

Since artemether is metabolized via CYP3A4 to dihydroartemisinin [124] inhibi-
tion of CYP3A4 could conceivably reduce dihydroartemisinin but increase arte-
mether and potentially increase the relatively short half-life of artemether. The 
effects of protease inhibitors and non-nucleoside reverse transcriptase inhibitors are 
uncertain. Lumefantrine and halofantrine are extensively metabolized by CYP3A4 
[124] and inhibition of halofantrine metabolism could potentially prolong the QT 
interval; given the narrow therapeutic index of halofantrine, any combination with 
protease inhibitors is contraindicated and nevirapine and efavrirenz should be used 
with caution. Lumefantrine does not seem to prolong the QT interval and is much 
safer than halofantrine, which is now discontinued. Nevertheless, interactions with 
protease inhibitors and non-nucleoside reverse transcriptase inhibitors are likely, 
and the manufacturer advises that co-administration of CYP3A4 inhibitors such as 
protease inhibitors are contraindicated. Given the increasing use of lumefantrine-
artemether for malaria, caution should be exercised when using protease inhibitors 
and non-nucleoside reverse transcriptase inhibitors [186].

17.5.3  Atovaquone

Atovaquone decreases the oral clearance of zidovudine, leading to a 35 ± 23% 
increase in its plasma AUC. The clinical significance of this is not known, and pres-
ently no dose modification is recommended [187]. Atovaquone lowers indinavir 
exposure, reducing trough plasma concentrations by one quarter [186]. A healthy 
volunteer study noted an AUC decrease of 5% for indinavir but an increase in atova-
quone AUC of 13% and C 

max
 of 16% when the drugs were co-administered. These 

small changes do not demand any dose adjustment for atovaquone when given with 
indinavir [188]. The clinical significance of reduced concentrations of indinavir is 
uncertain as these were healthy volunteer studies carried out without boosting with 
ritonavir which is no longer advised. Moreover, clinical studies have shown higher 
plasma indinavir in Thai patients with much lower body weight and, given the toxicity 
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of indinavir at higher doses, dosage adjustments are not indicated for ritonavir-boosted 
indinavir when given with atovaquone or Malarone™. Co-administration with lopi-
navir may decrease plasma concentrations of atovaquone, resulting in the need to 
increase the dosage of the latter [186].

17.5.4  Cinchona Alkaloids

As quinine is extensively metabolized by CYP3A4 [125], exposure could be increased 
by ritonavir or ritonavir-boosted protease inhibitor regimens. Induction of CYP 3A4 
by nevirapine and efavirenz could conceivably reduce plasma concentrations of qui-
nine. Quinine is both a substrate and inhibitor of P-gp in vitro and thus has the poten-
tial to be involved in a number of drug-drug interactions with other agents that may 
be co-substrates of this transporter, notably protease inhibitors [185].

17.5.5  Mefloquine

No interaction between ritonavir and mefloquine was noted after a single dose, but 
the plasma AUC for ritonavir was reduced by 31% and the C

max
 by 36% after mul-

tiple dosing [189]. The pharmacokinetics of mefloquine was not significantly influ-
enced by ritonavir.

17.6  Conclusions

Combination chemotherapy is at the heart of any treatment protocol for infectious 
disease. In the treatment of malaria, the drugs being used most frequently are the 
artemisinin derivatives. Introduced in South-East Asia they are potent antimalarials 
and generally well tolerated. However, artemisinin drugs have a very short half-life 
and thus a multiple dose regimen of 7 days is required to achieve an acceptable cure 
rate. When artemisinins are used as monotherapy, recrudescence of malaria is com-
mon. .Combining an artemisinin drug with a partner drug that has a longer half-life 
improves the efficacy of the artemisinin. It also reduces treatment duration with the 
artemisinin and the likelihood of development of resistance to the partner drug. 
Artemisinin-based combination therapy has already been shown to improve treat-
ment efficacy and contain drug resistance in South-East Asia. Fortunately, few clini-
cally important drug-drug interactions with partner drugs have been observed, 
although some of the partner drugs themselves may be predisposed to initiate such 
interactions. More importantly, the tendency for the treatment of other infections 
that might be expected to co-exist such as filariasis, HIV disease and tuberculosis to 
involve multiple drug treatment points to increased risk of interactions. Urgent 
investigation of these is merited.
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Abstract The objectives of a drug interaction program are to determine whether 
there are interactions with an NME (new molecular entity) that necessitate a dose 
adjustment of the NME or other drugs that it might be used with, or whether an 
interaction requires a contraindication or special precautions. The program should 
begin early in drug development so the clinical implications of interactions can be 
assessed adequately in clinical studies. It is important that all studies are conducted 
using rigorous scientific procedures. The clinical significance of interactions should 
be assessed based on exposure-response knowledge of the affected drug. Drug labels 
need to include complete information about the potential for drug interactions, 
including instructions for dose adjustments and special monitoring or precautions.

18.1  Introduction

Drug development scientists have been interested in the impact of drug interactions 
on the safety and efficacy of drugs for many years. A number of regulatory actions 
highlight the importance of the issue. The withdrawals of terfenadine, astemizole and 
cisapride occurred, in part, because of safety concerns related to drug interactions. 
Mibefradil is a CYP3A inhibitor that was withdrawn from the market because of 
drug interactions that led to markedly increased concentrations of CYP3A sub-
strates. In 2002, an FDA Advisory Committee recommended against approval of 
pleconaril for the treatment of the common cold, in part because of the potential for 
drug interactions [1]. Pleconaril is a CYP3A inducer and its administration may 
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decrease plasma concentrations of CYP3A substrates, including some contraceptive 
steroids [2]. We can reflect on these and other examples when we consider the 
appropriate timing of drug interaction evaluations, methods for evaluation of drug 
interaction potential and their significance, and effective methods to communicate 
the risk of drug interactions.

The FDA published the Draft Guidance for Industry: Drug Interaction Studies—
Study Design, Data Analysis, and Implications for Dosing and Labeling in 
September 2006 [3]. The 2006 draft guidance combines and updates information 
from the April 1997 guidance on in vitro drug metabolism and drug interaction 
studies [4] and the November 1999 guidance on in vivo drug metabolism and drug 
interaction studies [5]. The 2006 draft guidance describes in vitro techniques for 
evaluating the potential for metabolism-based drug interactions, in vitro techniques 
for evaluating the potential for P-glycoprotein (P-gp)-based drug interactions, the 
correlation of in vitro and in vivo findings, the timing of the in vitro and in vivo 
studies, recommendations on in vivo study design, study population, choice of 
interacting drug, dose selection, statistical considerations, and labeling that may 
result from in vitro and in vivo studies.

Since the publication of the draft guidance in 2006, there have been many advances 
in the understanding of drug interaction mechanisms and the techniques to predict 
and evaluate drug interactions. For example, knowledge increased regarding drug 
transporters other than P-gp, culminating in the International Transporter Consortium 
report [6] on membrane transporters in drug development. Development and refine-
ment of physiologically-based pharmacokinetic (PBPK) modeling and simulation 
tools led to additional methods for evaluating drug interactions, including complex 
interactions that involve multiple enzymes or enzymes plus transporters [7, 8].

This chapter does not provide details on most of the scientific issues related to 
drug interactions because other chapters address the scientific issues. Instead, this 
chapter focuses on the broad drug development considerations that surround the 
evaluation of drug interactions. The issues discussed in this chapter apply to most drug 
classes; however, the discussion of clinical implications and the actual examples 
apply to drugs that are administered to patients with infectious diseases.

The specific objectives of a drug interaction program are to determine whether 
there are any interactions with an NME (new molecular entity) that necessitate a 
dose adjustment, a warning, or a contraindication. Although the potential for drug 
interactions should be considered for all NMEs, in vivo drug interaction studies are 
not necessary for all NMEs. One should consider the potential for drug interactions 
within the context of a drug’s pharmacokinetic properties, intended clinical use, and 
known safety and efficacy.

This chapter provides an overview of considerations when evaluating the poten-
tial for an NME to interact with other drugs. The topics covered include

Timing of drug interaction evaluations during drug development
In vitro drug metabolism studies
In vitro drug transporter studies
When in vivo drug interaction studies are necessary
In vivo study design issues
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In vivo drug interaction cocktail studies
Interpretation of in vivo study results
Labeling issues
Considerations for interactions with pharmacokinetically enhanced protease 

inhibitors
Other considerations

18.2  Timing of Drug Interaction Evaluations  
During Drug Development

The effect of an NME on the pharmacokinetics of other drugs and the effects of other 
drugs on the pharmacokinetics of an NME should be determined early in drug devel-
opment so the clinical implications can be assessed adequately in clinical studies. 
Because suboptimal concentrations of anti-infective and antiviral drugs can lead to 
treatment failure and drug resistance, it is helpful to have some knowledge of the 
potential for drug interactions before these drugs are administered to patients. If drug 
interaction information is not available when studies in patients begin, it is important 
to restrict the use of concomitant medications. The restriction of concomitant medi-
cations may be acceptable in studies of the treatment of some infections of short 
duration, such as otitis media or uncomplicated influenza. However, some infections, 
such as HIV and tuberculosis, require long-term combination therapy. As a general 
rule, the evaluation of the potential for drug interactions should be adequate to allow 
the safe conduct of each phase of development. Thus, if a proposed treatment for 
HIV can be administered as monotherapy to a group of HIV-infected patients for 
10 days, drug interaction information is not needed prior to the conduct of a 10-day 
monotherapy study. However, investigators need drug interaction information prior 
to administering a drug as part of combination therapy to HIV infected patients.

18.3  Considerations for In Vitro Drug Metabolism Studies

In vitro drug metabolism studies can play a powerful role in the assessment of drug 
interactions, acting as a screening tool. Goals of in vitro drug metabolism studies 
are to identify the major metabolic pathways that affect the NME and its metabo-
lites, including the specific enzymes involved; and to determine the effects of the 
NME on drug metabolizing enzymes. When these goals are met it is possible to 
prioritize the conduct of in vivo drug interaction studies. For example, if in vitro 
drug metabolism studies indicate that an NME is not metabolized by CYP3A, it is 
not necessary to determine the effect of in vivo CYP3A inhibitors or inducers on the 
NME. Likewise, if in vitro drug metabolism studies indicate an NME is not a 
CYP3A inhibitor or inducer, it is not necessary to determine the in vivo effect of the 
drug on CYP3A substrates. A PhRMA position paper acknowledges the importance 
of in vitro studies that provide the negative findings described above [9]. The in vitro 
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studies may provide the only information regarding the lack of an interaction with a 
specific enzyme. As such, it is essential that data in support of these negative find-
ings be obtained using methods supported by the most up-to-date scientific data, 
and the methodology should be well documented for submission to regulatory 
authorities [9]. Important considerations for all in vitro drug metabolism studies are 
the model system, probe drugs (substrates, inhibitors), drug concentrations, tissue 
handling, and study conditions [3, 9].

A full in vitro drug metabolism program can provide a large amount of informa-
tion regarding the potential for drug interactions with an NME. Studies conducted 
to determine what enzymes metabolize a drug include general experiments that 
identify the types of metabolites formed, followed by more specific experiments 
that identify enzymes that metabolize the drug. If the available data indicate that 
CYP enzymes contribute to a drug’s clearance, studies to identify drug metaboliz-
ing CYP enzymes in vitro are important. Relevant CYP enzymes for evaluation are 
CYP1A2, 2B6, 2C8, 2C9, 2C19, 2D6, and 3A [3, 10, 11]. If in vivo ADME studies 
indicate glucuronidation is an important metabolic pathway for a drug, in vitro 
studies can determine which UGT isoforms are responsible for metabolism [10].

An NME may inhibit or induce CYP-mediated drug metabolism, even if the drug 
is not metabolized by the enzyme. Most drug interaction programs include an 
in vitro evaluation of the potential to inhibit and induce CYP enzymes. The studies 
should use human materials or recombinant human materials to provide reliable 
information about the potential for interactions in humans [10, 11].

18.4  Considerations for In Vitro Drug  
Transporter Studies

Numerous transporters play a role in permeability across the gastrointestinal tract, 
penetration of the blood–brain barrier, and transport into the liver and kidney cells. 
Interactions can occur at any of the sites [12]. Thus, information about interactions 
with drug transporters can aid in the prediction and identification of drug interac-
tions. The contribution of drug transporters to absorption and disposition of drugs 
and to drug interactions was first appreciated for P-gp. As explained in the 2010 
report from the International Transporter Consortium, many other drug transport-
ers are involved in drug interactions [6]. In order to gain a full appreciation for the 
potential drug interactions with an NME, it is important to conduct in vitro studies 
to determine whether it is a substrate for P-gp or breast cancer resistance protein 
(BCRP). If hepatic or biliary secretion is a major elimination pathway for the drug, 
it is important to conduct in vitro studies to determine whether it is a substrate for 
organic anion transporting polypeptide 1B1 or 1B3 (OATP1B1, OATP1B3). If the 
drug undergoes active renal secretion, it is important to conduct in vitro studies to 
determine whether it is a substrate for organic cation transporter 2 (OCT2) or 
organic anion transporter 1 or 3 (OAT1, OAT3) [6, 10, 13]. Most NMEs have the 
potential to be administered with a wide range of other drugs, so it is important to 
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conduct in vitro studies to determine whether an NME is an inhibitor of relevant 
transporters (P-gp, BCRP, OATP1B1, OATP1B3, OCT2, OAT1, OAT3) [6, 10].

18.5  When In Vivo Drug Interaction Studies Are Necessary

18.5.1  The Effect of Other Drugs on the NME

In vitro drug metabolism, in vitro drug transport, and in vivo pharmacokinetic infor-
mation help determine whether formal in vivo drug interaction studies are needed. 
The first consideration is the contribution of renal and metabolic pathways to in vivo 
clearance. If metabolism does not contribute to clearance, there is usually no need 
to conduct metabolism based drug interaction studies. As indicated in Fig. 18.1, if a 
particular enzyme contributes significantly to elimination, in vivo studies with 
inhibitors and inducers of that enzyme are recommended. An efficient approach is 
to first evaluate the effects of a potent inhibitor and a potent inducer; examples are 
ketoconazole and rifampin, respectively, if the NME is a CYP3A substrate. If the 
potent inhibitor and inducer do not have a significant effect on the drug, no further 
studies are needed for that enzyme. Figure 18.1 indicates factors to consider if the 
potent inducer or inhibitor has a significant effect on the drug [3, 11, 14].

If in vitro study results indicate the NME is a substrate for P-gp or BCRP, the 
potential contribution of the transporter-mediated pathway should be considered in 
order to determine whether an in vivo interaction study is needed. For example, an 
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No
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(or no information)

Stop:
No in vivo

study

Pathway
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In vivo: most potent 
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Fig. 18.1 Decision tree for NME as a substrate for CYP enzymes
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NME that has poor solubility, low permeability, and undergoes minimal metabolism 
may be significantly affected by an inhibitor, so an in vivo interaction study with an 
inhibitor is important. If an in vitro study is considered important for the NME as a 
potential substrate for OATP1B1, OATP1B3, OCT2, OAT1, or OAT3 and the in vitro 
study indicates the NME is a substrate for a transporter, an in vivo interaction study 
with an inhibitor of the transporter can provide important information [6].

18.5.2  NME as a Potential CYP Inhibitor

As indicated in Fig. 18.2, if in vitro evidence does not rule out the possibility that a 
drug is a metabolic inhibitor, in vivo interaction studies should be conducted. 
Significant enzyme inhibition is expected when the concentration of the inhibitor 
present at the active site is similar to or greater than Ki (dissociation constant of the 
enzyme-inhibitor complex; defines the affinity of the inhibitor for the enzyme). In 
theory, the magnitude of the interaction (percent increase in AUC) can be expressed 
quantitatively as the following equation-

 [ ]R 1 I / Ki,= +  

where R is the percent increase in AUC and [I] is the concentration of the inhibitor 
(NME) present at the active site of the enzyme [9]. The ratio of [I]/Ki is often used 
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to predict the likelihood of an in vivo interaction. However, there are a number of 
limitations to the use of [I]/Ki as a predictor of in vivo inhibition. The limitations are 
due to factors that affect interpretation of [I] and Ki, as outlined in Table 18.1 [9].

The second two factors that affect Ki emphasize the importance of good in vitro 
study design and conduct. Both lists reiterate the fact that the [I]/Ki ratio is not exact 
enough to predict the degree of inhibition in vivo.

With the listed limitations in mind, [I]/Ki can be used as a screening tool to deter-
mine whether an in vivo interaction study is needed. When calculating [I]/Ki, [I] 
represents the mean steady-state C

max
 value for total drug (bound plus unbound) fol-

lowing administration of the highest proposed clinical dose. The 2006 draft drug 
interaction guidance recommends that an in vivo interaction study be conducted if 
the ratio is ³0.1 [3].

If in vitro studies indicate the NME may inhibit an enzyme, an informative 
approach is to conduct an in vivo interaction study with a sensitive substrate for the 
enzyme, such as midazolam or buspirone for CYP3A [3]. It is acceptable to use any 
sensitive substrate for the enzyme being evaluated, if the potential increase in con-
centrations due to inhibition will not lead to safety concerns. If there is no interac-
tion with a sensitive substrate, no further inhibition studies are needed for that 
enzyme. However, if coadministration of the NME results in an increase in plasma 
concentrations of a sensitive substrate, further studies with less sensitive substrates 
may be informative.

To prioritize in vivo drug interaction studies, it is reasonable to consider the 
potential for in vivo inhibition in rank order across the different CYP enzymes. For 
example, consider an NME with the following in vivo and in vitro characteristics:

 
[ ]( )maxIn vivo C 0.2 M use as I= µ  

 [ ]CYP3A Ki 0.33 M; I / Ki 0.6− = µ =  

 [ ]CYP2D6 Ki 1.0 M; I / Ki 0.2− = µ =  

 [ ]CYP2C9 Ki 2.0 M; I / Ki 0.1− = µ =  

Table 18.1 Factors that affect [I] and Ki

Factors that affect [I] Factors that affect Ki

1. Uncertainty regarding the concentration  
that best represents the concentration at the 
enzyme binding site (unbound plasma 
concentration, total plasma concentration, 
hepatic cytosol concentration)

1. Substrate specificity (mainly a problem 
with CYP3A, degree of inhibition  
of one substrate may not predict degree  
of inhibition of another substrate  
for the same enzyme)

2. Uncertainty regarding the impact of first  
pass exposure (hepatic and intestinal)

2. Binding to components of the in vitro 
incubation system

3. Substrate and inhibitor depletion during 
the in vitro experiment
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It is acceptable to conduct the in vivo studies in ascending order of [I]/Ki. If the 
NME interacts with a sensitive CYP3A substrate and increases its AUC, a study 
with a CYP2D6 substrate is needed. If there is no interaction with the CYP2D6 
substrate, there is no need to conduct an in vivo inhibition study with a CYP2C9 
substrate. The above scenario is altered if metabolites also inhibit CYP enzymes. In 
such a case, the rank order needs to consider the effects of the NME and metabolites 
on other drugs.

Because of the limitations related to [I] and Ki (Table 18.1), the [I]/Ki approach 
is considered very conservative. As a conservative approach, it is a good screening 
method. If [I]/Ki < 0.1, the likelihood of a significant in vivo interaction is low. 
However, if [I]/Ki ³ 0.1, physiologically based pharmacokinetic (PBPK) modeling 
can provide more information about the need for an in vivo drug interaction study. 
The PBPK approach may provide a more reliable estimate of the likelihood of 
in vivo inhibition because the approach considers multiple drug-related and physi-
ological factors. The PBPK approach requires more information than the [I]/Ki 
approach, including concentration vs time profiles for the parent drug and any 
metabolites that inhibit the enzyme under evaluation. The inhibition Ki for the 
metabolites is also needed [8].

18.5.3  NME as Potential CYP Inducer

Enzyme induction can lead to lack of efficacy, which is an important safety issue for 
patients taking anti-infective and anti-viral agents. There are several different 
approaches for interpreting in vitro enzyme induction data and determining whether 
an in vivo study is needed. The in vitro studies are conducted with human hepatocytes 
(fresh or cryopreservered) and the typical endpoints are changes in enzyme activity or 
mRNA of the target gene [9, 15]. The 2006 draft guidance states that induction of 
enzyme activity to at least 40% of the positive control induction level indicates a posi-
tive inductive response [3, 9]. A newer approach is to use an increase in mRNA greater 
than a predefined threshold level (such as four-fold). The new approach may lead to 
less false negative results (conclude no induction, but there is induction) than the pre-
vious 40% threshold for enzyme activity [15]. If there are no in vitro data, or if in vitro 
data indicate an NME may be an enzyme inducer, in vivo interaction studies should 
be conducted. It is important that the potential for induction of CYP1A2, CYP2B6, 
and CYP3A be evaluated. CYP2C8, 2C9 and 2C19 are co-induced with CYP3A, so a 
negative result for CYP3A indicates studies with CYP2C are not needed [10].

18.5.4  NME as a Potential Transporter Inhibitor

The in vitro IC
50

 value of the NME for the transporter under consideration helps 
determine whether an in vivo study is needed. The IC

50
 value indicates inhibition 
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potency (lower value indicates greater potency). Orally administered drugs that 
inhibit the efflux inhibitors P-gp or BCRP in vitro may inhibit efflux from the intes-
tine or from tissue. [I]

1
 (NME mean steady state Cmax at highest administered dose) 

and [I]
2
 (theoretical maximal gastrointestinal NME concentration; highest clinical 

dose in mg in a volume of 250 mL) are used to determine the need for an in vivo 
study. If [I]

1
/IC

50
 ³ 0.1 or [I]

2
/IC

50
 ³ 10, the NME should be evaluated to determine 

whether the drug is an inhibitor in vivo [6, 16].
The determination of the need for in vivo studies of the NME as a potential 

inhibitor of OATP1B1, OATP1B3, OCT2, OAT1 and OAT3 considers the unbound 
steady-state C

max
 of the NME at the highest dose and the in vitro IC

50
 of the NME 

for the transporter. If unbound C
max

/IC
50

 ³ 0.1, an in vivo interaction study with a 
sensitive substrate for the transporter is important. There is an additional consider-
ation for OATP1B1 and OATP1B3 because the clinically relevant substrates for the 
OATPs are HMG-CoA reductase inhibitors (statins). If the NME is predicted to 
increase the AUC or Cmax of a relevant statin (such as rosuvastatin or pravastatin) 
by 100%, an in vivo interaction study with a sensitive substrate is relevant [6].

18.6  In Vivo Study Design Issues

18.6.1  General Design Issues

In vivo drug interaction studies are designed to compare substrate concentrations 
with and without the interacting drug. The appropriate study design varies, depend-
ing on the specific objective of the study and the characteristics of the drugs [3, 14]. 
The inhibiting/inducing drug and the substrates should be dosed so that the expo-
sure is relevant to their clinical use. A randomized crossover design is often 
preferred, because the interaction can be evaluated in each individual subject and 
the design controls for sequence effect. However, a parallel design is acceptable for 
drugs with long elimination half-lives, to decrease the chance of carryover from one 
treatment to the next. A one-sequence crossover study is acceptable when both 
drugs are administered chronically. The choice of single or multiple dose adminis-
tration for each drug is based on the clinical use of the drug and the ability to 
extrapolate to the clinically relevant situation.

18.6.2  Selection of Study Population

Drug interaction studies are often conducted in healthy volunteers because there are 
less confounding factors that may alter pharmacokinetics. In some cases, safety 
concerns may preclude the use of healthy volunteers. If the study enrolls healthy 
volunteers, it is important to consider whether there are factors that may impede 
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extrapolation to the relevant patient population. For some antibiotics, the relevant 
patient population is quite similar to healthy volunteers; thus, extrapolation across 
the population is not an issue. The situation may be more complex for HIV drugs. 
There are cases where pharmacokinetic parameters are similar for HIV-infected 
patients and healthy volunteers; however, differences have been documented for 
some drugs, including saquinavir [17] and atazanavir [18]. The differences may be 
due to decreased absorption in HIV patients, differences in metabolism, or the pres-
ence of concomitant medications. There is some evidence that CYP3A activity is 
more variable in patients infected with HIV [19], which is important because of the 
contribution of CYP3A to protease inhibitor and non-nucleoside reverse tran-
scriptase inhibitor metabolism. In the face of differences between healthy volun-
teers and the relevant patient population, one should consider the objective of the 
study when selecting the study population (Table 18.2).

When drug interaction studies are conducted in healthy volunteers and there is a 
question regarding the applicability to the relevant population, sparse sampling in 
clinical efficacy trials that include patients taking the two drugs can be useful 
[3, 20].

18.6.3  Choice of Interacting Drugs

It is appropriate to conduct interaction studies with probe inhibitors and substrates, 
to demonstrate the in vivo magnitude of interactions with a specific enzyme. If a 
study with a probe inhibitor or substrate indicates the drug may significantly affect 
other drugs (inhibition or induction) or may be affected by other drugs, the next step 
is to consider several factors-

Important drugs in the target population that may interact•	
Narrow therapeutic index drugs that may be affected•	

Table 18.2 Selection of study population

Study objective Population

Answer scientific question: “Does NME 
inhibit CYP3A in vivo?”

Healthy volunteers provide the least complicated 
evaluation.

Determine whether a dose adjustment  
is needed when the NME  
is administered with another drug,  
but a dose adjustment will not be 
incorporated into the study.

Either population is acceptable, but healthy 
volunteers may be easier to study.

Determine the appropriate dose  
adjustment for the NME  
or other drug when the two  
are coadministered

It is most appropriate to conduct the study in 
patients. If prior knowledge indicates that the 
pharmacokinetics of both drugs are similar in 
healthy volunteers and patients, then either 
population may be used. Also, if the study may 
result in subtherapeutic concentrations of the 
HIV drug for a prolonged period of time, it is 
best to conduct the study in healthy volunteers.
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Relevant potent enzyme inhibitors or inducers that may affect the NME•	
Commonly used drugs that may interact•	

The above criteria can help guide the conduct of further interaction studies. In 
each case, it is important to consider the worst-case scenario (maximum magnitude 
of interaction) and use knowledge of exposure-response relationships (safety and 
efficacy) to determine the need for specific interactions. In some cases, it may be 
appropriate to not study a combination, but recommend the drugs not be coadmin-
istered, if the combination is likely to result in excessive or subtherapeutic concen-
trators and a dose adjustment is not possible.

18.6.4  Analytes Measured in Drug Interaction Studies

The objective of a drug interaction study and the characteristics of the metabolites 
dictate whether it is necessary to measure parent drug, metabolite(s), or both. When 
the substrate drug has an active or toxic metabolite, the metabolite usually should be 
measured. In cases where the metabolites are not active, measuring some metabo-
lites may help explain the mechanism of an interaction.

The HIV nucleoside reverse transcriptase inhibitors (NRTIs) present a unique 
drug interaction issue. A majority of the NRTIs do not undergo extensive metabo-
lism in the plasma. However, all of the NRTIs undergo anabolic phosphorylation by 
intracellular kinases to form the active triphosphates that competitively inhibit 
viral reverse transcriptase [21]. Most HIV treatment regimens include one or two 
NRTIs, in addition to drugs from other classes. In some cases the combination of 
two NRTIs may interfere with the intracellular phosphorylation of at least one of the 
compounds, even though no interaction is observed in the plasma. Knowledge of 
the enzymes that catalyze phosphorylation for two NRTIs help determine whether 
an interaction is likely. For example, the same enzyme catalyzes phosphorylation of 
zidovudine and stavudine, and coadministration of the two NRTIs leads to reduced 
formation of stavudine triphosphate [21]. Knowledge of phosphorylation pathways, 
in addition to in vitro combination studies, helps determine whether two NRTIs 
may interact with one another. If an interaction is possible, a drug interaction study 
that evaluates intracellular triphosphate concentrations should be conducted prior to 
administering the two drugs together in clinical trials. These interaction studies 
are more difficult than interaction studies that evaluate the parent drug in plasma. 
The studies that evaluate intracellular triphosphate concentrations are affected by 
cellular kinase activity, exposure to the enzyme, and difficult analytic techniques.

18.7  In Vivo Drug Interaction Cocktail Studies

Cocktail studies involve the administration of two or more probe substrates for 
different enzymes (cocktail) to characterize changes in pharmacokinetics when the 
study drug is administered [22–25]. If adequate data indicate that the probe 
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substrates are sensitive and do not interact with one another across a wide range of 
concentrations, the study design is acceptable, and the sample size provides adequate 
power, the results of a cocktail study can serve as stand-alone evidence that an inter-
action will not occur. Thus, the cocktail studies are useful if in vitro studies are not 
conducted or if in vitro results are not definitive. If a cocktail study indicates that an 
interaction is likely, it is typically necessary to conduct additional in vivo studies 
with substrates of the affected enzyme [3, 10, 11].

18.8  Interpretation of In Vivo Study Results

The 2006 draft drug interaction guidance includes an extensive discussion of the 
interpretation of in vivo drug interaction study results [3]. Most studies evaluate 
pharmacokinetic endpoints, such as the exposure measures AUC and C

max
. For many 

anti-infective and antiviral drugs trough concentration (C
min

) is an important expo-
sure measure.

The results of drug interaction studies should be reported as 90% confidence 
intervals around the geometric mean ratio of the pharmacokinetic measure of the 
substrate with and without the interacting drug [26]. Confidence intervals are infor-
mative because they provide an estimate of the distribution of the change in expo-
sure to the substrate drug [3]. After the 90% confidence interval of the effect is 
determined, the clinical significance must be determined. Knowledge regarding no-
effect boundaries for the substrate drug aid interpretation of interaction study results. 
No effect boundaries define the interval within which a change in systemic exposure 
measure is considered not clinically meaningful [3]. No-effect boundaries can be 
based on dose or concentration-response relationships for the substrate drug. For 
example, consider an NME that was evaluated at doses ranging from 50 to 400 mg 
once daily, all doses were safe and well tolerated, but 200 mg once daily was selected 
because it was on the plateau of the dose–response curve. In this case, an interacting 
drug that doubles the systemic exposure to the NME is not a concern, because con-
centrations associated with double the dose (assuming dose proportional pharma-
cokinetics) were safe.

18.9  Labeling Issues

The 2006 draft guidance on drug interactions indicates that all relevant information 
on the metabolic pathways and pharmacokinetic interactions should be included in 
the PHARMACOKINETICS subsection of the CLINICAL PHARMACOLOGY 
section of the label [3]. The clinical consequences of metabolism and drug interac-
tions should be included in DRUG INTERACTIONS, WARNINGS and PRE-
CAUTIONS, CONTRAINDICATIONS, or DOSAGE and ADMINISTRATION 
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sections, as appropriate. The information should be of sufficient detail to allow 
health care providers to provide adequate instructions to patients.

In certain cases, information can be extrapolated from one drug interaction study 
to another set of drugs, with an explanation that similar results are expected. For 
example, if a drug is a strong inhibitor of CYP3A, it does not need to be tested with 
all CYP3A substrates to warn about an interaction with sensitive CYP3A substrates 
and CYP3A substrates with a narrow therapeutic range. For example, the Viracept 
label indicates that nelfinavir is a CYP3A inhibitor that increases simvastatin plasma 
concentrations by approximately 500% [27]. Because the mechanism of the interac-
tion is stated, the reader can assume that coadministration of nelfinavir with lovas-
tatin would result in an interaction of a similar magnitude, because lovastatin is a 
CYP3A substrate with similar presystemic metabolism as simvastatin [28].

The DRUG INTERACTION section can include a brief summary of potential 
mechanisms of drug interactions. It can also list mechanisms that have been excluded. 
It is important to list mechanisms that have not been studied. This section includes a 
description of clinically significant interactions and practical instructions for pre-
venting or managing them. The interactions may be observed in drug interaction 
studies or predicted based on known mechanisms. Recommendations for dose adjust-
ments of coadministered drugs are included in this section. Interactions mentioned in 
DOSAGE AND ADMINISTRATION, CONTRAINDICATIONS or WARNINGS 
AND PRECAUTIONS can be discussed in more detail in this section. This section 
does not include details of drug interactions studies, but instead includes a cross-
reference to the information in the CLINICAL PHARMACOLOGY section.

The drug interaction portion of the PHARMACOKINETICS subsection includes 
a summary of drug interactions studies conducted with the drug. The information 
may be included as text or in a table or figure, depending on the number of studies 
and level of detail needed for clarity. It is important to include information that helps 
prevent misinterpretation of the study results. Relevant study information includes 
parallel or crossover design, number of subjects, population studied (patients or 
healthy volunteers), and dose and duration for each drug. The results should be 
presented as the change in relevant pharmacokinetic exposure measures (AUC, 
C

max
, C

min
, T

max
). The relevance of different exposure measure varies for different 

drugs and drug classes. It is important to indicate the variability of the interaction. 
Results should be presented as mean change and the 90% confidence interval around 
the mean change. For example, a 48% percent increase in AUC can be expressed as 
↑48% (90%CI: ↑24%, ↑76%).

The PHARMACOKINETIC subsection should cross-reference other sections of 
the label that provide clinical instructions, dose adjustments, warning or precau-
tions, or contraindications based on the drug interaction studies.

It is acceptable to include statements in the DRUG INTERACTION, 
PRECAUTIONS and WARNINGS, and CONTRAINDICATIONS sections of the 
label for interactions that are expected due to known mechanisms of interactions, 
even if the specific drug interaction information is not available. Some examples are 
shown in Table 18.3.
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18.10  Considerations for Interactions with 
Pharmacokinetically Enhanced Protease Inhibitors

The addition of a low dose of ritonavir to a protease inhibitor regimen can increase 
concentrations and decrease elimination rate of the protease inhibitor. This practice 
is known as pharmacokinetic enhancement or ritonavir-boosting. If a protease 
inhibitor (or other drug) is always administered with ritonavir, drug interaction stud-
ies need to include ritonavir.

18.10.1  Extrapolation Across Pharmacokinetically  
Enhanced Regimens

It is well accepted that much of the effect of ritonavir on other protease inhibitors 
is due to ritonavir’s potent inhibition of CYP3A [35]. Some investigators assume 
that ritonavir will dominate the drug interaction potential of ritonavir-boosted reg-
imens, so the effect will be similar across all regimens that include ritonavir 

Table 18.3 Examples: drug interaction information in labels, not based on a drug interaction 
study

Drug label
Label section and example  
of information

Basis for inclusion of 
information in label

All protease 
inhibitors [17, 
18, 27, 29–34]

CONTRAINDICATIONS 
– Pimozide

The protease inhibitors 
inhibit CYP3A. Pimozide 
metabolism is highly 
dependent on CYP3A, 
and elevated pimozide 
concentrations could lead 
to serious and life-threat-
ening events.

All protease 
inhibitors [17, 
18, 27, 29–34]

CONTRAINDICATIONS or 
WARNINGS and 
PRECAUTIONS – Recommend 
against coadministration with 
St. John’s wort, because 
protease inhibitor concentrations 
may decrease and lead to loss of 
virological response.

St. John’s wort induces 
CYP3A. Induction of 
CYP3A affects all 
protease inhibitors. Data 
are available for indinavir 
and St. John’s wort.

Kaletra® 
(lopinavir/
ritonavir) [31]

PRECAUTIONS – 
Coadministration of Kaletra and 
itraconazole may lead to 
increased itraconazole 
concentrations. High doses of 
itraconazole are not recom-
mended in combination with 
Kaletra.

Coadministration of Kaletra 
and ketoconazole leads to 
increased ketoconazole 
concentrations. CYP3A 
mediated interactions are 
often similar for 
ketoconazole and 
itraconazole.
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100 mg twice daily (or across all regimens that include ritonavir 100 mg once 
daily, or ritonavir 200 mg once daily). However, this assumption has not been vali-
dated by data. In addition, the available scientific literature indicates that interac-
tions may not be similar across all regimens that include the same ritonavir dosing 
regimen. Interactions with ritonavir are complicated because ritonavir inhibits 
enzymes other than CYP3A and it induces several enzymes, including CYP3A. 
Ritonavir induces CYP3A due to its activation of the pregnane X receptor (PXR) 
[36]. In addition to CYP3A, PXR regulates expression of CYP2B, CYP2C, and 
numerous transporters [37, 38]. The effect of ritonavir on other drugs is a complex 
interplay of inhibition plus induction of numerous enzymes and transporters. It is 
difficult to predict the net effect of ritonavir-boosted regimens without an in vivo 
study because the effect on enzymes and transporter is not consistent across the 
other protease inhibitors. Thus, it is not possible to conclude that drug interactions 
will be consistent across ritonavir-boosted regimens that include the same ritona-
vir dose.

18.11  Other Considerations

18.11.1  Interactions via Mechanisms Other  
Than Drug Metabolism

Although most discussions of drug interactions focus on drug metabolism and drug 
transporters, it is important to remember that there are other mechanisms of drug 
interactions. Ruling out the potential for drug metabolism or drug transporter related 
interactions does not mean there will not be significant interactions with the drug. 
Pharmacokinetic drug interactions may involve alterations in absorption, transport, 
distribution, metabolism, or excretion of a drug- or a combination of these factors. 
When developing an NME, it is important to consider all mechanisms of drug 
interactions.

18.11.2  Interactions with Dietary Supplements  
and Dietary Components

Drugs can interact with dietary supplements (St. John’s wort, garlic, echinacea), 
citrus fruit juices (grapefruit juice, Seville orange juice), alcohol, and other food 
components (cruciferous vegetables, charbroiled meat) in the same way they inter-
act with other drugs [39, 40]. These interactions can lead to therapeutic failure or 
adverse events. It is important to recognize the potential for such interactions, 
understand the science behind the interactions, and make appropriate recommenda-
tions in product labels.



628 K.S. Reynolds

18.11.3  Role of Genetic Polymorphisms

There is genetic variability in the activity of a number of drug metabolizing enzymes, 
including CYP2D6, CYP2C9, and CYP2C19 [41]. Due to the variability, patients 
may be categorized as poor metabolizers, extensive metabolizers, or ultrarapid 
extensive metabolizers for the various enzymes. The magnitude of a metabolism 
based drug interaction varies, depending on the individual’s baseline enzyme activ-
ity. For example, inhibition of CYP2D6 will not have much effect on a CYP2D6 
poor metabolizer. Thus, it is important to know the metabolic phenotype of indi-
viduals included in a drug interaction study.

18.12  Summary

Scientists in regulatory agencies, drug industry, and academia are interested in the 
impact of drug interactions on the safety and efficacy of drugs. The specific objec-
tives of a drug interaction program are to determine whether there are any interac-
tions with an NME (new molecular entity) that necessitate a dose adjustment of the 
NME or other drugs that it might be used with, or whether an interaction requires a 
contraindication or special precautions.

The effect of an NME on the pharmacokinetics of other drugs and the effects of 
other drugs on the pharmacokinetics of an NME should be determined early in drug 
development so the clinical implications can be assessed adequately in clinical stud-
ies. The drug interaction program can include in vitro and in vivo evaluations. 
Throughout the evaluation of drug interactions, it is important that all studies are 
conducted using scientifically accepted procedures. The clinical significance of any 
observed interactions should be assessed based on exposure-response knowledge of 
the affected drug. Finally, the drug labels need to include complete information 
about the potential for drug interactions, including instructions for dose adjustments 
and special monitoring or precautions.
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Abstract The conduct of drug interaction studies was revolutionized by the ability 
to evaluate more than one potential drug-drug interaction (DDI) within a single 
study. Cocktail studies provide a means to screen for DDIs through multiple meta-
bolic pathways within a single study. Usually conducted in healthy volunteers, these 
studies use concurrent administration of probe substrates and assessment of bio-
markers to simultaneously assess drug metabolizing enzyme (DME) activities 
before (baseline) and during drug treatment. Evaluation of DME can be for effect of 
a drug on constitutive DME or to evaluate the effect of an inhibitor or inducer on the 
pharmacokinetics and pharmacodynamics of the DME pathway of the drug in ques-
tion. Studies should be designed with the use of safe, validated probes and pub-
lished, validated cocktails. Advantages of using cocktail studies in drug development 
include reduced subject variability, increased efficiency, and lower costs. Potential 
limitations can be addressed by proper study design. Because cocktail studies assess 
the potential extent of DDIs, inferences for drug dosing and use may be drawn.
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 Maximum concentration
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DDI Drug-drug interaction
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DME Drug metabolizing enzymes
EM Extensive metabolizer
EMA European Medicines Agency
FDA U.S. Food and Drug Administration
NAT2 N-acetyltransferase 2
PhRMA Pharmaceutical Research and Manufacturers of America
PM Poor metabolizer
UM Ultra-rapid metabolizer

19.1  Purpose and Use of Cocktail Studies

The conduct of drug interaction studies has been revolutionized by the ability to 
evaluate more than one potential drug-drug interaction (DDI) within a single study. 
DDI studies were formerly conducted as a group of studies to evaluate the potential 
of interactions through common or suspected metabolic pathways that were expected 
to be of clinical significance [1]. Earlier DDI studies primarily used specific, 
approved drugs with narrow therapeutic indices (e.g., digoxin, phenytoin, theophyl-
line, warfarin) that were likely to be co-administered and for which there could be 
important clinical consequences. However, these types of studies had significant 
limitations and were applicable only to the specific drugs studied.

Cocktail studies provide a means to screen for DDIs through multiple metabolic 
pathways within a single study. A cocktail study is comprised of concurrent administra-
tion of probe substrates and assessment of biomarkers to simultaneously assess DME 
activities before (baseline) and during drug treatment. Evaluation of DME can be for 
the effect of a drug on constitutive DME (i.e., is the drug under study an inhibitor, 
inducer or activator?) or to evaluate the effect of an inhibitor, inducer or activator on the 
pharmacokinetics of the DME pathway for the drug in question. By observing whether 
changes in activity occur with co-administration of the treatment drug, the mechanistic 
basis of, and the qualitative potential for, drug interactions can be evaluated.

The most frequent use for cocktail studies is to determine the constitutive activ-
ity of defined DMEs and then reevaluate the DME activities after inhibition, activa-
tion and/or induction by an investigational drug. Most often, these studies are 
conducted to evaluate the potential for both inhibition and induction. Cocktail stud-
ies are particularly important when there are shared metabolic pathways and the 
clinically relevant pharmacokinetic DDIs through these pathways are uncertain [2]. 
At least theoretically, cocktail studies can be used to assess DDIs involving trans-
porter pathways. However, validated probes and biomarkers have not yet been iden-
tified for common transporters [3]. This chapter will therefore focus on cocktail 
studies for assessment of drug metabolizing enzymes (DMEs), but the same prin-
ciples apply to evaluation of transporter-related DDIs [3] or interactions that result 
from both DMEs and transporters.

A probe is a substance, typically a drug, that is a selective substrate for a specific 
DME or a substrate metabolized to a specific metabolite by a specific DME pathway. 
A biomarker is the metric used to evaluate the DME activity (or phenotype) of the 
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given probe through the specific enzyme pathway. A variety of pharmacokinetic 
parameters may be used as biomarkers. These include total area-under-the-
concentration time curve (AUC

0–∞) and systemic or partial clearance of the probe or 
a metabolite, or metabolic ratios of a metabolite to the parent compound [4]. 
Biomarkers may be measured in variety of biologic samples, but are most often 
measured in serum, plasma or urine.

Cocktail studies are usually conducted in healthy volunteers. It is important to 
remember that factors in addition to the co-administered drugs can influence DME 
and such factors are more likely to be present in patients than in healthy volunteers. 
Examples of these factors include active disease states such as cancer [5], renal, 
hepatic and cardiac failure [6–8], cytokine levels [9], human immunodeficiency 
virus infection [10], environmental exposures such as tobacco smoke [11], alcohol 
consumption [12], fruit juice consumption [13–15], other dietary exposures [16], 
age (particularly for children less than 1 year of age) [17], and pregnancy [18]. 
In addition, medical interventions such as hemodialysis can alter DME activity 
[19]. Therefore, studies conducted in healthy volunteers reflect phenotypes and DDI 
potential within similar, healthy populations and may not reflect either basal DME 
activity or the enzyme activity changes that occur in patient populations with acute 
or chronic health conditions. DDI studies conducted in healthy subjects can poten-
tially describe the worst case scenario since inflammatory disease often results in a 
reduction in DME activity and thus reduces the potential for inhibitory DDIs [20]. 
Thus, the extent of an identified DDI may be reduced in a patient or may change 
over time as the disease is treated or progresses. When studies are conducted in 
patients, the investigator should not compromise on biomarker sampling; this has 
been a limitation for application of cocktail studies in the clinical setting.

In drug development, cocktail studies have numerous advantages. First, the effect 
of interindividual variability in DME over time is minimized by conducting one 
study in the same subjects rather than five or more studies in different subjects. 
Second, intraindividual variability is decreased by using subjects as their own con-
trols (and thus controlling for genetic factors) [21, 22]. Third, research costs are 
reduced by assessing multiple enzyme systems in one study rather than during mul-
tiple studies of one enzyme system [2, 23]. Finally, combining the above factors 
leads to increased efficiency and a compressed timeline for drug development.

There are also potential limitations but these can be addressed by proper study 
design. DDIs are possible among the probes. If interactions occur, they could result 
in findings of greater or lesser DME activity changes than those actually related to 
the actions of the treatment drug. For this reason, it is essential that the combination 
of probes has been validated as a cocktail. This validation is separate from the work 
required to validate individual probes and biomarkers, and it should not be assumed 
that individually validated probes and biomarkers can be combined to make a vali-
dated cocktail. Other challenges are a lack of safe probes and limited availability of 
some probes that are part of validated cocktails. Special requirements may be needed 
for sample collection and handling, and these special requirements may not be 
described or readily accessible in the literature, but rather personally known to 
investigators or laboratories. Lastly, sensitive and specific assays may be lacking for 
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validated biomarkers. Recent advances in assay methodologies allow for multiple 
biomarkers to be assayed simultaneously using small specimen quantities [24, 25] 
and this is increasing the feasibility of conducting cocktail studies. Small quantities 
of blood can be collected and thereby reduce subject risk while lowering study costs. 
In order to obtain accurate results, it is essential that individual probes, biomarkers, 
and each cocktail combination be adequately validated prior to use [2], and that the 
exact validated cocktail methodology be followed during study conduct [26].

A cocktail study may not completely eliminate requirements for additional 
DDI studies, but the approach of using cocktail studies prior to more specific 
definitive studies has been endorsed at a consensus conference that included the US 
Food and Drug Administration (FDA) and European Medicines Agency (EMA) 
[27]. Investigators can anticipate that if a significant change in basal DME activity 
is identified during a cocktail study, the regulatory agency with oversight may require 
additional specific DDI studies for the investigational drug and other frequently 
 co-administered drugs that are expected to result in clinically significant DDIs. 
The rationale for requiring specific DDI studies is open to debate since DDIs cannot 
be quantitatively predicted or used to provide specific dosage adjustments for 
individual patients [28]. Initial cocktail studies should use the most selective probe 
substrates that are part of a validated cocktail. If subsequent studies are conducted, 
other clinically relevant validated probes can be used.

19.2  In Vitro Studies and the Conduct of Cocktail Studies

In vitro studies are the first step in prediction of DDIs. The FDA recommends that 
appropriate in vitro screening be done to evaluate whether therapeutic concentra-
tions of an investigational drug are metabolized by CYP1A2, CYP2C8, CYP2C9, 
CYP2C19, CYP2D6, and CYP3A isozymes [29]. Of these, all but CYP2C8 are 
considered major metabolic pathways [29, 30]. While other CYP enzymes (e.g., 
CYP2A6, CYP2B6 and CYP2E1) are less frequently involved in clinically impor-
tant DDIs, they should be considered for study when appropriate. For example, if an 
investigational new drug is likely to be co-administered with a drug primarily 
metabolized by CYP2B6, in vitro screening for a DDI should be conducted.

The Pharmaceutical Research and Manufacturers of America (PhRMA) pub-
lished recommendations for conduct of in vitro DDI studies [31] that are based on 
FDA guidance and a joint conference of regulatory and scientific agencies [27]. The 
recommended study types commonly use pooled human liver microsomes or cDNA-
expressed human CYPs and may underestimate or overestimate effects that will 
occur in vivo. Multiple factors influence the accuracy of predicted DDIs from in vitro 
studies. These include probe selection, determination of intrinsic clearance, choice 
of substrate and inhibitor concentration ranges, effect of organic solvents on enzyme 
activity, buffering of the system, and whether transcellular transporters are impor-
tant in vivo [32]. Underestimation can occur when hepatic drug concentrations are 
substantially higher than plasma concentrations after oral drug administration [33]. 
Because the free fraction of drug is generally responsible for in vivo DDIs, DDIs may 



63519 Probe Cocktail Studies

be overestimated when in vivo plasma or hepatic protein binding is high. In  addition, 
the contribution of an enzyme to the overall metabolic clearance in vivo may be either 
underestimated or overestimated if the metabolic pathway is partially saturated at 
in vivo concentrations such as those found during first pass metabolism [34].

In vitro screening can be used to investigate whether inhibition, activation or 
induction affects elimination through the DME systems. If screening assays find 
that an enzyme pathway does not metabolize an investigational drug, then clinical 
studies to evaluate CYP450 inhibitors or inducers are unlikely to be required by 
regulatory agencies. The FDA goes so far as to say that if no inhibition or induction 
is found in vitro, then no in vivo interaction studies are needed [29]. However, 
in vitro studies may not predict DDI in a number of circumstances. These situations 
include when induction or activation occur or predominate in vivo, measurable 
plasma concentrations are incorrectly extrapolated to hypothetical concentrations at 
the site of metabolic activity, the relative contribution of CYP pathways is not accu-
rately known, mechanism-based inactivation takes place, an improper enzyme inhi-
bition model is chosen, interactions occur with transporters rather than DMEs, or 
CYP inhibitors also affect P-glycoprotein or other transporters [35, 36].

There are numerous examples of in vitro screenings that were not predictive of 
in vivo DDIs [35]. Given the possible problems of bias and error with in vitro test-
ing, and that not all factors affecting in vitro-in vivo correlations may be known, 
confirmation of presence or lack of in vivo DDIs may be desirable even when in vitro 
screening is negative. Also, although some methods are available, in vitro screening 
may be unable to adequately assess the potential for DDIs that occur through enzyme 
induction [31].

A full discussion of the proper design and application of in vitro studies is beyond 
the scope of this chapter but is discussed at length elsewhere [27, 31, 37, 38]. The 
PhRMA recommendations give specific study design guidelines to assist investiga-
tors in the conduct of in vitro studies [31].

19.3  Cocktail Study Methodology

19.3.1  Probes and Biomarkers

Probes, biomarkers and specific cocktail combinations must each be validated. 
Choosing validated probes and biomarkers is essential for the acquisition of accurate 
and useful data. Specific recommendations for validation criteria have been published 
[3, 4, 39, 40]. Probes should be substrates that are specific for the elimination pathway 
of an individual CYP enzyme in in vitro studies [29]. If more than one metabolic 
pathway is involved in the metabolism of the probe, the second pathway should con-
stitute <10% of the total clearance [39]. Although not required for validation, probes 
should be safe and commercially available worldwide [4]. Consistent use of validated 
probes allows for comparison between studies and in different populations.

Biomarkers are the metrics used to assess the metabolism of the probe drug. 
Biomarkers must be reproducible (i.e., have a low coefficient of variation for 
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repeated tests). The biomarker should reflect known genetic polymorphisms and 
should not be dependent upon other factors unrelated to enzyme activity (e.g., uri-
nary pH, urinary flow, renal function) [41–43]. During in vivo studies, biomarkers 
need to measure change from baseline to induction as well as from baseline to inhi-
bition. They should also be able to assess activation. Sampling of the biomarker 
over time must be appropriate to quantitate both induction or inhibition and this 
means that sampling strategies will usually differ by study phase.

Biomarkers that are direct metrics are preferred; e.g., total area under the plasma or 
serum concentration time curve (AUC), total body clearance, and total AUC metabolic 
ratios [4, 26]. When AUC is used, the complete AUC (i.e., AUC

0–∞) and not partial 
AUC, should be determined. Thus, appropriate sampling duration is required in order 
to characterize at least 80–85% of the AUC with plasma versus time concentrations 
(<15–20% extrapolation) [44]. If metabolites are used as part of the biomarker, corre-
lation of metabolite formation with the activity and content of the enzyme in subcel-
lular fractions should have been shown [40, 45, 46]. Indirect metrics such as urinary or 
plasma metabolic ratios (metabolite:drug) or recovery ratios (drug + metabolite) have 
frequently been used but are not recommended and generally have not been validated 
[41, 47]. Simpler ratios and single point measurements are usually not satisfactory 
parameters and can lead to errors in interpretation [41, 48–50]. This is particularly true 
when divergent primary metabolic pathways are mediated by different enzymes and 
lead to the formation of the same secondary metabolite [27]. Limited sampling strate-
gies are published for many biomarkers but may introduce excessive variability and 
lack adequate accuracy when applied within the setting of cocktail studies [48, 50]. As 
listed above, there are many issues and limitations in published biomarkers. Thus, the 
investigator should be cognizant that just because a probe or biomarker has been used 
alone or as part of a cocktail does not make it validated or appropriate for use.

As of this writing, the following probes (noted with the enzymes that they measure) 
and biomarkers have been validated. Many have been used in validated cocktails and 
the findings published. As such, the following probes and biomarkers are appropriate 
for use in DDI studies. This is not an exhaustive list of validated probes or biomarkers. 
Table 19.1 lists validated single probes by enzyme pathway. Table 19.2 lists validated 
cocktails that include at least four probes for CYP pathways of major importance.

Table 19.1 Validated in vivo probe CYP substrates

CYP enzyme Validated probe substrates

CYP1A2 Caffeine [51–53], theophylline [53]
CYP2B6 Bupropion [54, 55]
CYP2C8 Rosiglitazone [56, 57]
CYP2C9 (S)-warfarin[58], tolbutamide [59]
CYP2C19 (S)-mephenytoin [60, 61], omeprazole [62–64], lansoprazole [65],  

[13C]pantoprazole [66, 67]
CYP2D6 Debrisoquine* [40], dextromethorphan [40, 68], desipramine [69]
CYP2E1 Chlorzoxazone [70, 71]
CYP3A Midazolam (IV ± oral) [45, 46, 72], alfentanil [73–75],  

felodipine [76], triazolam [77, 78]

*debrisoquine is not available in North America or Asia
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19.3.1.1  CYP1A2

Caffeine is a validated probe with caffeine systemic clearance or the plasma 
 paraxanthine to caffeine ratio AUC

0–∞ as the biomarker [51, 52]. Although urinary 
metabolite ratios are frequently used as the biomarker [68], these are not optimal for 
the reasons examined elsewhere in the chapter. Chlorzoxazone inhibits in vivo 
 caffeine metabolism [81] and therefore these two probes should not be used together. 
Theophylline is also a validated CYP1A2 probe [53].

19.3.1.2  CYP2B6

The probe bupropion has been validated and the (S, S)-hydroxybupropion:(S)-
bupropion AUC

0–∞ ratio is the validated biomarker [54, 55]. CYP2B6 is considered 
an enzyme of emerging importance but currently no CYP2B6 probe is part of a vali-
dated cocktail.

19.3.1.3  CYP2C8

Rosiglitazone is a selective substrate and valid probe for CYP2C8 [56, 57] but is not 
currently part of a validated cocktail. Also, CYP2C8 is considered an enzyme of 
emerging importance and may not be necessary to evaluate in all settings.

19.3.1.4  CYP2C9

(S)-warfarin is a validated CYP2C9 probe with plasma (S)-warfarin AUC
0–∞ as the 

biomarker [58]. Low dose (125 mg) tolbutamide is also a validated CYP2C9 probe 
with oral tolbutamide plasma clearance [62] as the biomarker [59]. Unfortunately, 
tolbutamide use in a cocktail has only been validated with caffeine and dextrometho-
rphan [82] and this limits its usefulness in studies that also wish to evaluate CYP2C19 
and CYP3A isozymes. Losartan is used as a CYP2C9 probe in some cocktails but does 
not adequately distinguish between common CYP2C9 genotypes [83–85] and may 
also interact with other commonly used probe drugs (i.e., caffeine, omeprazole or 
debrisoquine) [86]. While (S)-flurbiprofen has been validated as a cocktail component, 
it does not correlate with other validated CYP2C9 probes (i.e., (S)-warfarin, tolbut-
amide) and exhibits greater variability in inhibition [58]. For these reasons, Kumar 
et al. have suggested (S)-warfarin AUC

0–∞ as the preferred CYP2C9 biomarker [58].

19.3.1.5  CYP2C19

Omeprazole is the most commonly used, validated CYP2C19 probe [62–64] with 
the 5-hydroxyomeprazole:omeprazole AUC

0–10 h
 as the preferred biomarker [24, 52]. 
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Many studies use a single 2- or 3-h metabolic ratio as the biomarker but this is 
suboptimal as the omeprazole C

max
 can vary markedly [62, 87]. Lansoprazole is also 

a validated probe [65] but is not included in a validated cocktail. (S)-mephenytoin 
has been proposed as a CYP2C19 probe [60, 61] but there are issues with the 
stability and duration of urine collection [88] as well as safety concerns [68]. In addition, 
mephenytoin is generally not commercially available. For these reasons, mepheny-
toin is not recommended. [13C] pantoprazole shows promise as a CYP2C19 probe 
although it has not been validated as a cocktail component [66, 67].

19.3.1.6  CYP2D6

Oral dextromethorphan is the preferred CYP2D6 probe [40], with use of plasma 
dextromethorphan:dextrophan AUC ratio

0–∞ or plasma dextromethorphan oral clear-
ance as biomarkers [41]. While the 12-h urinary dextromethorphan to dextrophan 
ratio has been validated, it should be viewed as inferior to plasma measurements 
because of issues related to urine specimen collection and handling, including pH 
considerations [40]. Debrisoquine is a validated CYP2D6 probe, and if used, the 
12-h urinary debrisoquine:4-hydroxydebrisoquine metabolic ratio is the validated 
biomarker [40, 68]. However, debrisoquine is of limited usefulness because it is not 
available in North America or Asia. Desipramine is a validated probe [69] but has 
safety issues and is not part of a validated cocktail. Metoprolol is used in some vali-
dated cocktails and has metabolic properties that make it a desirable probe. However, 
metoprolol cannot be considered a validated CYP2D6 probe because it does not 
correlate with the metabolic ratios of other validated probes (i.e., debrisoquine,  
dextromethorphan) in non-Caucasian populations [40]. There are few situations 
where one would be interested in DDI data that are only applicable to Caucasian 
populations. A recent review of CYP2D6 probes has been published by Frank 
et al. [40].

19.3.1.7  CYP3A Isozymes

Midazolam is the validated, gold-standard CYP3A isozyme probe [29, 45, 46], 
although some researchers believe that more than one probe is needed when assess-
ing CYP3A activity [89]. Validated CYP3A isozymes biomarkers include midazo-
lam AUC

0–∞ and plasma 1-hydroxymidazolam:midazolam AUC
0–∞ ratio [45]. Single 

point ratios of 1-hydroxymidazolam:midazolam have been used but these are dem-
onstrated to be invalid biomarkers [48, 90]. Although simvastatin is listed as a rec-
ommended CYP3A isozyme probe in the most recent FDA guidance [29], simvastatin 
does not correlate with CYP3A activity during inhibition or induction and therefore 
should not be used as a CYP3A probe [91]. Both oral and intravenous alfentanil are 
validated CYP3A isozyme probes with plasma alfentanil AUC

0–∞ as the biomarker 
[73, 74]. However, alfentanil is not part of a validated cocktail. Because quinine has 
not been validated, is a P-glycoprotein substrate, and inhibits CYP2D6, it should 
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not be used in cocktail studies [86, 92]. Triazolam is a validated CYP3A probe but 
is not part of a validated cocktail [77, 78]. Felodipine is proposed as a CYP3A probe 
[76] but correlation with other CYP3A probes has not been done [93]. At one time, 
dapsone was used as a CYP3A probe but subsequent research showed it to be sub-
optimal. Dapsone is metabolized by CYP3A isozymes, CYP2C9 and CYP2E1 [94, 95], 
lacks correlation with other CYP3A isozyme probes, and fails to accurately assess 
CYP3A inhibition or induction [4, 36, 96–98]. The erythromycin breath test is not 
specific for CYP3A isozymes (and is also a P-glycoprotein substrate) and should 
not be used [99]. Some authors have suggested other drugs (e.g., buspirone [93, 100] 
and sildenafil [29, 93]) as CYP3A probes. While these may be appropriate for 
in vitro assessment of CYP3A activity [101, 102], data that support use as in vivo 
probes are currently lacking.

Finding a selective CYP3A5 substrate has been challenging. Because CYP3A5 
and CYP3A4 are structurally similar, the specificities of substrates and inhibition 
are also very similar [103] as are the determinants of constitutive expression [104]. 
No validated, specific CYP3A5 probe is currently available. Also, CYP3A5 is con-
sidered an enzyme of emerging importance rather than a major enzyme [105].

19.3.1.8  CYP2E1

Chlorzoxazone is the preferred probe for CYP2E1 and has been validated at the 
250 mg dose [70, 71]. The corresponding biomarker is the plasma 6-hydroxychlorz-
oxazone: chlorzoxazone AUC

0–∞ ratio [106, 107] or apparent chlorzoxazone 
 clearance [70]. Chlorzoxazone inhibits CYP3A isozymes and an interaction has 
been demonstrated when chlorzoxazone 250 mg is dosed with oral midazolam  
[4, 108]. Therefore these two probes should not be co-administered during a cock-
tail study and CYP3A isozymes cannot be assessed while evaluating CYP2E1 
with chlorzoxazone. As CYP2E1 is consider an enzyme of limited importance, 
exclusion of this enzyme from cocktail studies is unlikely to be a problem.

19.3.1.9  Miscellaneous

One validated CYP probe can be used to measure the activity of a phase II enzyme, 
N-acetyltransferase (NAT2). The presence of NAT2 genotype variants have been 
evaluated with caffeine [109, 110] or dapsone [111], although the two probes were 
not highly correlated in an acutely ill population [112]. Usually NAT2 activity is 
evaluated during a cocktail study when urinary caffeine metabolite ratios are 
collected because caffeine has been administered to evaluate a CYP enzyme rather 
than primarily to determine acetylator status. Little is known about how changes in 
NAT2 activity relate to changes in the measured biomarkers. For this reason, assess-
ment of the biomarkers is primarily used to evaluate NAT2 phenotype, not the 
potential for DDIs via NAT2.
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19.3.2  Validated Cocktails

Once validated probes and biomarkers have been identified, it is important to assure 
that the cocktail combination of probes has also been validated. First one should 
evaluate whether the probes used in the cocktail study have been validated as a 
cocktail. Second, one should be sure that a validation of the combination of probes in 
the cocktail has been published. There must be clear evidence that there are no clini-
cal or metabolic interactions among the probe drugs when used concurrently [26].

There are a number of reasons that published cocktails may not be appropriate 
for use. Use of validated probes and biomarkers without appropriate evidence of a 
lack of interaction between the probes is insufficient. Use of validated cocktails, but 
choosing biomarkers that are invalid or have yet to be validated can also lead to 
erroneous results.

Unfortunately, many unvalidated cocktails are in use and cocktail studies are 
frequently published that use unvalidated or invalid probes, biomarkers and/or cock-
tails. For example, a cocktail may include one or more component probes that are 
invalid or have been shown not to be valid, e.g., the 6b-hydroxycortisol:cortisol 
molar ratio [113–115] and the 4-h (single point) 1-hydroxymidazolam:midazolam 
ratio for measuring CYP3A isozymes activity [48]. Another possibility is that the 
component probe has been validated, but the chosen biomarker has not [4]. For 
example, while midazolam is a validated probe for CYP3A isozyme activity, there 
are numerous midazolam biomarkers that are used but not validated. Midazolam 
clearance and AUC

0–∞ are validated biomarkers [39, 45, 46]; neither single point 
midazolam concentrations [90, 116] nor the 1-hydroxymidazolam:midazolam 
single point ratio accurately measures CYP3A isozyme activity [48]. In other words, 
midazolam is a validated probe, midazolam clearance and AUC

0–∞ are validated 
biomarkers, but single point concentrations or single point metabolic ratios are not 
validated biomarkers and should not be used. Substitution of validated biomarkers 
can be done if the individual probe and its use as part of a cocktail are validated.

Another problem is that the cocktail components may have been individually 
validated but the concurrent administration of the probes has not [117, 118]. Finally, 
some in vitro probes and cocktails are suggested for in vivo use without supporting 
in vivo data [119]. Thus, it is essential that the investigator be sure that the probe 
drugs, biomarkers, and cocktail combination have each been validated in order to 
assure accurate study results.

19.4  Application of Cocktail Study Methodology

During a study, all DME polymorphisms that may be relevant (based on preclinical 
data) should be evaluated. When there is evidence that 30% or more of an investiga-
tional drug is cleared through CYP-mediated metabolism, the cocktail study should 
be designed to include at least the CYP enzymes of major metabolic importance 
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(i.e., CYP1A2, CYP2C9, CYP2C19, CYP2D6 and CYP3A4) [31]. Other CYP 
enzymes that are considered to be of emerging importance (i.e., CYP2C8, CYP2B6, 
and CYP3A5) should be included if in vitro assays suggest they play a role in 
metabolism of the investigational drug of interest [31]. CYP1A1, CYP1B1, 
CYP2A6, CYP2E1 and CYP4A11 are considered to be of low importance and typi-
cally do not need to be investigated in cocktail studies.

Some validated cocktails lack the ability to evaluate an important and relevant 
DME pathway. For example, the validated Cooperstown cocktail did not include a 
CYP2C9 probe [120] although CYP2C9 is responsible for metabolism of approxi-
mately 20% of marketed drugs [121]. This problem was overcome by addition of a 
CYP2C9 probe (warfarin) and validation of a new combination, the Cooperstown 
5 + 1 cocktail [79]. The Cooperstown 5 + 1 cocktail evaluates all of the major DME 
pathways although CYP3A isozymes assessment is limited to hepatic activity. 
Although it has been used, oral midazolam to assess intestinal plus hepatic CYP3A 
activity has not been validated as part of this cocktail. The 6-drug Pittsburgh cock-
tail is able to assess CYP1A2, CYP2C9, CYP2C19, CYP2D6, and CYP2E1 [21, 97]. 
However, the CYP2C19 (mephenytoin) is not valid, CYP2E1 is a DME of low 
importance, and this cocktail does not contain a valid probe drug for CYP3A. Since 
CYP3A is responsible for approximately 50% of drug metabolism via CYP enzymes 
[36], this severely limits the utility of the Pittsburgh cocktail. Although it is a 6-drug 
cocktail, it only contains validated probes for three CYPs of major importance. 
While addition of midazolam to this cocktail would probe CYP3A isozymes, doing 
so without a complete validation of the cocktail would be scientifically unsound.

Published, validated cocktails that contain at least four validated probes for the five 
major CYPs are shown in Table 19.2. These include the Cooperstown 5 + 1 drug cock-
tail [79], the Sanofi-Aventis cocktail [80], and the Inje cocktail [24]. The reader should 
be aware that there are published investigations that use these probe cocktails but fail 
to evaluate validated biomarkers. It is also important to note that most investigators 
cannot acquire the entire set of probe drugs needed for the Pittsburgh cocktail. 
Currently there are no cocktails that combine validated CYP probes with a validated 
P-glycoprotein probe and in fact, no validated P-glycoprotein probes exist [3].

19.5  Subject Selection

A decision should be made during study design as to whether inclusion criteria will 
specify extensive metabolizers (EMs) identified by a priori genotyping or previous 
phenotyping, or will allow other metabolizer genotypes. One option is to genotype 
subjects and use genotype during the screening period to determine eligibility. 
Another is to use genotype to stratify during the analysis phase. When genotyping 
is done prior to the study, the additional costs of post hoc pharmacogenetic analyses 
may be avoided. Knowledge of subject phenotype may be required to appropriately 
interpret findings [122–124].
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Using pharmacogenomic inclusion/exclusion criteria can increase statistical 
power by reducing the variability introduced by inclusion of a range of polymor-
phisms. By reducing intersubject variability, the sample size is reduced. Using sub-
jects with EM genotypes to evaluate DDI potential is most common because such 
individuals have a greater quantity of enzyme and therefore are at greater risk for a 
DDI [125]. Individuals with PM genotypes have little or no enzyme production and 
therefore are unlikely to experience metabolic DDIs, and studies in PMs may result 
in underestimation of DDIs if results are not stratified by phenotype [125, 126]. 
Exclusion of poor metabolizers (PMs) may also increase trial safety by removing 
the risks associated with excessive drug exposure and limiting or avoiding the need 
for intensive monitoring during study drug administration. For these reasons, exclu-
sion of subjects who are PMs makes a study more efficient. Likewise, inclusion of 
ultra rapid metabolizer phenotypes (UMs) may result in overestimation of DDIs and 
can result in markedly different findings than if only EMs are studied [127].

Alternatively, cocktail studies can be specifically designed to evaluate DDI by 
enzyme genetic polymorphism. Some researchers include EMs and IMs (if pheno-
typing or genotyping has been done prior to study start). If a drug is metabolized by 
a polymorphic enzyme then enrollment of adequate numbers of subjects who are 
PMs and EMs can allow comparison of pharmacokinetic parameters and thereby 
indicate the extent of the DDI that is expected with strong enzyme inhibition. In 
such a situation, additional interaction studies with such inhibitors would be unnec-
essary [29]. Enrollment of EM genotypes is encouraged when studying polymor-
phic DMEs. Although the focus of their statement is on pharmacogenomics studies, 
the Industry Pharmacogenomics Working Group (http://i-pwg.org) has endorsed the 
use of homogeneous populations when possible [124].

When genotype is not used to determine study eligibility, it is essential that the 
methods and quality of evaluating both genotype and phenotype be included in the 
protocol because lack of accurate phenotyping or incorrect genotype can result in 
spurious findings [124]. When multiple genotypes and phenotypes are included, the 
results should be presented by phenotype subgroup. Subgroup data presentation 
provides the maximal information for understanding DDI potential.

A cocktail protocol must also control environmental factors that may result in 
inhibition or induction of DMEs. Food-drug interactions [13, 14], cigarette smoking [11], 
or alcohol consumption [12] should be avoided when possible, or at a minimum, 
assessed and recorded [16].

19.6  Drug Dosage and DME Evaluations

The investigational drug dose and duration should be sufficient to estimate maxi-
mum induction or inhibition at clinically relevant dosages. Therefore, the investiga-
tional drug should be dosed at the highest dose likely to be employed in clinical use. 
The drug(s) used to inhibit or induce the enzyme pathways should also be dosed at the 
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highest clinical dose and its shortest dosing interval [29]. Dosing the investigational, 
inhibitory and induction drugs in this manner will maximize the chance of identifying 
an interaction.

Exposure measures (e.g., total AUC, maximum concentration [C
max

], time to C
max

) 
and pharmacokinetic parameters (e.g., clearance, volume of distribution) should be 
measured in every study. Additional measures such as pharmacodynamic parameters 
should be considered when appropriate. When the objective of the study is to quan-
tify the effects on different enzymes, the complete AUC or pharmacokinetic param-
eter for the biomarker (not metabolic ratios) is the preferred metric [26, 41]. Simpler 
ratios such as metabolite to parent drug ratios in urine may have more confounding 
factors and the magnitude of an effect may be difficult to translate into inhibition 
potency, induction potency, and treatment recommendations. If a study assesses sin-
gle parent to metabolite ratios (rather than a complete AUC), further in vivo evalua-
tion may be required to provide quantitative data on changes in exposure.

19.7  Sampling, Assays and Sample Analyses

If in vitro data indicate CYP inhibition, induction, or activation there should be 
appropriate adjustment of the specimen sampling strategy. The frequency of sam-
pling must allow accurate determination of the relevant measures and parameters 
for the parent drug and the active metabolites. Baseline sampling should be per-
formed on the same schedule as during the cocktail validation study. Further modi-
fications to the sampling scheme can be based on baseline DME activity and 
genotype, the expectation of inhibition or induction, and the substrate specificity for 
the enzyme system.

There may be important issues related to handling specimens prior to assay. 
Appropriate and consistent storage of blood and urine samples during collection is 
essential. When metabolic ratios are dependent upon renal clearance and a drug is 
lipid soluble, then diurnal variation in urinary pH has the potential to affect intrain-
dividual variability in urinary ratios (for the parent drug) and plasma ratios (for the 
metabolite) [42]. As such, control of the duration of specimen collections should be 
standardized [27]. One must also know that the timing of the specimen collection is 
adequate to identify changes related to either inhibition or induction.

Stability of the probe in urine or plasma is required (i.e., the biomarker should not 
change over time, either prior to assay or during specimen storage). Urinary pH can 
influence detectable metabolic ratios and lead to a marked increase in variability 
[42]; in some circumstances it is necessary to stabilize the urine during collection 
[41, 43]. For example, urine samples for dextromethorphan and its metabolites should 
be deconjugated with b-glucuronidase before measurement in order to include uncon-
jugated dextromethorphan and the 3-hydroxy methorphinan metabolite. Failure to 
deconjugate the urine may lead to incorrect measurement of metabolites [40].

Analytical interference should not be caused by the probe, investigational drug, 
or metabolites. The assay must be sensitive enough to allow determination of drugs 
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and metabolites in the collected samples. In general LC-MS-MS is recommended as 
an analytical instrument due to its precision, specificity and ability to quantitate very 
low concentrations of substances in body fluids. Deuterated drug is encouraged as 
the internal standard. Documentation of a lack of analytical interference between the 
cocktail drugs, their metabolites, and any internal standards is also important [128].

19.8  Statistical Considerations

Consideration of the desired study power, inter- and intraindividual variability in 
enzyme activity, and definition of a clinically important mean group difference in 
the measured biomarkers are all important aspects of study design. Each will influ-
ence the sample size calculations. Having an adequate number of subjects is essen-
tial and lack of attention to sample size may result in an under powered study [125]. 
Information on intraindividual variability for many CYP biomarkers can be found 
in the review by Zhou et al. [2] as well as the original research publications.

Sample size should be calculated for both the CYP enzyme of greatest interest 
based on in vitro findings and the biomarker with the greatest intraindividual vari-
ability. Calculating sample size from each of these and then using the larger sample 
size will provide adequate power for all of the CYPs under study. Routine use of the 
FDA recommended minimal sample size of 12 [129] can lead to a study with inad-
equate power.

Correct statistical evaluation begins with log transformation of the data. The 
rationale for this is that most pharmacokinetic metrics are not normally distributed 
but are right skewed [26, 29]. Log transformation tends to normalize or “correct” 
the distribution of the data. When data are normally distributed, measures of vari-
ance (e.g., confidence intervals, standard deviations, interquartile ranges) are sym-
metrical. In many studies, the sample size is too small to adequately evaluate for 
data distribution and hence, log transformation is recommended regardless of the 
apparent distribution of the raw data [129].

Regulatory agencies agree that DDI studies should be analyzed using bioequiva-
lence criteria rather than statistical testing (i.e., significance testing) [27]. Results 
for the biomarker metric (e.g., total AUC or C

max
) should be reported as the 90% 

confidence intervals (CI) around the geometric mean ratio of the biomarker measure-
ments before and after treatment. The ratio is constructed from either the enzyme 
activity during investigational drug administration (treatment) to basal enzyme activity 
(baseline), or the enzyme activity during investigational drug plus inhibitor/
inducer (treatment) to enzyme activity during investigational drug treatment 
alone (baseline). Confidence intervals provide an estimate of the distribution of 
the observed systemic exposure of treatment versus the control state and convey a 
probability of the magnitude of the interaction [29].

As a general rule, to meet bioequivalence criteria the 90% CI should be within 
the conventional limits of 0.8–1.25 for AUC and 0.7–1.43 for C

max
 [29]. However, it is 

recommended that these limits be flexible and dependent upon the pharmacodynamics 
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of the investigational drug or other clinical or safety considerations [27]. If the 
investigator plans to report 90% CI but specify limits other than the conventional 
limits noted above, these should be stated prior to study conduct. If a study is 
intended for submission to a regulatory agency, that agency should agree to any 
change in the confidence interval limits before the protocol design is finalized. 
Significance testing (e.g., parametric tests such as Student’s t-test or nonparametric 
tests such as the Wilcoxon Sign Rank test) rather than bioequivalence testing is not 
appropriate because small, consistent systemic exposure differences can be statisti-
cally significant (p < 0.05) but not clinically relevant [26, 27, 29]. Unfortunately, not 
all cocktail validation studies have been analyzed with the appropriate statistical 
methodology.

Data presentation should include both interindividual variability and intraindi-
vidual variability (by metabolizer phenotype if appropriate). Reporting mean data 
with standard deviations is inadequate. For interactions in which an increase in vari-
ability is of concern (e.g., narrow therapeutic index drugs), the focus of the statistical 
analysis should be on measures of variability [29] rather than measures of central 
tendency such as the mean or median. This is because the measures of variability 
assist in prediction of the range of the DDIs anticipated to occur in the clinical set-
ting. The mean change in enzyme activity is less useful from a clinical perspective.

19.9  Application of Cocktail Studies and Conclusions

Cocktail studies can assess the potential for DDIs and therefore assist the pharma-
ceutical industry with go/no-go decisions. They also allow assessment of the need 
for additional, specific DDI studies. Because cocktail studies assess the potential 
extent of DDIs, qualitative recommendations for drug dosing and use may be made. 
Evaluation of variability in the extent of DDIs can result in useful clinical informa-
tion. For example, the presence of large inter-individual variability in clearance may 
translate into large inter-individual differences in the extent of DDIs. The impor-
tance and implications of enzyme polymorphism for different genotypes and the 
implications for product labeling can also be evaluated.

Both the FDA [26] and the EMA [29] endorse the use of cocktail studies to 
evaluate for DDIs when such studies are conducted in an adequate number of sub-
jects and use validated biomarkers and cocktails [26, 29]. The FDA recommends 
that metabolic DDIs be explored for investigational compounds, including those 
that are not significantly eliminated by metabolism [29]. The FDA then works with 
the sponsor to determine whether further DDI studies are needed after studies with 
in vitro probes and early in vivo studies have been completed [29]. Specific sugges-
tions about preferred probe substrates and study designs are provided in FDA guid-
ance [29] although not all of the probe substrate recommendations are supported by 
review of the literature or validation studies.

The EMA recommends that cocktail studies use safe, validated probes and pro-
vides specific criteria that should be present in the probe drugs [26]. In addition, this 
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agency specifies that validated cocktails should be used and prefers cocktails that 
are supported by published validation data.

There is little published guidance available in English from Japan’s Ministry of 
Health, Labor and Welfare (MHLW). What is available is consistent with recom-
mendations provided by the FDA and EMA [27].

In order to predict DDIs in the clinical setting and make clinical adjustments 
to dosing, it is necessary to have information on substrate specificity, the extent 
of inhibition or induction, inter-individual variability of the CYP enzyme, and 
whether inhibition/induction is affected by the disease state in which the drug is 
used. This information is often difficult to acquire from clinical studies. For this 
reason, conducting cocktail studies in patient populations may provide valuable 
data. There is a need for investigation of variability of inhibition within metabolizer 
phenotypes for mild-moderate inhibition and narrow therapeutic index drugs as 
well as investigation of variability of inhibition within enzymes such as CYP3A4 
where there are no polymorphisms but up to sevenfold interindividual variability in 
enzyme activity [36, 45, 130–132].

We hope that the future development of cocktails will include validation of cock-
tails that contain safe and validated probe drugs that are readily available worldwide 
and validated biomarkers that can be collected efficiently and assayed easily and 
concurrently.
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Abstract This chapter covers basic concepts pertaining to designing drug-drug 
interaction studies and interpreting results. Planning a drug-drug interaction study 
should encompass a statement of the rationale for doing the study. The basic design 
involves a 2 period randomized cross-over study with two treatment sequences; 
however, more complex and alternative study designs are discussed. Considerations 
include dose and duration of precipitant drug, washout period between treatments, 
and whether the potential interaction that results will affect the pharmacokinetic 
assessment plan. Existing information available for the test agents should be 
reviewed to formulate expected outcomes. The expected outcomes should be con-
sidered to ensure that the proper pharmacokinetic and sometimes pharmacodynamic 
information is collected for all treatments. All drug-drug interaction studies should 
be planned to incorporate bioequivalence testing and to present mean ratio of 
Treatment/Reference and corresponding 90% confidence intervals. The “no-effect” 
bounds, typically 80.00–125.0%, should be stated in the plan and based on consid-
eration of the therapeutic index and pharmacokinetic variability of the object drug.

20.1  Study Rationale

Drug interaction studies should be considered for drugs that are likely to be admin-
istered concomitantly to large numbers of patients. The drugs may be indicated for 
the same disease process and their use in combination is considered therapeutically 
rational. Alternatively, the drugs may have different indications, but the two disease 
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processes occur frequently in the same population. Drugs involved in interactions 
are divided into precipitant drugs (drugs that cause a change in the pharmacokinetics 
and/or pharmacodynamics of another drug) and the object drug (drug affected by 
the precipitant drug). A drug can act as a precipitant drug and an object drug at the 
same time when two drugs effect each other during concomitant administration.

To study large numbers of potential interactions routinely for all drugs is not fea-
sible or desirable. Consequently, screening methods are required to identify drugs that 
are likely to interact. A chemist who is knowledgeable about drug interactions affect-
ing gastrointestinal absorption may be able to identify potential interactions involving 
chelation, physical binding, or other incompatibility. Metabolism of object drugs may 
be studied using in vitro cytochrome P450 (CYP) enzyme preparations to identify 
enzymes involved in the metabolism [1, 2]. Databases are available of drugs that 
inhibit or induce various CYP subtypes. Once metabolism is determined to be a major 
elimination pathway and the responsible enzyme subtypes are known, these databases 
can be used to identify potentially interacting drugs [3]. Preliminary interaction 
studies of substrates with metabolic inhibitors and inducers can be performed using 
the same in vitro enzyme preparations as those used to determine metabolic path-
ways of substrates [2, 4]. Similar methods have been adapted to investigate drug 
interactions involving intestinal metabolism and drug transport [5–7].

Interactions involving protein binding displacement are not usually clinically 
significant. However, protein binding interactions should be examined for drugs 
that: (1) exhibit high binding to plasma proteins (>95%); (2) have a narrow thera-
peutic index; (3) occupy most of the available plasma protein-binding sites at 
clinically relevant concentrations; and (4) have a small volume of distribution 
(<10 L/70 kg) and are restrictively cleared by the major organ of elimination (e.g., 
low hepatic clearance), or are nonrestrictively cleared (e.g., high renal clearance) 
and are administered parenterally [8, 9]. Preliminary protein binding studies can be 
carried out in vitro, recognizing that metabolites may contribute to protein displace-
ment interactions. Interactions involving renal clearance changes may be expected 
for drugs that rely heavily on renal excretion for their elimination. For these drugs, 
the presence of significant tubular secretion or reabsorption suggests possible inter-
actions. Pharmacodynamic interactions should be suspected for drugs that have 
similar pharmacologic or toxicologic effects.

20.2  Study Design – General Issues

Current regulatory guidances provide some insight into designs for in vivo drug 
interaction studies [10, 11]. These guidances recommend three designs: (1) random-
ized crossover, (2) one-sequence crossover, or (3) parallel. A position paper by 
Pharmaceutical Research and Manufacturers of America (PhRMA) Drug Metabolism 
and Clinical Pharmacology Technical Working Groups has defined a minimal best 
practice for in vitro and in vivo pharmacokinetic drug-drug interaction studies 
targeted to drug development, with the goal of harmonizing approaches by regulatory 
agencies and industry sponsors [12].
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Drug interaction studies involve the measurement of pharmacokinetics or a 
specific pharmacodynamic effect in the presence and absence of a precipitant drug. 
Such studies typically employ a within-subject design in which individuals receive 
both treatments in either fixed or random order. A fixed-order design denotes a lon-
gitudinal or one-sequence crossover study in which the treatments are administered 
sequentially over two or more time periods and all participants are grouped into a 
single sequence. Longitudinal studies are often conducted in patients who are 
receiving long-term therapy of the object drug or taking drugs with long elimination 
half-lives (>72 h). A two-period, longitudinal study involves the administration of 
the object drug alone followed by measurement of the pharmacokinetics or effect 
parameter(s) over time in period 1. A washout period may or may not be necessary. 
Then, the object and suspected precipitant drugs are concomitantly administered 
simultaneously or at different times in period 2. Measurements of the pharmacoki-
netics or effect parameters are repeated following administration of the combina-
tion treatment. In the longitudinal design, potential period effects are merged with 
the treatment effects. If a 30% change in the clearance of the object drug is 
observed, the change may have been caused by the precipitant drug or to some other 
intercurrent event. Perhaps the food intake differed between the two periods 
(treatment phases), or a portion of the subjects acquired a mild viral infection 
between the two periods. If females are included as subjects, the number of subjects 
in the luteal phase of the menstrual cycle may differ between the two periods.

The study must be designed will full knowledge of the pharmacokinetics of both 
drugs. If the study involves single doses of the object drug, then adequate washout 
of the first dose must be allowed before starting the second treatment phase. For the 
control treatment, measuring serum concentrations or effect for at least 4–5 half-
lives is important. If reduced clearance and increased half-life are expected with the 
interaction, the sampling time may need to be extended following concomitant 
treatment. If the study involves multiple-dose administration of the object drug, 
then the serum concentrations should reach steady-state during both periods, particu-
larly if the object drug has time-dependent pharmacokinetics, before assessing the 
pharmacokinetic or effect parameter(s).

The major advantage of a two-period, longitudinal design is that the potential for 
carryover effect from prior administration of the precipitant drug is avoided. A switch-
back design in which the object drug is replicated at least once after the precipitant 
drug is discontinued is useful to determine the effects of starting and stopping a meta-
bolic inhibitor or inducer on the baseline characteristics of the object drug. Such a 
design was used to establish the rebound to baseline pharmacokinetic parameters of 
steady-state zidovudine at 14 day after rifampin was discontinued in period 2 [13].

20.2.1  Cross-Over Designs

A cross-over study evaluates treatments administered in two or more planned 
sequences with subjects randomly allocated to the different sequences. The design 
is characterized by T, P, S in which T is the number of treatments, P is the number 
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of periods and S is the number of sequences. All of these numbers must be ³2 [14]. 
Designs that have a single (fixed) sequence are sometimes referred to as “crossover-
like”, but should be considered as a longitudinal study rather than a crossover study 
because single sequences cannot be randomized.

There are two main types of crossover designs: nonreplicated and replicated. 
Nonreplicated designs have the same number of treatments as periods, and the 
number of sequences increases as the factorial of T (i.e., when T = 3, S = 6). Replicate 
designs have more periods than treatments, such that at least one treatment is repli-
cated within a subject. Optimum designs are those that are balanced with equal 
numbers in each sequence, and balanced for carryover effects and variance for the 
given number of treatments. A design that has each treatment followed by a different 
treatment the same number of times is balanced for carryover. In a variance-balanced 
design each treatment appears the same number of times in each period. The pres-
ence of a carryover effect is important to assess in drug interaction studies, and 
enough subjects in each sequence are needed to allow testing of this effect.

The simplest nonreplicated crossover design is the 2, 2, 2 design. This design is 
the most frequently used crossover design in drug interaction studies. Suppose treat-
ment A involves giving the object drug alone and treatment B involves giving the 
object drug with the precipitant drug. Subjects would receive the two treatments in 
one of two sequences, AB or BA, in which treatment A or B would be given during 
the first period and then switched to the other treatment during the second period. 
Carryover effects may be introduced for subjects receiving treatment B (sequence 
BA) in the first period if drug exposures of the object drug are increased by the 
precipitant drug. An adequate washout period must be planned between the two 
periods to prevent differential carryover in the two sequences. This may sometimes 
be difficult if the duration of an “adequate” washout period is not known a priori. 
Carryover and sequence effects, however, are confounded in the 2, 2, 2 design, and 
studies in which the two treatments are replicated must be conducted for optimal 
evaluation of carryover effects.

When nonreplicated studies involve more than two periods, the number of 
sequences should be carefully planned rather than testing all possible sequences. 
Usually a subset of sequences is chosen that defines a variance-balanced design. In 
a three-period, crossover pharmacokinetic study with treatments A, B and C, the six 
possible sequences ABC, ACB, BAC, BCA, CAB, and CBA must be included to 
maintain a carryover-balanced design. If carryover is a concern when the object and 
precipitant drugs are given together in treatments B and C, then a large sample size 
may be required to ensure an adequate number of subjects per sequence to test the 
carryover effect. A three-period crossover design in which two drugs are given alone 
and together during the three phases is often used to investigate bi-directional drug 
interactions. A four-period, crossover study would have 4! or 24 possible sequences. 
However, only four sequences, ABCD, BDAC, CADB, and DCBA, are necessary 
for a variance- and crossover-balanced study.

There is considerable interest in replicate crossover designs for bioequivalence 
studies in which the test and reference treatments are administered each on two 
separate occasions. This allows for assessment of intraindividual variability in 
systemic exposure and estimation of carryover effects. The analysis of replicate 
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designs considers that some individuals may differ from the mean response and 
allows for the determination of “individual bioequivalence”. Optimal designs for 
carryover estimation of the two treatments are AA, BB, AB and BA for two-period 
designs, ABB and BAA for three-period designs, and AABB, BBAA, ABBA and 
BAAB for four-period designs [14–17]. Switchback designs, either ABA and BAB, 
or ABAB and BABA, are preferred to estimate the intra-individual variability [14]. 
Similar designs may be employed for drug interaction studies because they increase 
the confidence that a drug interaction detected is a true interaction and not an expres-
sion of intra-subject variability.

Replicate measurements may also be obtained in more traditional study designs. 
As an example, the object drug may be administered as a multiple-dose regimen and 
measurements can be made during more than 1 day or dosing interval before change-
over to the next treatment. This was done in a randomized crossover study to inves-
tigate the interaction between cimetidine and theophylline [18]. Theophylline was 
administered at a subject specific dose (concentration controlled) for 23 day. Subjects 
received treatment 1 (cimetidine or placebo) on days 5–11, washout on days 12–16, 
and treatment 2 (cimetidine or placebo) on d 17–23. Cimetidine and placebo treat-
ments were assigned by a randomized crossover allocation. The pharmacokinetics 
of theophylline was assessed on the first, fourth and seventh days of each treatment 
period. In the analysis, the data from the fourth and seventh days were treated as 
replicate measurements of the effect at steady state. Because theophylline exhibits 
large intersubject variability in clearance, doses were adjusted in a run-in phase to 
provide similar mean steady-state concentrations before evaluating the interaction. 
This example also shows how concentration control can be incorporated into the 
design of a drug interaction study.

20.2.2  Parallel Designs

A parallel design may be used for evaluating drug interactions. However, such 
designs are less desirable, usually because the drug variability is greater between 
individuals than within individuals. A simple parallel design study consists of two 
groups of subjects/patients, one group that is receiving the object drug and one that 
is receiving the object drug concomitantly with the suspected precipitant drug. 
Most studies of this type are performed in patient populations that are receiving the 
drug or drugs therapeutically. There may be problems with comparability of the 
two patient groups in terms of pharmacokinetics of the object drug regardless of 
the precipitant drug. The two groups may or may not be randomly selected. If ran-
dom assignment is not used, additional issues of bias must be considered. When 
studies of this type are necessary, the use of population modeling is recommended 
for evaluating the presence or absence of the interaction. An example of using 
population modeling to evaluate a drug interaction involved imipramine and alpra-
zolam [19]. The parallel design may be advantageous for drugs with long elimina-
tion half-lives in studies where a long washout period is impractical for a crossover 
or longitudinal design.
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A placebo-controlled, parallel-group study can be conducted when possible 
inherent group differences in a parallel design or time-dependent effects in a single-
sequence longitudinal design are a concern. Subjects in each group receive treat-
ment on more than one occasion and treatment effects are adjusted for baseline 
values in the first period (placebo) of each treatment group. Alternatively, the mean 
treatment differences are estimated within each group and then these differences are 
compared between treatment groups. A placebo-controlled, parallel-group design 
was used to show no clinically significant effect of indinavir on the pharmacokinetics 
of voriconazole [20] and to demonstrate that ritonavir inhibited the metabolism of 
rifabutin [21].

20.2.3  Mechanistic Aspects

Drug interactions may be very complex. The mechanism of potential interaction is 
important to hypothesize from in vitro studies, previous clinical and preclinical 
studies, and experience with other related drugs. Such knowledge is essential to 
planning a good drug interaction study. Most studies are designed to evaluate the 
effect of a precipitant drug on an object drug. The precipitant drug may cause some 
physical or physiologic effect that alters the pharmacokinetics or pharmacodynamics 
of the object drug. Several questions need to be posed about the precipitant drug in 
relation to developing the study methods. What are the doses and administration 
schedules that are relevant to clinical practice? Is the interaction concentration 
dependent within the range of clinically achievable concentrations? Does the inter-
action take time to develop (e.g., P450 induction)? What is the primary goal of the 
study (e.g., to find the maximum potential interaction)? In some circumstances, one 
may be interested in whether the pharmacokinetics and/or pharmacodynamics of 
both drugs are affected by concomitant administration.

Multiple dosing of the precipitant drug is often desirable. The object drug may be 
administered as a single dose or in a multiple-dose regimen designed to achieve steady 
state. A single dose may be appropriate when inhibition of elimination is suspected 
and safety concerns are substantial. In such cases, unpredictable accumulation would 
be avoided. One exception occurs when an object drug undergoes extensive first-pass 
metabolism and the precipitant drug inhibits this metabolism. Much greater systemic 
bioavailability may result even with single-dose administration.

Concerns about multiple-dose studies are exemplified by a study of voriconazole 
effects on cyclosporine pharmacokinetics. This study included renal transplant 
patients receiving treatment with cyclosporine that was continued throughout the 
study. Subjects received voriconazole or placebo for 7.5 days (period 1), underwent 
a washout period of at least 4 days, then received the alternate treatment (voricon-
azole or placebo) for 7.5 days. Although 14 subjects were entered, only 7 completed 
the study and all 7 were withdrawn during the voriconazole treatment. Voriconazole 
resulting in a mean 1.7-fold increase in cyclosporine exposure [22]. Although a 
multiple-dose regimen of the object drug may simulate clinical use and provide 
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greater applicability, safety would favor a single-dose study in healthy subjects first. 
The addition of procedures to limit exposure to high concentrations during the inter-
action phase for a follow-up multiple-dose study needs to be considered. For example, 
the study could employ a dose reduction during the combination treatment. More 
extensive knowledge of the potential study outcomes, frequent and careful clinical 
monitoring, and perhaps real-time drug concentration monitoring may be necessary 
when the object drug is administered in a multiple-dose regimen.

20.2.4  Study Population

Drug interaction studies are most commonly performed in healthy volunteers. 
Healthy subjects are easier to recruit, the investigators can better control concomitant 
medications and activities, and study participation may be safer compared to patients 
with target illnesses. There is no compelling reason why performing a pharmacoki-
netic interaction study in healthy volunteers is less desirable than performing the 
study in a target population likely to receive both drugs, unless disease in the target 
population influences the magnitude of interaction or safety considerations prevent 
the use of healthy volunteers. The elderly are often cited as a group more susceptible 
to drug interactions. This is true because elderly patients receive more drugs and 
interactions only occur when two or more drugs are given concurrently [23]. In 
addition, geriatric patients may eliminate drugs more slowly and therefore achieve 
higher concentrations than young counterparts. Administering a dose regimen to 
healthy volunteers that provides serum concentrations and systemic exposure (area 
under the serum concentration-time curve, AUC) similar to those expected in elderly 
patients may control the latter factor. The same is true for patients with organ failure 
who have reduced drug clearance. However, dose adjustments used for these patients 
in clinical practice should also be considered.

Interaction studies that involve pharmacodynamic assessments may or may not 
be best performed in the target population, depending on the nature of the 
 pharmacodynamic effect. Suppose an object drug reduces wheezing and acute 
 bronchospasm, and increases forced expiratory volume in 1 s (FEV-1) in patients 
with asthma. Administration of a precipitant drug in combination with the object 
drug leads to worsening of symptoms and lowering the FEV-1 in asthma patients. 
However, these effects are not seen in patients without asthma. Such an interaction 
would need to be studied in the target population.

One report of an interaction between a laxative polymer and digoxin found a 
pharmacokinetic interaction consistent with a 30% decrease in digoxin absorption. 
The concluding statement was “there was no consequence of this interaction on 
heart rate and atrial ventricular conduction”. The study was conducted in healthy 
volunteers and digoxin administration was not associated with changes in atrial 
ventricular conduction with or without the laxative administration. Although a small 
decrease in heart rate was noted following digoxin dosing, the laxative did not 
alter the observed change [24]. This study demonstrates the importance of using 
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relevant pharmacodynamic parameters and the importance of the study population. 
The pharmacodynamic parameter should be a validated surrogate marker and be 
sensitive to changes in response. Had the study been conducted in patients with 
atrial fibrillation, changes may have been more apparent. Discussions on specific 
issues relating to pharmacodynamic drug interactions are beyond the scope of this 
chapter because the endpoint parameters depend on the pharmacology of the specific 
drug class and the characteristics of the parameter itself.

20.3  Pharmacokinetic Interaction Studies

20.3.1  Interactions Affecting Drug Absorption

Drug interactions may involve absorption or other aspects of drug delivery. This chapter 
does not address pharmaceutical or physicochemical interactions that occur in vitro or 
ex vivo such as incompatibility in intravenous admixtures or interactions that occur 
within intravenous administration tubes. Drug interactions commonly occur with 
drugs that are administered orally. Most of these interactions involve the effect of a 
precipitant drug on gastric pH or physical interactions between the two drugs. If an 
acidic environment in the stomach is required for optimal dissolution, reduced absorp-
tion in the presence of drugs that increase gastric pH may occur. The interaction 
between acid suppressants (e.g., cimetidine or omeprazole) and ketoconazole or itra-
conazole are classic examples of this type of interaction [25, 26]. Interaction studies 
should be performed for drugs that have greatly reduced solubility at neutral pH 
compared to pH < 3. One must be careful to provide sufficient doses of the acid sup-
pressant to increase gastric pH to >6 during the absorption period [27]. Continuous 
monitoring of gastric pH is recommended to ensure that the target pH is attained.

Many drugs bind or complex with other drugs, thereby preventing gastrointestinal 
absorption. Examples of this type of interaction include tetracycline and calcium 
carbonate, ciprofloxacin and aluminum antacids or iron products, and norfloxacin 
and sucralfate [28–30]. These interactions occur when both drugs are present in the 
stomach and upper gastrointestinal tract at the same time. Maximum interaction 
usually occurs when the precipitant drug is administered slightly before or at the 
same time as the object drug [29]. Although not well studied, differences in gastric 
pH, gastric emptying time, and transintestinal secretion of drug may influence the 
extent of these interactions.

20.3.2  Interactions Affecting Drug Distribution

Drug distribution may be affected by drug interactions. However, many studies 
conclude differences in volume of distribution that represent artifact rather than true 
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differences. Changes in volume of distribution should be examined using intravenous 
dosing whenever possible. When oral administration is used, apparent changes in 
volume of distribution may represent changes in bioavailability. Comparisons 
should be made using steady-state volume of distribution (V

ss
) only. Frequently V

area
 

(also designated as V
z
) is used for comparisons. However, this parameter is greatly 

affected by changes in the terminal elimination rate constant for pharmacokinetic 
models more complex than models involving monoexponential decay.

Steady-state volume of distribution may also be affected by experimental prob-
lems. Suppose a drug is well described using a three-compartment model when 
administered alone. The same drug is given after 10 days of rifampin treatment 
and the clearance is greatly enhanced. Drug concentrations are substantially lower 
following rifampin treatment, and the profile is best described using a two- 
compartment model. Presumably, the third exponential phase would remain pres-
ent but the concentrations may be undetectable with the assay used. V

ss
 is equal to 

mean residence time (AUMC/AUC) multiplied by systemic clearance (Cl) for an 
iv bolus dose, where AUMC is the area under the first moment of the plasma 
concentration-time curve. Although AUC would be decreased and Cl increased as 
a result of the interaction, these parameters would be affected minimally by miss-
ing the third exponential phase. However, the third exponential phase contributes 
a large portion of the total AUMC for the control treatment. Excluding this phase 
following rifampin treatment will cause an apparent decrease in the V

ss
. Thus, 

problems fitting the control and interaction phases to the same model with equal 
reliability could result in apparent changes in V

ss
 when no true change occurred. 

Similar problems would occur with noncompartmental analysis, but the problem 
would not be as apparent.

Examples of drug interactions affecting distribution include the interaction 
between ceftriaxone and drugs that increase free fatty acid concentrations (e.g., 
heparin). Free fatty acids displace ceftriaxone from protein binding [31]. This 
interaction is generally not clinically significant because the increased free fraction 
(microbiologically active drug) results in no change in average steady-state 
unbound concentrations in plasma even though renal clearance is increased. In 
general, for orally administered drugs that are highly protein bound, protein dis-
placement interactions may be clinically relevant when the object drug has a narrow 
therapeutic range, a small volume of distribution (<10 L/70 kg) and long elimina-
tion half-life [8, 9].

Another potentially significant situation involves parenterally administered 
drugs that exhibit a high extraction ratio. Here nearly all of the drug that passes 
through the organ is removed or metabolized including both bound and unbound 
drug. Displacement from protein binding will have no effect on the total clearance 
of the drug. However, the increased free fraction of drug may result in greater phar-
macodynamic activity while the precipitant drug is present. For the interaction to be 
significant, the object drug must have a narrow therapeutic index so that the increase 
in free drug concentration will have toxicologic significance. Overall, protein binding 
displacement interactions are rarely clinically significant.
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20.3.3  Interactions Affecting Renal Excretion

Changes in renal excretion of drugs can be subdivided into filtration, secretion, and 
reabsorption. Glomerular filtration of drugs is limited by protein binding and only 
unbound drug is filtered. Drug interactions involving displacement of an object drug 
from serum protein will result in transiently higher unbound serum concentrations 
and lead to increased renal clearance for object drugs that have a low renal extrac-
tion ratio. The clinical significance of protein binding displacement is limited by the 
compensatory increase in renal clearance. Lower total serum concentrations from 
increased clearance may compensate for the increased free fraction.

Tubular secretion involves active transport of drugs from the serum to the tubular 
lumen. Separate transport systems are present for acids and bases, but these trans-
port systems have a very low degree of specificity. Precipitant drugs may inhibit 
tubular secretion resulting in reduced renal clearance. Drugs that are extensively 
eliminated in the urine and have significant tubular secretion (renal clearance of free 
drug greater than 150% of glomerular filtration or high renal extraction ratio) are 
good candidates for studying this interaction mechanism. The normal glomerular 
filtration rate is about 120 mL/min and the renal blood flow is approximately 
1,100 mL/min for a 70 kg adult. A drug can have a renal clearance approaching 
renal blood flow rate, as is observed with para-aminohippuric acid, owing to its 
extensive tubular secretion. The partitioning of a drug into red blood cells and the 
ability to diffuse out of red blood cells may also influence tubular secretion.

Probenecid is an example of a drug that inhibits tubular secretion by competing 
for the transport system. Probenecid may be administered with certain beta-lactam 
drugs to prolong their elimination rate. The beta-lactam agents most affected by this 
interaction have a high ratio of renal clearance to glomerular filtration rate and rely 
on the kidney as their major clearance organ. Before penicillin-resistance was prev-
alent, a combination of probenecid and high-dose amoxicillin was used to provide 
single-dose treatment for uncomplicated gonorrhea [32].

To assess drug interactions involving renal excretion, collection of both urine 
and plasma (or serum) is required. A measure of the glomerular filtration rate before 
or during the study is helpful to explore the mechanism of interaction. Glomerular 
filtration rate (GFR) can be determined by radiolabeled 99mTc-diethylenetriamine 
pentaacetic acid clearance, 125I-iothalamate clearance, inulin clearance, or creatinine 
clearance (with concurrent cimetidine treatment) [33–35]. Measurement of creati-
nine clearance also serves as a rough measure of GFR. However, overestimation of 
GFR is expected owing to a small component of tubular secretion. Although unusual, 
the tubular secretion of creatinine may be large. As cimetidine inhibits the tubular 
secretion of creatinine, concurrent treatment during urine collection can improve 
the estimate of GFR [35]. Estimates of GFR from serum creatinine have been 
improved by use of a new prediction equation; however, the equation is based on a 
typical CLcr/GFR ratio [36].

Competitive inhibition of tubular secretion is typically concentration depe n-
dent and is influenced by the concentration of the precipitant and object drugs. 
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Concentration-dependent renal clearance of the object drug is established by 
collecting urine in intervals less than or equal to one half-life duration. Blood 
samples collected at the beginning and end of each urine collection interval are a 
minimum requirement, but more blood samples taken during the collection inter-
val will provide a better estimate of plasma AUC. The renal clearance is calculated 
for each interval and would be expected to increase as drug concentrations (plasma 
AUC) decline. A precipitant drug may have only minor effect on the renal clearance 
when concentrations of the object drug are high, because saturation may already be 
present. However, the precipitant drug should prevent the increase in renal clearance 
seen at low concentrations of the object drug. The precipitant drug must be present 
in sufficient concentrations throughout the observation period to observe inhibition. 
Thus, continuous infusion or frequent dosing of the precipitant drug may be required 
unless the half-life of the precipitant drug is long. An interaction study also may be 
planned using dosing regimens likely to be used in clinical practice. However, 
information about the mechanism of interaction may be lost. An assumption usually 
made in pharmacokinetics is that clearance of the object drug is stable during each 
assessment period. If there are large differences in peak and trough drug concentra-
tions of the precipitant drug over the period in which the pharmacokinetics of the 
object drug is assessed, this assumption may be violated because the degree of inhi-
bition depends on inhibitor concentration. Information about the mechanism of 
interaction may also be lost if urine is collected in only one interval to obtain the 
average renal clearance.

Tubular reabsorption is usually a passive process whereby drug present in the 
tubular lumen (high concentration) diffuses back into the capillary lumen and 
returns to circulation. The drug must be un-ionized to diffuse across the tubular 
membrane. Interactions occur from altered pH in the tubular lumen or from physical 
interaction between the precipitant and object drug within the tubular lumen. 
An independent measure of tubular secretion, filtration and reabsorption is not pos-
sible in the clinical setting. Instead, only the overall renal clearance is measured and 
the intrinsic clearance is compared to GFR to classify the elimination as net tubular 
reabsorption, filtration, or net tubular secretion.

20.3.4  Interactions Affecting Drug Metabolism

CYP enzymes metabolize many anti-infective drugs whose pharmacokinetics are 
affected by drugs that inhibit or induce these enzymes. Several anti-infective agents 
act as inhibitors (ritonavir, ciprofloxacin, etc.) or inducers (rifampin, rifabutin, etc.) 
of CYP enzymes. Goals for a metabolism interaction study are important to set. The 
goal may be to determine if a clinically significant interaction is likely between two 
drugs or to determine more broadly if a drug serves as a precipitant drug involving 
a particular enzyme system. The precipitant drug should be administered in a clini-
cally relevant, multiple-dose regimen for sufficient duration to achieve steady-state 
pharmacokinetic conditions. Longer durations of treatment may be required for 
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time-dependent interactions. For example, maximum induction with rifampin takes 
10–13 days [37]. When no prior knowledge is available, multiple dosing for at least 
1 week is usually sufficient. A longitudinal design in which the object drug is studied 
alone then following treatment with the precipitant drug is preferred in the absence 
of prior knowledge about the interaction offset time. If the offset time is of interest, 
the object drug may be studied again at various times after the precipitant drug is 
stopped.

More than 50% of drugs that undergo metabolism are metabolized primarily by 
CYP3A enzymes. These enzymes are induced by rifampin, rifabutin, phenytoin, car-
bamazepine, and barbiturates, and are present in the gastrointestinal tract, liver and 
other organs. CYP3A4 enzymes are responsible for first-pass metabolism of many 
drugs, and their inhibition may lead to pronounced increases in systemic bioavail-
ability of orally administered object drugs. Precipitant drugs may induce or inhibit 
CYP3A4. Candidate object drugs are those that rely on metabolism by CYP3A4 
enzymes for a substantial portion of their clearance. Midazolam is an excellent 
marker of CYP3A4 activity because its elimination depends almost entirely on 
hydroxylation by CYP3A subfamily of enzymes to form 1-hydroxy midazolam 
[38, 39]. Drugs that affect CYP3A activity in the gastrointestinal tract or liver may 
affect the apparent clearance of oral midazolam. N-demethylation of erythromycin is 
also catabolized by CYP3A and this metabolism occurs mostly in the liver. The intra-
venous administration of [14C-N-methyl]-erythromycin and measurement of 14CO

2
 in 

breath provides a convenient marker of CYP3A4 activity in the liver (not gastroin-
testinal tract) [40–42] even though potential limitations of the test have been identi-
fied [43]. Cortisol is metabolized to 6b-hydroxycortisol by CYP3A4 isozymes. The 
measurement of urinary 6b-hydroxycortisol/cortisol ratio remains fairly stable with-
out circadian differences. Agents that affect CYP3A4 enzyme activity usually cause 
changes in the 6b-hydroxycortisol/cortisol ratio [41, 42]. These markers are useful 
tools to identify induction or inhibition of CYP3A4, although changes in clearance 
may not correlate quantitatively among the different markers.

Other common metabolic enzyme pathways involve CYP1A2 and the polymor-
phic CYP2D6 and CYP2C19 isozymes. Probe drugs are caffeine and theophylline 
for CYP1A2 [44, 45], debrisoquin and dextromethorphan for CYP2D6 [46], and 
omeprazole and mephenytoin for CYP2C19 activity [47]. For caffeine and theo-
phylline, changes in systemic clearance are usually evaluated. The measurement of 
paraxanthine/caffeine ratio in saliva at 6 h after caffeine intake also correlates with 
CYP1A2 activity [48]. CYP2D6 activity can be assessed by measuring changes in 
the dextromethorphan/dextrophan ratio in urine [46]. CYP2C19 activity can be 
evaluated from the urinary S-mephenytoin/R-mephenytoin ratio after administration 
of racemic mephenytoin [49]. Genotypic tests that determine the presence of single 
nucleotide polymorphisms (SNP’s) known to affect drug clearance are becoming 
more widely available.

Markers of CYP isozyme activity are useful to evaluate whether a potential pre-
cipitant drug effects metabolism. There is also need to evaluate whether a drug 
serves as an object drug resulting in toxicity, loss of therapeutic activity, or reduced 
effectiveness. Agents that are known to inhibit CYP1A2 (cimetidine, enoxacin), 
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CYP3A4 (itraconazole, ketoconazole), CYP2D6 (quinidine, cimetidine) and CYP2C19 
(omeprazole, fluconazole) are well known [50–54]. However, not all of these drugs 
have specific effects on only one isozyme. Rifampin, rifabutin, carbamazepine and phe-
nytoin are inducers of CYP3A4 and other enzymes [50, 51]. Lists of enzyme inhibitors 
and enzyme substrates can be found in recent publications [50, 52, 53].

If feasible, active or toxic metabolites in plasma and urine should be measured 
because the magnitude and direction of metabolite pharmacokinetic changes are 
often unpredictable. Multiple metabolic enzymes and pathways can confound pre-
dictions. The AUC of metabolite may be altered even if the metabolite is not the 
directly affected pathway. Alterations in metabolite pharmacokinetics do not 
always translate to measurable effects on AUC of parent drug. Detectable changes 
in AUC of the parent drug may not be apparent if a minor metabolic pathway is 
affected or if compensatory changes in hepatic and renal clearance occur. Thus, 
there is a danger in concluding “no interaction” from data involving only the parent 
drug. Metabolic parameters such as the metabolic AUC ratio and the urinary recov-
ery ratio of metabolite to parent drug can give useful information on mechanisms 
of interaction, particularly if the metabolite is eliminated exclusively by renal 
excretion.

20.3.4.1  Impact of Pharmacogenomics

Metabolic interactions are sometimes complicated by the existence of polymorphic 
enzyme expression. A recent trend in metabolic interaction studies is to characterize 
subjects by genotype and or phenotype into extensive, intermediate, or poor metab-
olizers. In several of the studies reviewed, subjects were recruited without considering 
genotype or phenotype, leading to a very low number of subjects in less common 
metabolic groups [55–62]. Although more difficult and perhaps more expensive, the 
design would be improved by recruiting subjects based on genotype or phenotype 
with a target minimum number of subjects in each category. Larger clinical trial 
units should consider developing a subject database that includes genotype results 
for enzymes such as CYP3A5, CYP2C19, CYP2C9, and CYP2D6. Subject recruit-
ment could be planned using a predictor panel concept similar to that used in micro-
biology to examine susceptibility against a panel of bacteria with categorized 
resistance mechanisms [63].

The impact of metabolic polymorphisms may vary substantially as demon-
strated in the following examples. The effect of ritonavir on voriconazole exposure 
was studied in 20 subjects, which included 8 homozygous extensive metabolizers 
(EM’s), 8 heterozygous EM’s, and 4 poor metabolizers (PM’s) based on CYP2C19 
genotype. Total exposure (AUC

0 − ¥) was increased 54% in homozygous EM’s, 
94% in heterozygous EM’s, and 907% in PM’s. Voriconazole CL/F varied about 
eightfold during the placebo phase and part of this variation was due to metabolizer 
status. Adding ritonavir resulted in about 70-fold variation from the highest CL/F 
in a homozygous EM subject at baseline to the lowest CL/F in a PM subject receiv-
ing ritonavir [55]. CYP3A4 is not polymorphic in expression; however, a small 
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portion of the population expresses CYP3A5, which metabolizes essentially the 
same substrates as CYP3A4. Consequently, subjects expressing CYP3A5 tend to 
be EM’s. Drugs that inhibit CYP3A4 may not have the same magnitude of effect 
on CYP3A5, which is typically less susceptible to inhibition [56]. Using grape-
fruit juice as an enzyme inhibitor of both CYP3A4 and CYP3A5, the urinary 6b-
hydroxycortisol/cortisol ratio varied depending on CYP3A5 genotype. Likewise, 
genotype of MDR1 (P-glycoprotein) was associated with urinary 6b-hydroxycortisol/
cortisol ratio in a pattern that suggested that both polymorphisms affect this cortisol 
endpoint [57].

Findings have been mixed with CYP2C19. Moclobemide resulted in a significant 
increase in omeprazole AUC, an effect that was limited to EM’s [58]. However, in the 
case of tacrolimus with administration of either lansoprazole or rabeprazole, an inter-
action was noted only in CYP2C19 PM’s who also had the CYP3A5*3/*3 genotype. 
Essentially CYP3A become more important in these subjects and CYP3A4 and 
CYP3A5 exhibit a similar substrate profile [59]. Clarithromycin inhibited CYP2C19 
mediated metabolism of omeprazole in EM’s, IM’s and PM’s to a similar extent. 
However, clinical implications become apparent after considering that coadministra-
tion of the two drugs in PM’s resulted in 30-fold higher exposure (AUC) compared 
to the AUC in the EM group receiving omeprazole alone [60]. Oral contraceptives 
were shown to enhance carisoprodol AUC by 60% overall; however, there was no 
difference with respect to CYP2C19 genotype (EM’s versus IM’s) [61].

Some interactions are extremely complex as noted with the mixed inhibitor 
inducer HIV protease inhibitor combination, tipranavir/ritonavir. The combination 
produced weak induction of CYP1A1, moderate induction of CYP2C19, potent 
induction of P-glycoprotein, and potent inhibition of CYP2D6 and CYP3A after 
multiple dosing [62].

Given the potential differences in the effects of metabolic interactions based on 
genotype, either measuring genotype or perhaps planning studies with genotype 
entry criteria should be considered.

20.3.5  Interactions Affecting Other Elimination Pathways

Some drugs are eliminated by fecal excretion and are excreted in bile or by transin-
testinal secretion. Enterohepatic recycling occurs when drugs are eliminated in bile 
as conjugates. Deconjugation occurs in the small intestine, thereby allowing for 
reabsorption of the parent drug. A precipitant drug that interferes with deconjuga-
tion will prevent enterohepatic recycling (reabsorption) and increase the apparent 
clearance. Potential examples of this interaction type involves antibacterial drugs 
and oral contraceptives [64]. Precipitant drugs that physically trap or bind another 
drug within the gastrointestinal lumen may also enhance the clearance of the object 
drug. Examples of this interaction include iron salts or aluminum hydroxide with 
doxycycline [65, 66].
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20.4  Pharmacostatistical Techniques

Advances have been made in the past decade to facilitate detection and evaluation 
of drug interactions. The intent of this section is to focus on the recommended 
approaches for presenting and analyzing pharmacostatistical drug interaction data. 
In discussions below, the terms “test” and “reference” treatments refer to the admin-
istration of the object and precipitant drugs in combination (test) and administration 
of the object drug alone (reference).

20.4.1  Statistical Analysis Approach

There are many approaches, both parametric and nonparametric, to analyzing 
comparative data from drug interaction studies. The recommended strategy by reg-
ulatory agencies in the United States [10] and Europe [67, 68], editors of clinical 
pharmacology journals [69, 70], and others [71, 72] is to adapt the confidence inter-
val approach used in average bioequivalence studies [14, 73]. The purpose of a 
bioequivalence or comparative bioavailability study is to demonstrate that the shape 
and magnitude of blood or plasma concentration-time profiles produced by the drug 
formulations under study are sufficiently alike that therapeutic equivalence can be 
assumed. In drug interaction studies the aim is usually to show that an interaction is 
not clinically meaningful by the similarity of concentration-time profiles or other 
pharmacokinetic characteristics. In traditional analysis, the null hypothesis stipu-
lates that parameters for the object drug are equivalent for the test and reference 
treatment. When a significant difference is found, the null hypothesis would be 
rejected and a difference would be concluded. A small, clinically unimportant 
difference may be statistically significant at the 5% level of significance (a = 0.05).

The lack of significance does not necessarily imply “no interaction”. In such 
cases, the statistical power, or probability of detecting a specified difference, must 
be considered. The specified difference should be a change that would be consid-
ered clinically important given the available pharmacodynamic and toxicologic 
information. A large, clinically important difference between treatments may not be 
statistically significant if sample size is small and within- and/or between-individual 
pharmacokinetic variability is large. Therefore, classical statistical approaches that 
attempt to confirm an interaction by rejecting the null hypothesis of “no difference” 
are inappropriate because the consumer risk is not controlled.

An alternative approach is required that adequately defines the risk to the con-
sumer. Because a drug-drug interaction consists of different drug treatments, one 
should test the null hypothesis of “nonequivalence” by demonstrating “equivalence” 
or “lack of pharmacokinetic interaction”, as first proposed by Steinijans et al. [74]. 
In this manner the risk to the patient of a clinically relevant interaction can be 
defined within established limits. Generic drugs are approved on the basis of 
bioequivalence compared to a reference product. Risk to consumers is considered 
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low for most drugs when substituting a generic drug that is considered bioequivalent. 
The same principal applies when a potential interacting drug is studied and despite 
concomitant administration, the exposure to the object drug remains bioequivalent 
to the object drug given alone.

Two important assessment criteria must be defined before invoking the equiva-
lence approach: (1) the range of clinically acceptable variation in pharmacokinetic 
response of the affected drug, and (2) the risk to the consumer of incorrectly con-
cluding a “lack of pharmacokinetic interaction”. The range of clinically acceptable 
variation defines the equivalence range (clinical no-effect boundary). The range can 
be determined from population (group) average dose and/or concentration-response 
relationships, pharmacokinetic and pharmacodynamic models, and other available 
information for the object drug [10]. The consumer risk is the type I or a error in 
statistics and is usually set at 5%.

The equivalence method is based on the two one-sided t-test procedure of rejecting 
the interval hypotheses that the test/reference ratio is less than the lower equiva-
lence limit and greater than the upper equivalence limit. At the 5% level of consumer 
risk, this procedure is operationally identical to the method of declaring equivalence 
(or lack of interaction) if the shortest 90% confidence interval for the ratio is entirely 
within the prespecified equivalence range. More generally, the 100 × (1 − 2a)% con-
fidence limits around the ratio (test/reference) of the means or medians of the test 
and reference treatments constrain the consumer risk to 100 × (a)% as well as indi-
cate the precision of a negative outcome. In bioequivalence studies the accepted 
equivalence range is ±20%, which corresponds to a lower limit of 80% and an upper 
limit of 120% for original data or 125% for logarithmic transformed data. A range 
of ±20% seems reasonable to assess product quality, but for drug interactions these 
limits may be wider or narrower depending on the patient population, the thera-
peutic index and pharmacokinetic variability of the object drug. For example, 
a range of clinically acceptable variation of 30% for changes in zidovudine AUC 
was suggested [75] whereas a range variation of 50% for changes in indinavir 
AUC was proposed [76]. No dose adjustment is required if the confidence interval 
falls within the no-effect boundary, and the boundary does not have to be symmetri-
cal around the mean difference on the original or logarithmic scales [10, 77]. 
Equivalence limits of the form (q, 1/q) have been proposed for data on both the origi-
nal and logarithmic scales, where q is the lower limit for the test/reference ratio [78]. 
The upper limit would be the reciprocal (e.g., limits of 0.8 and 1.25).

Statistical inferences are made on either absolute (test-reference) or relative (test/
reference) differences in the arithmetic means, geometric means (from logarithmic 
transformed data), harmonic means (from reciprocal transformed data), or medians 
of pharmacokinetic variables. Parametric analysis of variance (ANOVA) models 
appropriate for the study design are used to test differences in means and nonpara-
metric methods such as the Wilcoxon rank sum test or Wilcoxon signed rank test are 
used to test differences in medians. If the study design is unbalanced from an 
unequal number of subjects in each sequence (crossover) or from missing data then 
assessments are based on least-squares means. Because clinicians prefer to think in 
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terms of relative rather than absolute changes, pharmacokinetic differences are 
usually expressed as a ratio. Confidence limits around these mean differences 
(mean ratios) for within-subject comparisons in crossover studies and between-
group comparisons in parallel studies are constructed from the residual mean-square 
error (MSE) term in ANOVA. The ANOVA provides exact confidence limits for 
relative differences of geometric means if the distribution of variables is truly log-
normal. Only approximate limits for relative differences of arithmetic means are 
possible, because ANOVA ignores variability in the reference mean unless Fieller’s 
theorem is applied [79]. Nonparametric approximate 90% confidence limits can be 
calculated for two-period, two-sequence crossover studies [80]. One should be cau-
tious in concluding “no interaction” when approximate confidence limits generated 
from parametric or non-parametric techniques are within but near the equivalence 
limits. Also, inferences on mean data may not reflect how certain individuals in the 
study population respond to the interaction. A particular strata of individuals may 
show an apparent interaction even though the overall mean data indicate no pharma-
cokinetic interaction.

20.4.2  Logarithmic Transformation  
of Pharmacokinetic Variables

All pharmacokinetic variables, except those such as t
max

 that depend on discreet 
sampling times, are logarithmically transformed before ANOVA [14, 74, 81]. 
Harmonic means have been proposed for inferences on half-life [82]. Transformation 
converts a multiplicative model to an additive model, which is the basis of ANOVA 
[ln(test/reference) = ln(test) − ln(reference)]. Decisions on t

max
 are best handled by 

nonparametric analysis. Most pharmacokinetic data have positively skewed distri-
butions created by the truncation of these quantities at zero and have variances that 
depend on the mean. Transformation reduces the skewness and brings the distribu-
tion of data closer to normal. However, the main reason for transforming the data is 
to stabilize or make equal the within-subject (crossover study) or between-group 
(parallel study) variance and not to normalize the between-subject parameters [81]. 
Another advantage of transformation is that it is the best way to handle ratios for 
relative or proportional differences, and calculation of the associated confidence 
limits is straightforward, as discussed above.

For most studies the outcome will not change regardless of whether the original 
or log scale is used. There are two instances where conclusions can be opposite in a 
within-subject design [81]. If certain subjects with larger than average responses 
show larger than expected absolute differences, variability is increased on the original 
scale, whereas larger than expected absolute differences for smaller than average 
responses are expanded on the log scale. If this occurs, for example when fast and 
slow metabolizers are studied together, then the within-subject variability and the 
relative mean changes can be different on the two scales.
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20.4.3  Crossover Design and Analysis of Variance

The ANOVA for a crossover design includes the effects of sequence, subject within 
sequence, treatment, period, and, except for the 2, 2, 2 design, carryover. All effects 
except the sequence effect are tested by the MSE term. The sequence effect is tested 
against the subject-within-sequence error term. Any subgroup comparison of fixed 
effects (e.g., males and females) is tested with the subject mean-square error term.

The sequence effect measures the difference between the groups of subjects 
defined by their sequence. In statistical parlance, this effect is known as the treatment-
by-period interaction, which is a measure of the differential effect of the treatment 
(test-reference) in each of the periods. In the 2, 2, 2 design the sequence effect is 
caused by three confounded sources: (1) a difference between subjects in the two 
sequences (i.e., group effects), (2) an unequal carryover of one treatment into the 
next period compared to the other treatment, or (3) a treatment-by-period interaction. 
In a 2, 2, 2 study, the presence of a sequence effect requires that the data be analyzed 
for each period separately; for example, when unequal carryover effects are present 
then data from only period 1 should be used.

The period effect measures the difference between study periods or alternatively 
the differential effect of the treatment in each of the sequences. In a 2,2,2 study, the 
period effect is completely confounded with treatment-by-sequence interaction. 
Any difference in treatment comparison (treatment-reference) between the two 
sequence groups cannot be distinguished from period effects. If there are carryover 
effects or if more than two periods are included, then the period effect and treatment-
 by-sequence interaction are not interchangeable. The period effect can be caused by 
equal carryover in each sequence from period to period, bias in analytical data if 
samples in each period were analyzed in different batches, differences in the study 
environment or procedures, and changes with time in stage of disease.

The presence of a treatment effect implies that differences between periods are 
in opposite directions for the two sequence groups (i.e., in a 2, 2, 2 study, if P2 – P1 
in S1 is negative then P2 – P1 in S2 may be positive). Treatment effect is completely 
confounded with period-by-sequence effect in a 2, 2, 2 study provided there is no 
differential carryover present. The estimate of treatment differences will not be 
biased if a period effect is present.

The MSE term is a measure of the intrasubject variability, and is usually converted 
to a coefficient of variation (CV

W
) to estimate the consistency of the magnitude of 

interaction among the subjects [83]. The CV
W

 is estimated as 100% × (eMSE − 1)½ for 
logarithmic transformed data, and as 100% × (MSE)½/Y for original data, where Y 
is either the least-squares mean of the reference treatment or the combined mean of 
the two least-squares treatment means being compared.

The goal of any within-subjects design is too minimize the CV
W
. The interaction 

is considered highly variable for a particular pharmacokinetic parameter if the CV
W

 
is >30%. The CV

W
 is a very informative parameter but is rarely reported in the 

literature. Values for a number of drugs orally administered in crossover bioequiva-
lence studies have been tabulated by Steinijans et al. [84]. The CV

W
 is important to 
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know because the width of the confidence interval around the difference of treatment 
means, the calculation of post-hoc power to detect these differences, and an estima-
tion of sample sizes for planning future interaction studies are directly related to 
this value.

There are a number of sources of variation in CV
W

: the true intrasubject pharma-
cokinetic variation exhibited by a single person, analytical variability (measurement 
errors), within-batch variation in manufacture of the drug formulation, nonadher-
ence to the medications, and the random subject-by-treatment interaction. This 
latter source is caused by random variability of treatments within subjects or within 
identifiable subgroups of the population studied. Each individual may behave differ-
ently to the test treatment or subjects in subgroups may show similar variation 
within subgroups but different responses to the test treatment among subgroups. An 
example could be smokers responding differently from nonsmokers to one of the 
treatments. On the log scale, the random subject-by-treatment interaction is mini-
mized if all subjects show the same relative change in the same direction.

20.4.4  Sample Size and Post-Hoc Power Calculations

The sample size of the study needs to be planned with consideration of the purpose 
of the study. If the purpose of the study is to evaluate a potential drug interaction that 
is suspected based on preliminary data, the sample size can be somewhat conservative. 
However, if the goal is to demonstrate the lack of interaction for an individual drug 
when a member of the same drug class exhibits the interaction (class labeling) then 
the sample size should be larger. Estimations of sample size for a within-subject drug 
interaction study require a knowledge of CV

w
 for the interaction. These values may 

be greater than those reported for drugs in bioequivalence studies [84] because not all 
subjects will respond to the precipitant drug to the same degree. Tables of sample 
sizes for 2, 2, 2 crossover designs to attain a power of 80% or 90% at the 5% nominal 
level for a given CV

w
 and expected relative difference in treatment medians or means 

are published for the multiplicative (logarithmic) model with equivalence ranges of 
0.7–1.43 [85], 0.8–1.25 [78, 86], and 0.9–1.11 [85]. Similar tables are published for 
the additive (original) model [87] and for parallel designs [78, 88]. The minor 
influence of the between-subject coefficient of variability on sample size estimates 
for the 2, 2, 2 crossover design is demonstrated in [78].

Post-hoc power calculations are useful for negative studies to estimate differ-
ences that can be detected with a certain power (usually 80% at the 5% significance 
level) or to estimate the power of the study to detect a specified difference (usually 
20% difference from reference at the 5% significance level). These calculations 
require an estimation of the standard error of the difference in mean or medians. 
General equations for point hypothesis testing for original and logarithmic data 
using a central t-distribution are provided in references [79, 89]. General equations 
for interval hypothesis testing using a noncentral t-distribution for crossover and 
parallel designs are given in references [78, 79].
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20.5  Pharmacokinetic Metrics and Characteristics

The major assumption in bioequivalence is that the Cl of the drug under investigation 
is constant over the course of the study and that AUC is a pure characteristic of extent 
of bioavailability (F). In drug interactions both clearance and bioavailability can 
change after oral administration. Therefore, changes in AUC can result from altera-
tions in either parameter. Schall et al. [90]. have proposed the terminal elimination 
half-life (t

½,z
) and the ratio of AUC/t

½,z
 as characteristics for Cl and F, respectively, 

in drug-drug interaction studies. Assuming a constant volume of distribution, an 
increase in Cl will decrease t

½,z
 and an increase in the ratio of AUC/t

½,z
 suggests 

an increase in F. In single-dose bioequivalence studies, both AUC from time of dosing 
to the time of last measurable sample (t

z
) (AUC

0−tz
) and AUC

0−tz
 extrapolated to 

infinity (AUC
0 − ¥) are used as metrics to characterize F because t

½,z
 is assumed to be 

unaffected by changes in only F. However, if t
½,z

 changes from drug interactions 
then only AUC

0 − ¥ should be used to characterize drug exposure because changes in 
AUC

0−tz
 and AUC

0 − ¥ may not be proportional.
Because AUC is a composite characteristic of Cl and F, and peak drug levels 

(C
max

) reflect both rate and extent of absorption, these metrics can be used to indi-
cate drug exposure [91]. AUC is the ideal metric for total systemic drug exposure 
and C

max
 is a measure of peak systemic exposure. The term drug exposure conveys 

more clinical relevance than the term “rate and extent of drug absorption” because 
drug safety and effectiveness are concerns in drug interaction studies.

20.6  Presentation and Interpretation of Drug Interaction Data

There are generally three ways to present comparative pharmacokinetic data for 
changes in the test treatment relative to the reference treatment: (1) a test/reference 
ratio expressed as a percentage, (2) an x-fold change, where x is the test/ 
reference ratio, or (3) a percentage change [(test/reference ratio − 1) × 100%]. For 
example, an AUC ratio of 200% indicates a 2-fold increase and a 100% increase in 
AUC. Often x-fold changes are confused with percentage change, and the reader 
needs to be aware of which method of calculation was used.

Current thinking favors expressing the results in terms of a test/reference geomet-
ric mean ratio and the corresponding 90% confidence limits for AUC and C

max
 

parameters. A search for formal clinical drug interaction studies of anti-infective 
medications over the period of 2001–2003 (assessed 1/6/04 via medline) found 23 
published studies. Only five (22%) of these studies provided 90% confidence limits 
and used bioequivalence testing. Review of the period of 2008–2009 (assessed 
7/14/10 via medline) revealed 59 published studies formally evaluating a drug-drug 
interaction involving pharmacokinetics. Two studies employed alternative study 
designs and used population analysis. Of the remaining 57 studies, 43 (75%) used the 
equivalence approach with geometric mean ratios and 90% confidence intervals 
reported. Although, this review shows improvement over the 7 year interval, continued 
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effort is needed because 25% of relevant studies still use outdated analysis methods. 
The use of 95% confidence limits should not be confused with 90% confidence 
limits. The former bounds will be wider and may lead to different conclusions in 
equivalence testing. Reporting the 95% confidence limits is another way of reporting 
a test of significance at the 5% level of significance. For example, AUC of bosentan 
increased 2.1-fold (95% confidence interval 1.5–2.7) after concomitant administra-
tion with ketoconazole [92]. The 95% confidence interval would be examined to 
determine if it includes the value 1.0, and if not, as in this case, a statistically signifi-
cant interaction at the 5% level of significance (p < 0.05) would be concluded.

20.6.1  No-Effect Boundary

The “no-effect boundary” or acceptable range needs to be established a priori. If a 
drug interaction is concluded, the clinical significance of the interaction and recom-
mendations on how to manage the interaction need to be formulated. The FDA 
guidance for metabolic interaction studies allows three approaches for developing a 
no-effect boundary. The first approach is to describe the range of the selected expo-
sure parameters over a range of doses that are normally used. The sponsor should 
include information on dose and or concentration-response studies or PK/PD mod-
els to support the recommendation. If the exposure parameters remain within this 
range in the presence of a potential precipitant drug, the sponsor could conclude that 
“no interaction is expected”. The second approach requires a replicate study design 
and addresses the question of switchability. This approach involves assessment of 
individual bioequivalence rather than average bioequivalence. Studies employing 
this second approach for a drug interaction study have not been published. The third 
approach defaults to bioequivalence criteria where the 90% confidence interval for 
geometric mean exposure parameter ratio (test/reference) falls within 80–125% 
[10]. This latter approach is most commonly used.

The use of bioequivalence criteria should eliminate a substantial portion of stud-
ies that statistically conclude a drug interaction when only small clinically insignifi-
cant differences occur. As an example, digoxin steady-state AUC was 25.5 ng⋅h/ml 
after digoxin alone and 23.9 ng⋅h/ml after digoxin plus zaleplon (a hypnotic agent). 
From a test of significance (ANOVA, p = 0.018) a drug interaction would have been 
concluded. The geometric mean ratio (test/reference) was 93% with a 90% confi-
dence interval of 89–98%, and this would more appropriately lead to a “no-effect” 
conclusion [93]. Potential problems with the bioequivalence approach include too 
small of a sample size and high variability. If the sample size is too small, confi-
dence intervals tend to be wide, and this could result in a 90% confidence interval 
that falls outside of the “no-effect boundary” despite a mean ratio near 100%. Too 
large of a sample size with the bioequivalence approach does not cause adverse 
consequences other than excessive study costs and ethical issues of imparting risk 
to numbers of subjects greater than needed. For tests of significance, too small of a 
sample size will lead to low power and inability to detect an important drug 
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 interaction, and too large of a study population may cause detection of small, 
 clinically insignificant changes.

Not only does the no-effect boundary need to be established a priori, use of 
unconventional ranges needs to be justified. In a study evaluating the effect of mon-
telukast on digoxin, several problems are apparent. The authors used a no-effect 
boundary of 70–143% without appropriate justification. Digoxin exhibits a narrow 
therapeutic index and relatively low variability in exposure parameters in a healthy 
population. The mean digoxin AUC

0 − ¥ was 43.2 ng·h/ml for digoxin alone and 
39.2 ng·h/ml for digoxin plus montelukast. Although the 90% confidence interval 
for AUC

0 − ¥ was 70–118%, the authors concluded that montelukast has no effect on 
the pharmacokinetics of digoxin [94]. The use of this expanded no-effect boundary 
for a drug with a narrow therapeutic index is concerning. Moreover, the 90% confi-
dence interval is too wide to fit within the range of 80–125%. The study involved a 
small sample size (n = 10) and did not address power.

In another study, which evaluated the effects of proton pump inhibitors on theo-
phylline, the no-effect boundary was expanded to 70–143% for steady-state C

max
, 

but not for steady-state AUC [95]. There is no pharmacokinetic basis to suspect a 
change in rate of absorption of theophylline from acid suppression, and the reason 
for the expanded boundary was not addressed. Because the observed 90% confi-
dence limit for steady-state C

max
 fell within the range of 80–125%, conclusions 

remain appropriate. In some cases involving drugs (e.g., ethionamide) with moder-
ate to high variability in exposure parameters, it may be difficult to obtain 90% 
confidence intervals that fall within the usual no-effect boundaries, requiring the use 
of large sample sizes or expanded boundaries [96].

An example of a study that used an expanded no-effect boundary and provided 
justification involved interactions between didanosine, and indinavir, ketoconazole 
and ciprofloxacin [97]. A no-effect boundary of 75–133% was used. The authors cited 
a study where the AUC of indinavir was increased 29% with clarithromycin adminis-
tration and the interaction was concluded to be not clinically significant. For cipro-
floxacin, the authors cited the package insert and a publication and considered that a 
48% increase in ciprofloxacin AUC in elderly subjects did not result in a recommen-
dation for reducing the dose. For ketoconazole, the authors cited a study that reported 
a 59% increase in ketoconazole AUC when administered with food compared to fast-
ing and considered that the labeling did not contain a recommendation for administer-
ing ketoconazole with food [97]. In another study, in which ketoconazole significantly 
increased the exposure of desloratadine, the interaction was concluded to be not clini-
cally relevant as no changes in ECG parameters were observed [98]. Although such 
observation does not totally rule out clinical significance in special populations, the 
value of concomitant pharmacodynamic assessment is apparent.

20.6.2  Studies to Confirm Clinical Strategy

Another potential area of misinterpretation is when the doses and/or dosing intervals 
of the drug under investigation are different in the test and reference arms of the study. 
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This may occur if the purpose is to obtain equivalent drug exposures over a specified 
time period in the absence and presence of an interacting drug. The magnitude of 
pharmacokinetic effect can appear smaller or larger if the control dose is larger or 
smaller. For example, 800 mg of indinavir every 8 h was estimated to give about the 
same AUC over 24 h as 400 mg indinavir every 12 h in the presence of 400 mg 
ritonavir every 12 h (99). From single-dose indinavir data, the magnitude of the inter-
action was actually about a fivefold increase in AUC if 400 mg of indinavir was used 
as the reference [99]. Depending on the purpose of the study, the analysis should be 
based on dose-normalized or dose-independent parameters (e.g., clearance or AUC/
dose) for drugs that display linear pharmacokinetics, and the reporting should reflect 
the actual differences in these parameters to avoid misinterpretation.

20.7  Summary

Many issues remain to be resolved concerning optimal design of drug interaction 
studies. Traditional issues such as defining the research hypothesis (question of 
interest); determining the appropriate study population (healthy volunteers or 
patients); determining the study design (crossover, longitudinal or parallel; washout 
requirements, etc.); deciding between single-dose or steady-state; and deciding which 
pharmacokinetic and/or pharmacodynamic endpoints to evaluate, should depend on 
knowledge of the drugs involved, preliminary data on the potential interaction, and 
general knowledge of pharmacokinetics and drug interactions. Defining whether a 
drug interaction exists is now considered an equivalence problem where endpoints 
are compared between the object drug given with and without the precipitant drug. 
The acceptable clinical no-effect boundary associated with equivalence must be 
somewhat flexible depending on the therapeutic index of the object drug and vari-
ability of the endpoints. The use of replicate designs improves the ability to examine 
carryover, reduces the required sample size, and allows determination of intrasubject 
variability in the interaction. However, studies involving replicate treatments are 
more expensive and the analysis is more complex. Although replicate designs are 
being used for bioequivalence studies and are widely discussed, such designs are not 
uniformly accepted as a promising new standard in drug interaction studies.
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