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Preface

We who are engrossed in the study of antimalarial chemotherapy are fond
of repeating certain maxims. Malaria is one of the most important disease prob-
lems in the world. The control of malaria is increasingly limited by resistance
to available drugs. New strategies for treating malaria are urgently needed.
We should strive to identify new targets for antimalarial agents. Each of these
maxims has reached the status of a cliché, but is nonetheless compelling. The
complex biology of malaria parasites and extreme poverty in most malarious
regions have locked us into an unrelenting continuation of endemic malaria in
most of the tropical world. Meanwhile, drug resistance worsens, and it appears
that the speed of efforts to develop new treatment strategies may not keep pace
with the resourceful parasites. This rather bleak scenario presents us with major
challenges. For the short term, as drug resistance worsens and standard thera-
pies fail, how will we utilize existing agents to prevent worsening of worldwide
malaria? Which strategies are likely to provide effective new antimalarial
drugs? And for the future, how can we develop strategies incorporating old
and new therapies and other control modalities to begin to lessen the world-
wide burden of malaria?

Although challenges for the effective treatment and control of malaria are
great, so are current opportunities. Our understanding of the biology of malaria
parasites is growing rapidly. The entire genome of Plasmodium falciparum will
soon be sequenced. New molecular technologies are allowing us to definitively
assess the biological roles of key parasite molecules. There is good reason to
believe that these advances will speed up the pace of antimalarial drug discov-
ery and development. As is discussed throughout this book, recent progress has
been impressive. New insights into the appropriate use of existing drugs and
optimal means of attacking known targets are being gained, and new potential
drug targets are being identified.

At this point, it seems appropriate to collect our current understanding of
antimalarial chemotherapy in a single volume. Much has changed since earlier
classic references on this subject. We have moved to a more rational approach to
antimalarial chemotherapy, where we are attempting to logically use existing
agents and to develop new drugs designed to target specific parasite pathways.
For this approach, a much better understanding of parasite biology is needed.

Antimalarial Chemotherapy: Mechanisms of Action, Resistance, and New Direc-
tions in Drug Discovery offers detailed discussions from experts in many areas.
As background, chapters on the biology of parasites highlight two key areas, the
plasmodial food vacuole and plasmodial transport mechanisms. The public



health consequences of current problems in antimalarial chemotherapy are also
reviewed. Established antimalarial drugs and new agents under development
are then discussed in detail. Our emphasis is not on summarizing established
drug usages, but rather to present current understanding of the mechanisms of
action and resistance of existing agents in order to help us design new strategies
to use these or related compounds. The last section of the book presents infor-
mation on new compounds. These include agents that are related to existing
effective antimalarials and some new targets. The chosen targets represent a
small sample of potential new avenues for chemotherapy. It is hoped that the
discussions of parasite biology and chemotherapy provided in this book will
help to stimulate additional ventures in this direction. As is often mentioned
(in yet another cliché), additional funding for research on malaria will be
essential for the breadth of study required to develop multiple new drugs.

My editing of Antimalarial Chemotherapy: Mechanisms of Action, Resistance, and
New Directions in Drug Discovery has been rather time-consuming, but very
rewarding in allowing me the opportunity to work with world leaders in all
areas of malaria chemotherapy, and in providing me with a privileged look at
the status of cutting edge research in this field. I wish to thank all of the authors
for their hard work in preparing excellent discussions on their respective topics.
Thanks are also in order to those who have helped me to choose specific topics
and authors and offered advice through the course of the book preparation
process. I’m afraid that I will certainly neglect some contributors, but special
thanks go to Steve Meshnick, Irwin Sherman, Hagai Ginsburg, Ioav
Cabantchick, Terrie Taylor, Peter Bloland, Chris Plowe, David Fidock, Tom
Wellems, Mike Gottlieb, Lou Miller, Steve Ward, Leann Tilley, and Piero
Olliaro. I thank members of my laboratory at UCSF and my collaborators in
Kampala, Uganda, for their inspiration and useful ideas. I remain indebted to
the late Jim Leech, who was the perfect mentor to start me on a path of antima-
larial drug discovery. Lastly, I thank my wife, Kandice Strako, for her indul-
gence and support during the hectic and seemingly never-ending editing
process. My hope is that this book will offer a useful review for those who
study malaria, and, more importantly, an entry point into antimalarial chemo-
therapy for those new to this field. If this is the case, and we can help to expand
efforts toward antimalarial drug discovery and development, our labors will
certainly have been worthwhile.

Philip J. Rosenthal, MD
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1
The Need for New Approaches
to Antimalarial Chemotherapy

Philip J. Rosenthal and Louis H. Miller

INTRODUCTION

Malaria has been a major cause of human suffering for thousands of years, and
despite important advances in our understanding of the disease, it continues to be one of
the greatest causes of serious illness and death in the world. Ironically, at a time when
exciting scientific advances are offering the opportunity to successfully manage many
previously untreatable diseases, our ability to reliably treat malaria has actually dimin-
ished over the last half-century. At present, a number of antimalarial drugs are avail-
able, but their use is limited by high cost, toxicity, and increasing parasite resistance.
Thus, there is a great need for the optimal use of available drugs and the development
of new approaches to antimalarial chemotherapy.

THE CURRENT MALARIA SITUATION

In 1955, the World Health Organization launched a program to eradicate malaria.
This effort included some important successes, but, for the most part, it was a major
disappointment (1). Indeed, over recent decades, morbidity and mortality caused by
malaria have increased in many parts of the world and most of the world’s population
remains at risk of contracting this disease (Figs. 1 and 2). Hundreds of millions of
clinical episodes of malaria occur each year, and it was estimated that 1.5–2.7 million
deaths resulted from these infections in 1996 (3). Thus, malaria is one of the great
infectious disease killers, and it exerts an enormous toll on developing countries
throughout the tropics (4). In particular, falciparum malaria is an overwhelming prob-
lem in sub-Saharan Africa, where most malarial morbidity and mortality occurs.
Numerous factors contribute to the persistence of a severe worldwide malaria problem.
First, efforts to control mosquito vectors, which were quite successful in some areas
many years ago, have been limited by financial constraints and insecticide resistance.
Second, programs to treat and control malaria, especially in highly vulnerable young
children and pregnant women, are severely limited by poverty in most endemic regions.
Third, despite significant efforts, an effective malaria vaccine is not yet available and
is unlikely to be available to those most at need in the near future. Fourth, malaria
parasites have consistently demonstrated the ability to develop resistance to available
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drugs. Fifth, although great strides have been made in our understanding of malaria in
recent years, our ability to develop new strategies to control the disease remains sig-
nificantly limited by an incomplete understanding of the biology of the parasite and of
the host response to parasite infection.

CURRENT MALARIA CONTROL EFFORTS

Most likely, the successful control of malaria will require advances in many areas,
including the control of mosquito vectors, the development of effective vaccines, and
the identification of new chemotherapeutic agents. Although the toll of malaria mor-
bidity and mortality remains unacceptably high, important advances are being made.
Inexpensive vector control measures, notably the use of insecticide-impregnated
bednets, have proven effective and are currently being implemented in many endemic
areas (5). Great progress is being made in the characterization of the host immune
response against malaria parasites, and a number of classes of vaccines are in different
stages of testing (6). An appreciation of the value of antimalarial drug combinations to
improve efficacy and limit the development of resistance has recently arisen (7). Exten-
sive studies of drug combinations, in particular those including derivatives of the new
drug artemisinin, are currently underway.

A promising recent change is the development of a consensus that bold new efforts
are urgently needed to control malaria. International agencies have recently initiated
new programs that will provide increased funds for malaria control and research. The
Roll Back Malaria initiative was formed in 1998 to expedite and coordinate worldwide
malaria control efforts. The principal focus of this initiative is to address the pressing
needs of those most at risk of severe malaria: children and pregnant women in Africa
and other highly endemic regions. Two important focused programs were established
in 1999: the Malaria Vaccine Initiative and the Medicines for Malaria Venture. Impor-

Fig. 1. Distribution of malaria, 1997. Regions endemic for malaria are shaded. Endemic
areas with known chloroquine-resistant falciparum malaria are gray, and those without known
chloroquine resistance are black. (Map from Centers for Disease Control and Prevention.)
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tantly, these programs will be much better funded than older national and international
efforts at malaria control. As a disease of the poorest of nations, malaria remains a poor
cousin of the major health problems of the developed world, and funding for malaria
control and research is dwarfed by that for heart disease, cancer, AIDS, and asthma
(Table 1). However, the new consensus offers some promise that the pace of advances
toward malaria control will increase. This issue is of great relevance to the subject of
this volume, as drug discovery and development are very expensive.

Antimalarial drug development has been severely limited by a lack of interest of
pharmaceutical companies in investing large sums for the development of drugs for a
disease of disadvantaged populations. Indeed, nearly all available antimalarials have
been developed through government (including military) research programs (chloro-
quine, primaquine, mefloquine, Fansidar, halofantrine), the fortuitous identification of
efficacy in a natural product (quinine, artemisinins), or the identification of antima-
larial potency in drugs marketed for other indications (folate antagonists, sulfas, antibi-
otics, atovaquone). No drug has been fully developed as an antimalarial by industry,
although industry–government collaborations are currently playing key roles in the
introduction of some new agents. In addition, a key strategy of the new Medicines for
Malaria Venture is to finance collaborations that combine the drug discovery expertise
of industry and the malaria expertise of academic groups to pursue antimalarial drug
discovery without major investment by pharmaceutical companies.

THE BIOLOGY OF MALARIA PARASITES

Humans become infected with malaria parasites after the bite of an anopheline mos-
quito harboring plasmodial sporozoites (Fig. 3). The sporozoites circulate to the liver,
where hepatocytes are invaded, and an asymptomatic pre-erythrocytic phase of infec-
tion begins. After one to several weeks, merozoites are released into the circulation.
These parasites invade erythrocytes to begin the erythrocytic cycle of infection, which
includes rapid, asexual multiplication of parasites, and is responsible for all of the clini-
cal manifestations of malaria. Some parasites also develop into gametocytes, which

Fig. 2. Worldwide malaria endemicity. Percentages of populations living in areas with
present or past malaria endemicity are shown. (Adapted from ref. 2.)
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Table 1
Estimated Annual Global Research
Expenditure and Mortality for Three Diseases, 1990–1992

Expenditure Mortality Expenditure per fatality
Disease (millions of US dollars) (thousands) (U.S. dollars)

HIV/AIDS 952 290.8 3274
Asthma 143 181.3 789
Malaria 60 926.4 65

Source: Adapted from ref. 8.

subsequently infect mosquitoes, allowing completion of the life cycle. Four species of
Plasmodium cause human disease. Plasmodium falciparum is, by far, the most
important species, as it is responsible for nearly all severe malaria. This parasite is an
enormous problem in Africa and is endemic in most malarious regions of the world.
P. falciparum uniquely infects erythrocytes of all ages, and mature parasite-infected
erythrocytes adhere to endothelial cells to avoid splenic clearance. Of additional great
importance, P. falciparum has demonstrated the ability to develop resistance to most
available antimalarial drugs (9). Infection with P. vivax is also very common, and
although this infection causes relatively little severe disease, it is one of the most
important causes of morbidity among parasitic infections, particularly in Southeast
Asia, the Indian subcontinent, South and Central America, and parts of Oceania. Drug
resistance in P. vivax has been recognized only recently, but it is increasing, with vivax
malaria resistant to chloroquine and other antimalarials noted in Southeast Asia,
Oceania, India, and South America. P. malariae and P. ovale are relatively uncommon
causes of human malaria. In P. vivax and P. ovale malaria, parasites have a chronic
liver phase (hypnozoite), in addition to the transient hepatic phase that precedes eryth-
rocyte infection (Fig. 3). Hypnozoites require specific therapy for eradication.

THE HOST RESPONSE TO INFECTION WITH MALARIA PARASITES

Initial infections with P. falciparum are commonly fatal, but patients who survive
develop some antiparasitic immunity. This immunity, which includes humoral and cel-
lular responses against multiple parasite life-cycle stages, allows improved outcomes
after subsequent infections. After multiple infections, P. falciparum causes relatively
mild disease or is asymptomatic in many older children and adults. However, antima-
larial immunity is incomplete, strain-specific, and short-lived, and is only maintained
by frequent reinfection. In regions of very high transmission (greater than one infec-
tious mosquito bite per day in parts of Africa), severe malaria occurs mostly in young
children; older individuals are protected against life-threatening disease. In contrast,
individuals living in regions of low transmission and travelers from nonendemic areas
are at great risk of developing a severe illness after infection with P. falciparum, regard-
less of age. Another group at high risk is pregnant women, even if antimalarial immu-
nity was previously high. Responses to plasmodial infection are also affected by genetic
factors. Individuals that are heterozygous for sickle hemoglobin and those with certain
major histocompatibility complex (MHC) polymorphisms are partially protected against
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severe falciparum malaria. Indeed, it is likely that numerous polymorphisms in erythro-
cyte proteins, immune mediators, and other proteins have been selected for by the severe
pressure of lethal falciparum malaria over thousands of years of human evolution.

The complexity of host responses to infection with malaria parasites makes the study
of antimalarial drug efficacy difficult. Drug effects must be judged with consideration

Fig. 3. Life cycle of malaria parasites.
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of the host antiparasitic immune response. Indeed, the current situation in sub-Saharan
Africa is that chloroquine remains the drug of choice in most countries despite
widespread resistance of parasites to this agent, in part due to financial constraints, but
also due to the fact that this drug is often at least partially effective in treating popula-
tions with significant antimalarial immunity. Thus, as new antimalarial agents are
evaluated, the major role of host immunity in responses to plasmodial infection must
always be considered.

AVAILABLE ANTIMALARIAL DRUGS

The first chemically characterized antimicrobial agent was quinine, which was purified
by Peletier and Caventou from the bark of the Cinchona tree in 1820. In the 20th century,
numerous other effective antimalarials were identified, as is reviewed in Chapter 2. At
present, important antimalarial drugs include a number of quinolines, inhibitors of enzymes
required for folate metabolism, some antibiotics, a series of endoperoxides related to the
natural product artemisinin, and the hydroxynaphthoquinone atovaquone (Table 2).

No existing antimalarial drug was developed in a fully rational manner, with a
focused attempt to inhibit a known drug target. Rather, in all cases, antimalarial
potency has been identified clinically in animal models or in vitro, and subsequent
studies have attempted to identify drug targets. Of note, as will be discussed in other
chapters, for most available agents the target of action within the malaria parasite
remains uncertain.

Our limited understanding of the biochemistry of malaria parasites hinders rational
approaches to new drug development. Of available agents, the antimalarial mechanism
of action is fully established only for inhibitors of enzymes required for folate biosyn-
thesis. An improved appreciation of the mechanisms of action of drugs, even of agents
such as chloroquine that are often no longer effective, should be helpful in the identifi-
cation of new drugs. Indeed, one appealing strategy for new drug development is to
improve on existing drugs by engineering chemical modifications that improve activ-
ity or limit resistance to existing agents.

Resistance to most available antimalarial agents has developed. Resistance devel-
oped slowly to chloroquine, but that to other drugs, including other quinolines and
folate antagonists, developed more rapidly after the drugs were introduced. Resistance
to new derivatives of artemisinin has not yet been identified, and these drugs are
expected to play a major role in the treatment of falciparum malaria in the near future.
However, with increased use of these drugs, it is likely that resistant parasites will be
selected.

As is the case with mechanisms of antimalarial action, mechanisms of resistance are
poorly understood for most drugs (see Chapter 8). Exceptions to this rule are inhibitors
of folate pathway enzymes, where recent work has identified specific mutations in genes
encoding target enzymes as mediators of resistance to these drugs (10) (see Chapter 9).
Very recent work has also identified mutations that appear, in part, to mediate chloro-
quine resistance. A better understanding of the mechanisms by which malaria parasites
develop drug resistance should aid in the design of new agents that circumvent or
reverse known parasite resistance mechanisms.
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Table 2
Available Antimalarial Drugs

Drug Class Use

Chloroquine 4-Aminoquinoline Treatment and chemoprophylaxis of sensitive parasites
Amodiaquine 4-Aminoquinoline Treatment of some chloroquine-resistant P. falciparum
Quinine/quinidine Quinoline methanol Treatment of chloroquine-resistant P. falciparum
Mefloquine Quinoline methanol Chemoprophylaxis and treatment of P. falciparum
Primaquine 8-Aminoquinoline Radical cure and terminal prophylaxis of P. vivax and P. ovale
Pyrimethamine/sulfadoxine Folate antagonist, sulfa combination Treatment of some chloroquine-resistant P. falciparum
Proquanil Folate antagonist Chemoprophylaxis (with chloroquine)
Doxycycline Tetracycline antibiotic Treatment of P. falciparum (with quinine); chemoprophylaxis
Halofantrine Phenanthrene methanol Treatment of some chloroquine-resistant P. falciparum
Artemisinins Sesquiterpene lactone endoperoxides Treatment of multidrug-resistant P. falciparum
Atovaquone/proguanil (Malarone) Quinone/folate antagonist combination Treatment and chemoprophylaxis of P. falciparum
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NEW APPROACHES TO ANTIMALARIAL CHEMOTHERAPY

We are presently at a critical juncture in the history of the chemotherapy of malaria,
as increasing drug resistance is leading to the need to rethink therapeutic approaches.
Replacement of chloroquine as the standard antimalarial agent has increasingly become
necessary because of the gradual spread of resistance in P. falciparum populations.
The replacement of chloroquine as presumptive therapy for falciparum malaria has
already occurred in many areas, in particular Southeast Asia and parts of South
America. However, chloroquine remains the first-line therapy for uncomplicated
falciparum malaria in most of Africa. Despite a very high prevalence of resistant para-
sites in some areas, chloroquine is often at least partially effective in highly immune
populations, but clinical failures are common, and increased mortality resulting from
drug resistance has been documented (11). No clear consensus exists as to the appro-
priate approach to address increasing chloroquine resistance in Africa. Although chlo-
roquine continues to be heavily used, new agents must be considered for routine
presumptive therapy (12) (see Chapter 5). In a few countries chloroquine has been
replaced by pyrimethamine/sulfadoxine as the first-line drug, but resistance to this com-
bination appears to be increasing rapidly.

Multiple general approaches to the identification of new antimalarials are being pur-
sued at this time (Table 3). A first approach is to optimize therapy with existing agents.
New dosing regimens or formulations of some agents may optimize activity. Combina-
tion therapies, including new agents (e.g., artemisinin derivatives, atovaquone) and
new combinations of older agents (e.g., chlorproguanil/dapsone) are under study as
first-line therapies for Africa and other areas with widespread drug resistance (see
Chapter 12). Combinations of two effective agents should improve antimalarial effi-
cacy. In the case of both the artemisinin derivatives and atovaquone, the new agents
have had unacceptable failure rates when used as single agents to treat falciparum
malaria, but they have been highly effective in combination with other established
antimalarials. Importantly, the use of combination antimalarial therapy should also slow
the progression of parasite resistance to the new agents.

A second approach to antimalarial chemotherapy is to evaluate compounds that are
chemically related to existing agents. This approach does not require knowledge of the
mechanism of action or the biological target of the parent compound. Indeed, this
approach was responsible for the development of many existing antimalarials. For
example, chloroquine, primaquine, and mefloquine were discovered as a result of
chemical strategies to improve upon quinine. More recently, 4-aminoquinolines that
are closely related to chloroquine appear to offer the antimalarial potency of the parent
drug, even against chloroquine-resistant parasites (see Chapter 13), and the 8-amino-
quinoline tafenoquine offers improved activity against hepatic-stage parasites over that
of the parent compound primaquine (see Chapter 7). New folate antagonists (see
Chapter 16) and new endoperoxides related to artemisinin (see Chapter 14) are also
under study. Some new agents that are already under clinical evaluation, including
lumefantrine and pyronaridine, were developed based on strategies to improve on
existing agents (see Chapter 12).

Natural-product-derived compounds offer a third approach to chemotherapy. This
approach has identified the most important drugs currently available to treat severe
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falciparum malaria, quinine, and derivatives of artemisinsin. In the case of artemisinin,
relatively simple chemical modifications of the natural-product parent compound have
led to a series of highly potent antimalarials that will probably play a critical role in the
treatment of severe malaria over the next decade (see Chapter 10). Extensive evalua-
tions of natural products as potential new therapies for human diseases are underway.
It is important that such trials include the evaluation of the antimalarial potency of
plant extracts and potential drugs purified from these extracts.

A fourth approach to antimalarial chemotherapy is to identify agents that are devel-
oped or marketed as treatments for other diseases. Folate inhibitors and other antibiot-
ics were developed for their antibacterial properties and were later found to be active
against malaria parasites. Atovaquone was initially identified as an antimalarial, but its
development was expedited by the discovery of its activity against Pneumocystis
carinii. More recently, its potential as an antimalarial (as a component of the combina-
tion drug Malarone) has been re-explored (see Chapter 11). Iron chelators, which are
used to treat iron-overload syndromes, have documented antimalarial efficacy (see
Chapter 17). These examples suggest that it is appropriate to screen new antimicrobial

Table 3
General Approaches to the Discovery
of New Antimalarial Agents Discussed in This Volume

Approach Examples Chapter

Optimize therapy with existing agents Artemisinin-derivative combinations 12
Atovaquone/proguanil (Malarone) 11
Chlorproguanil/dapsone 12

Develop analogs of existing agents Chloroquine, amodiaquine, mefloquine   6
New quinolines 13
Primaquine, tafenoquine   7
Lumefantrine, pyronaridine 12
New endoperoxides 14
New folate antagonists 16

Natural products and their derivatives Quinine, quinidine   6
Artemisinin and derivatives 10

Compounds active against other diseases Folate antagonists   9
Antibiotics 15
Atovaquone 11
Iron chelators 17

Drug-resistance reversers Chlorpheniramine and others   8

Compounds active against new targets Protease inhibitors 18
Phospholipid-metabolism inhibitors 19
Inhibitors of transport mechanisms 20
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agents and other available compounds as antimalarial drugs. This approach is facili-
tated by the presence of high-throughput assays for potential antimalarials. As sug-
gested by the recent development of Malarone, the consideration of compounds with
activity against other, more economically attractive microbial targets may provide a
relatively inexpensive means of identifying new antimalarials.

A fifth approach to chemotherapy is to combine previously effective agents with
compounds that reverse parasite resistance to these agents. Many drugs have been
shown to reverse the resistance of P. falciparum to chloroquine in vitro. Although, in
many cases, unacceptably high concentrations of the resistance reversers are needed
for their effects, the commonly used antihistamine chlorpheniramine and other agents
have been shown to reverse resistance at clinically acceptable dosing levels (see Chapter 8).
Evaluation of these compounds and other potential reversers of resistance to chloro-
quine is ongoing.

The most scientifically appealing new approach to chemotherapy is the identifica-
tion of new targets and subsequent discovery of compounds that act on these targets.
Our rapid progress in the characterization of the biology of malaria parasites suggests
that this last approach is most likely to identify important new antimalarial compounds
in the future. Some potential targets for new drugs are likely the targets of existing
agents that were developed without knowledge of their specific biological effects. Chlo-
roquine probably causes parasite toxicity by blocking the polymerization of free heme
in the parasite food vacuole (see Chapter 6). New inhibitors of this process are of inter-
est as potential antimalarials (see Chapter 13). Some antibiotics probably exert their
antimalarial effects via inhibition of protein synthesis or other processes in the prokary-
ote-like plastid organelle. New inhibitors of plastid metabolism may also exert specific
antimalarial effects (see Chapter 15). As the mechanisms of action of established
antimalarials are better characterized, the identified sites of action of these drugs will
be logical additional targets for new antimalarial compounds. Additional potential tar-
gets, for which inhibitors with antimalarial activity have been identified, include para-
site proteases (see Chapter 18), parasite phospholipid metabolism (see Chapter 19),
and novel transport mechanisms (see Chapter 20). Many others are under study (13).
The identification of new targets should be dramatically expedited by the malaria ge-
nome project, which, within a few years, will identify the sequences of all proteins of
P. falciparum.

In summary, multiple approaches have proven track records for the development of
antimalarial drugs. It is essential that these older approaches continue and that they are
supplemented by the rational development of new agents directed against newly iden-
tified parasite targets. The continued control of malaria will likely require multiple
new effective agents. A recently stated goal of the Medicines for Malaria Venture is to
develop one new effective antimalarial drug every 5 yr. Our ultimate goal, of course, is
not merely to continue malaria control at its current rate of success, but to move
toward the elimination of this health problem. This goal will likely require major
advances in vector control, vaccinology, and the development of new drugs, each a
daunting task. However, recent advances in many areas of vector, host, and parasite
biology are encouraging, and there is good reason to believe that, with increasing
broad support of research efforts, important gains against malaria can be achieved in
the near future.
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The History of Antimalarial Drugs

Steven R. Meshnick and Mary J. Dobson

INTRODUCTION

Physicians have diagnosed and treated fevers for thousands of years. Until Robert
Koch, Louis Pasteur, and their contemporaries uncovered the “germs” that cause most
febrile illnesses, fevers were considered diseases, not results of diseases. Fevers were
treated with a variety of remedies, such as bloodletting or herbs, most of which were
ineffective. Malaria-like febrile illnesses (with names like “the ague” or “paludism”)
have been described since Hippocrates as fevers that were periodic and associated with
marshes and swamps. The word “malaria” comes from the Italian “mal’aria” for “bad
airs.” It was not until the 1880s and 1890s that Alphonse Laveran, Ronald Ross, Battista
Grassi, and others were able to identify the malaria parasite and link the transmission
of malaria to mosquitoes. Although the understanding of the mosquito cycle led to
a number of new approaches in vector control in the early 20th century, malaria
prophylaxis and therapy continued to draw on earlier remedies. Indeed, what is
remarkable about malarial fevers is that two herbal treatments, cinchona bark and
qinghao, were used to treat malaria effectively for hundreds of years prior to the under-
standing of the mosquito cycle. Today both quinine (derived from the cinchona bark)
and artemisinin (from qinghao) remain of prime importance in the control of malaria.

The practice of Western medicine changed dramatically during the 19th and 20th
centuries, as herbal remedies were gradually replaced by pure chemical compounds
and, later, synthetic drugs. So, too, did the treatment of malaria undergo important
scientific developments. Malaria was among the first diseases to be treated by a pure
chemical compound—quinine—isolated from the cinchona bark in 1820. It was, sub-
sequently, the first disease to be treated by a synthetic compound—methylene blue. In
addition, malaria parasites were among the first pathogenic microbes to out-smart medi-
cal intervention and become drug resistant.

Malaria was one of the best-studied diseases in Western medicine until the middle of
the 20th century. Until that time, malaria was still endemic in North America and
Europe. It also had great importance because it represented an obstacle to the expan-
sion of European nations into the tropical world. It also played an important role in the
major wars of both the 19th and 20th centuries. The situation has changed, and, until
recently, interest in malaria in Western nations has waned even though the disease at a
global scale has not.
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QUININE

The compound quinine occurs naturally in the bark of Cinchona trees, originally
found in high altitudes of South America (Fig. 1). Cinchona bark was introduced into
Europe as a treatment for the ague in the early 17th century by Jesuit priests returning
from Peru. Peruvian Indians chewed on cinchona bark—but, as far as we know, not to
treat malaria. Indeed, malaria may not have existed in the New World prior to Colum-
bus (1,2). There have been many speculations about the South American Indians’
knowledge and use of the cinchona bark. According to one account, Indians used it
while working in cold streams in Spanish-owned mines in order to stop shivering. This
effect was probably the result of quinine’s direct effects on skeletal muscle and neuro-
muscular junctions (3). Some physicians and Jesuit priests in Peru reasoned that the
bark might be able to stop the shivering associated with attacks of the ague. They tried
the bark of the “fever tree” on malarial patients and found that the feverish symptoms
of ague sufferers were relieved.

The Countess of Chinchon and her husband are credited with bringing the bark back
to Spain (Fig. 2) although like several of the myths and mysteries associated with the
early history of cinchona, this story is probably fallacious. Linnaeus in 1742 named the
tree, cinchona, after her, although the bark was more commonly known as Jesuits’
powder or Peruvian bark (4).

A number of European physicians and quack doctors had remarkable successes with
the bark (5), but its use initially met with a great deal of skepticism. First, many people
were skeptical of anything associated with the Jesuits. In fact, Oliver Cromwell suf-
fered severely from malaria, apparently because he refused to ingest “the powder of the
devil” (6). Second, because merchants were frequently unable to distinguish cinchona
from other trees, many types of bark were used as long as they were bitter. Finally,
different cinchona species vary greatly in quinine content (7) and there was consider-
able confusion concerning the “best” bark to administer. These last two factors made
therapeutic results inconsistent.

Richard Morton, who published his Pyretologia in 1692, became a firm advocate of
Peruvian bark. He claimed it was a “Herculean antidote” to the poison of intermittent
fevers and, when given in proper dosage, usually returned the patient to health immedi-
ately (8). He also used the therapeutic results of the bark as a guide to diagnosis. His
ideas were further developed by Francesco Torti who, in his classic work of 1712,
Therapeutice Specialis, designed a “tree of fevers.” Different fevers, shown as branches
of the tree, were divided into categories: On the left were those that responded to cinchona
(shown as branches covered with bark) and on the right were those that did not (depicted
as denuded leafless branches) (8). Torti’s classification and differentiation of fevers
and his recognition that only certain fevers could be treated by cinchona was of major
importance. By the late 18th century, formulations became more standardized and cin-
chona was more widely accepted as a treatment for specific intermittent fevers (3,9).

Cinchona had become so popular by the eighteenth century that several species of
cinchona trees were becoming extinct (6,10). In 1820, two young French chemists,
Pierre Pelletier and Joseph Caventou, isolated the alkaloids quinine and cinchonine
from cinchona bark. Within a year, several French physicians were successfully using
pure quinine to treat patients with intermittent fever (11). Explorers and scientists then
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Fig. 1. Cinchona tree. (From Markham, CR. Peruvian Bark: The Introduction of Chinchona
Cultivation into British India. London: John Murray, 1860. Reproduced with the permission of
the Wellcome Institute Library, London, UK.)

began to search for the cinchona species with the highest quinine content. Charles Led-
ger and his faithful Bolivian servant, Manuel Incra Mamani, found a variety of cin-
chona with a high quinine content (Cinchona ledgeriana); after the British rejected
Ledger’s offer, he sold some seeds to the Dutch government for a few guilders in 1865
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(9,12). These seeds were one of the best investments in history. Within a short time, the
Dutch plantations of Java were producing 97% of the world’s supply of quinine and
had a virtual monopoly, producing in the 1930s about 10 million kilograms of bark a
year (Fig. 3). From the mid-19th century to the 1940s, quinine became the standard
therapy for intermittent fever throughout the world.

Prior to the isolation of quinine, the bark was usually administered as a suspension
in wine or spirits to counteract its bitterness. This recipe may have evolved into the gin
and tonic, a daily staple of British colonialists throughout the world (13) (Fig. 4). Tonic
water today only contains 15 mg of quinine per liter (14), so the drink has little antima-
larial benefit.

SYNTHETIC ANTIMALARIALS

The science of synthetic organic chemistry underwent a revolution in the late 19th
century, partly in response to the need for new antimalarials. In 1856, William Henry
Perkins, an 18-yr-old English chemist, set out to synthesize quinine, but failed. (Indeed,
the synthesis of quinine was not accomplished until 1944 and, even to this day, has not
been achieved on a commercially economic scale.) However, Perkins succeeded in

Fig. 2. The Count of Chinchon receives cinchona. (From a fresco in the Ospedale di
Santo Spirito in Rome. Reproduced with the permission of the Wellcome Institute Library,
London, UK.)
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synthesizing “mauve,” the first synthetic textile dye that did not wash off in water. This
advance sparked the development of a huge German synthetic dye industry (6).

The new dye industry helped promote the advancement of medicine. When micro-
bial pathogens were first identified, they were difficult to see under the microscope.
Newly synthesized dyes were then used by microbiologists as stains to enhance visual-
ization and classification. Paul Ehrlich, a German scientist, noticed that methylene blue
was particularly effective in staining malaria parasites. He reasoned that because the
parasite avidly took up the dye, it might be poisoned by it in vivo. In 1891, Ehrlich
cured two patients of malaria using methylene blue, the first time a synthetic drug was
ever used in humans (15).

Bayer, one of the leading German dye companies, soon became a leading pharma-
ceutical company. A team of chemists and biologists was assembled by Bayer to
develop new synthetic antimalarials using methylene blue as a prototype. In 1925, they
developed plasmoquine (also called pamaquine). Plasmoquine, the first 8-aminoquinoline,
proved to be the first compound capable of preventing relapses in vivax malaria. In
1932, they developed mepacrine (atebrine) which was effective against falciparum
malaria.

In 1934, H. Andersag, working at the Elberfield labs of Bayer IG Farbenindustrie
AG developed a compound known as resochin (16,17). Although the compound looked
promising, it was felt to be too toxic. In 1936, Andersag synthesized a derivative of
resochin known as sontochin, which seemed to be less toxic.

Fig. 3. Photograph of a warehouse in Amsterdam, cases filled with cinchona bark. (Repro-
duced with the permission of the Wellcome Institute Library, London, UK.)
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During World War II, the world supply of quinine was cut off as the Japanese took
over Java. Plasmoquine and mepacrine (atebrine) were manufactured and widely used
by both sides. As part of the war effort, American, British, and Australian scientists
cooperated in a large-scale attempt to develop new synthetic antimalarials. Sixteen
thousand compounds were synthesized and tested. Surprisingly, Allied scientists had
been informed about resochin and it was one of the first tested compounds. It had the
acquisition number SN-183. For the second time, it was considered too toxic and
dropped. Meanwhile, French Vichy physicians were carrying out clinical trials on
sontochin in Tunis. After the allies captured North Africa, they obtained samples of
sontochin and data from the study. Interest was rekindled in resochin, which was
renamed chloroquine (and renumbered SN-7618). By 1946, US clinical trials showed
that this compound was far superior to atebrine (16,17). The eventual recognition of
chloroquine as a powerful antimalarial is one of the most fascinating stories in the
history and development of synthetic drugs. As Coatney has commented, “the main
story of chloroquine, 1934 to 1946, involves investigators of six countries on five con-
tinents and embraces its initial discovery, rejection, re-discovery, evaluation and
acceptance” (17).

Chloroquine proved to be the most effective and important antimalarial ever and
was used widely throughout the world. In the 1950s, Mario Pinotti in Brazil introduced
the strategy of putting chloroquine into common cooking salt as a way of distributing
the drug as a prophylactic on a wide scale. This medicated salt program (using either
chloroquine or pyrimethamine) became known as “Pinotti’s method” and was
employed in South America as well as parts of Africa and Asia. Chloroquine was the
main drug of choice in the WHO Global Eradication Programme of the 1950s and
1960s, and although somewhat overshadowed by the widespread use of the residual
insecticide DDT, chemoprophylaxis with chloroquine tablets or chloroquine-medicated
salt was an important supplementary component of eradication and control programs

Fig. 4. An early recipe for the gin and tonic. (From Buchan W. Domestic Medicine: or, a
Treatise on the Prevention and Cure of Diseases by Regimen and Simple Medicines. London:
W. Strachan & T. Cadell, 1781. Reproduced with the permission of the Wellcome Institute
Library, London, UK.)
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in many areas of the world. Its use was only curtailed beginning in the 1960s with the
advent of chloroquine resistance in Plasmodium falciparum (which may have been
caused, in part, by the medicated salt program). Chloroquine resistance has now spread
to many of the areas of the world where the infection is endemic (18).

Chloroquine was one of many antimalarials resulting from scientific advances made
during World War II. The American effort also included attempts to make more effec-
tive versions of the 8-aminoquinoline plasmaquine. Soon after the war, primaquine
was introduced, and proved to be the standard drug for the prevention of relapses in
vivax malaria (16). Interestingly, 50 yr later, American military scientists have found
yet another promising 8-aminoquinoline, WR 238605 or tafenoquine (19).

The British war effort led to the development of proguanil (Paludrine). After the
war, proguanil served as a prototype for the development of pyrimethamine (Daraprim)
in 1950 by Burroughs–Wellcome (16). Pyrimethamine, in combination with sulfadoxine,
was introduced in the 1970s and named Fansidar (20). Fansidar is still in wide use,
particularly in Africa.

Several compounds discovered during the American war effort later served as proto-
types for the development of other antimalarials. One such compound, SN 10275, was
a prototype for mefloquine, which was introduced in the mid-1970s (21). Mefloquine
(Lariam) is widely used throughout the world. Another class of compound developed
during World War II were the 2-hydroxynaphthoquinones. These served as prototypes
for a drug that was introduced only recently—atovaquone. Atovaquone is now being
manufactured by Glaxo-Wellcome Pharmaceuticals in combination with proguanil and
sold as Malarone (22).

ARTEMISININ

Artemisia annua—sweet wormwood or qinghao (pronounced “ching-how”)—was
used by Chinese herbal medicine practitioners for at least 2000 yr, initially to treat
hemorrhoids. In 1596, Li Shizhen, a famous herbalist, recommended this herb for fever,
and specified that the extract be prepared in cold water (23).

In 1967, the government of the People’s Republic of China established a program to
screen traditional remedies for drug activities (24) in an effort to professionalize tradi-
tional medicine. Qinghao was tested in this program and found to have potent antima-
larial activity. In 1972, the active ingredient was purified and named qinghaosu (essence
of qinghao). Qinghaosu and derivatives were then tested on thousands of patients. Sum-
maries of these studies were published in the late 1970s and early 1980s (25,26).
Artemisinin derivatives are now widely used in Southeast Asia and are starting to be
used elsewhere (reviewed in ref. 27).

ANTIMALARIALS AND THEIR IMPACT ON HISTORY

Quinine had a profound influence on modern colonial history and a number of histo-
rians have highlighted the importance of this single drug as one of the “tools of empire”
(28). Falciparum malaria was a major problem for missionaries, explorers, colonists,
and the military in many parts of the tropical and subtropical world. As Europeans
began to settle the coasts, penetrate the interiors, and colonize the lands of Africa and
Asia, they were frequently struck down with tropical diseases, including malaria.
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Malaria in West Africa, a region often typified as “White Man’s Grave,” was espe-
cially severe. For example, almost half of the British soldiers stationed in Sierra Leone
between 1817 and 1836 died of infectious disease, mostly malaria (28). The introduc-
tion of quinine, however, contributed to a marked reduction of colonial military mor-
tality in certain areas from the mid-19th century (29). Its use was encouraged by some,
although not all, doctors as imperative for survival in the tropics. In Alexander Bryson’s
text of 1847, Report on the Climate and Principal Diseases of the African Station, he
recommended and noted the importance of quinine as a prophylaxis amongst Europeans:

So general has the use of quinine now become, that there is hardly any part of Western
Africa, where there are resident Europeans, in whose houses it is not to be found; it is in
fact considered to be one of the necessaries of life, where life is of all things the most
uncertain.

Later, when malaria and other tropical diseases were shown to be the result of infec-
tious agents rather than an inherently bad climate, the use of quinine as a prophylactic
and effective treatment for malaria was advocated in the scientific literature, advice
manuals, and travel guides for Europeans venturing into the tropics. Although death
rates in the early 20th century remained high among Europeans in malarial areas, the
use of quinine, as well as mosquito control, bed-nets, screening, and other forms of
prevention and protection, helped alleviate the misery caused by malaria. Indigenous
populations were often viewed as “reservoirs” of infection and it was suggested by a
number of leading malariologists in the early twentieth century that the “immune” adult
did not suffer from the debilitating effects of malaria. However, as Europeans increas-
ingly relied on local and imported labor forces to work on European plantations, estates,
and mines, it was soon recognized that malaria was a problem for indigenous as well as
colonial populations. Gradually, the use of quinine was recommended more widely for
humanitarian as well as economic reasons and demands for the drug increased in the
first half of the twentieth century.

Concerns about the correct dosage, the cost, and the side effects of long-term pro-
phylaxis with quinine, and especially its possible connection with blackwater fever,
however, gave rise to scientific debates concerning its use. Moreover, for many of the
poorest rural populations of the world, the drug was not readily available. In 1925, the
Malaria Commission of the Health Committee of the League of Nations estimated that
no less than 26,441,000 kg of quinine would be required annually in order to provide a
therapeutic dose of 2.6 g to every malaria case in the world. The actual consumption
remained considerably less, reaching a figure of only 610,000 kg in the 1930s (30).

It has been particularly during the military campaigns and the major wars of the past
150 yr that quinine and, later, synthetic antimalarials have been employed most rigor-
ously and on a wide scale (Fig. 5). Quinine played an important role in American mili-
tary history. The American Civil War might have ended in its first year if malaria had
not ravaged General McClellan’s troops invading Virginia (31). Although Union troops
vastly outnumbered Confederate troops, “Chickahominy fever,” a combination of
malaria and typhoid, made Union troops unable to fight. During the war, the Union
army used over 25,000 kg of quinine or other cinchona products (9).

Antimalarials also played a crucial role in World War II, especially in the Southwest
Pacific. In many cases, malaria posed a far greater health risk than battlefield injuries
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(32). Daily prophylaxis with atebrine was required for all Allied troops, even though it
turned the skin yellow and was reputed to cause impotence. This drug helped protect
the health of the Allied troops fighting in some of the most malarious areas of the world
and, as Bruce-Chwatt has said, “there is no exaggeration in saying that this probably
changed the course of modern history” (33). Interestingly, Japanese troops fighting in
this area also used atebrine, but at an inadequate dose. This may have contributed to the
development of atebrine resistance in New Guinea (32).

During the Vietnam War, malaria was the single greatest cause of casualties even
though all troops received prophylaxis with chloroquine and primaquine (21). An esti-
mated 390,000 sick days were lost to malaria among the American forces and the emer-
gence of strains of falciparum that were resistant to available antimalarial drugs caused
considerable concern and a renewed interest in the search for new antimalarial agents
at the Walter Reed Army Institute of Research in Washington (16).

The American military maintained a strong program in antimalarial drug develop-
ment through the early 1990s. They synthesized and tested over 250,000 compounds
(21). Several drug companies such as Wellcome and Roche also maintain active pro-
grams. However, the economics of drug development have changed dramatically in
recent years as have methods of warfare. As a result, the American military’s antima-
larial development program has been cut, and many drug companies have stopped
attempting to develop new antimalarials. As fears of drug resistance are becoming more
pervasive, it is essential that new drugs or combinations of older drugs be developed
for the future.

Fig. 5. The results of taking quinine contrasted with the results of not taking it. (Postcard, Paris
circa 1914. Reproduced with the permission of the Wellcome Institute Library, London, UK.)
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CONCLUSION

As the development costs of pharmaceuticals have escalated, the Western pharma-
ceutical industry has lost interest in antimalarial development. Once resistance to
artemisinin and Malarone develop, there may be no new antimalarials ready to take
their places.

In the last few years there has been a renewed concern for malaria as a global problem
with programs such as WHO’s Roll Back Malaria and the Multilateral Initiative on
Malaria. History tells us that many of our past breakthroughs in malaria control were
driven by the needs of the military and of the colonial powers. Can malaria control in the
tropical and subtropical parts of the world advance in the absence of war or colonialism?
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Transport and Trafficking

in Plasmodium-Infected Red Cells

Kasturi Haldar and Thomas Akompong

INTRODUCTION

The organism at the focus of antimalarial chemotherapy is Plasmodium falciparum.
It causes the most virulent of human malarias and shows rapidly emerging drug resis-
tance. The main targets of antimalarials are blood-stage parasites that are responsible
for all of the symptoms and pathologies associated with the disease. These stages reside
in the mature erythrocyte, a terminally differentiated, simple, host cell that is devoid of
all intracellular organelles and are surrounded by a parasitophorous vacuolar mem-
brane (PVM: see Fig. 1). The host erythrocyte is incapable of de novo protein or lipid
synthesis and does not engage in the internalization of its surface membrane (1). There
is a complete lack of endocytic machinery, which is lost as the reticulocyte matures
into the erythrocyte. Hence, antimalarials need to enter an unusual intracellular niche.

Entry and survival of the parasite in this specialized niche is intimately linked to
secretory trafficking of its proteins and lipids. Ongoing studies have shown that
P. falciparum induces unique structural changes, protein and waste export, and nutri-
ent import in infected red cells. There is evidence both for a nonspecific ion pore and
an anion-selective channel that mediate solute transport in the PVM and the infected
red cell membrane, respectively (2,3). An interconnected network of tubovesicular
membranes (TVM) permeant to exogenous nutrients and drugs appears to connect the
lumen of the vacuole to the extracellular plasma (4). Some of the solute transport
pathways may be exploited to efficiently deliver antimalarials (5). Their resident
components (6,7) as well as additional parasite secretory determinants (such as those
within organelles like the food vacuole [Chapter 4] or the apicoplast [Chapter 17]) may
provide targets for antimalarials. In this chapter, we will provide an overview on secre-
tory transport mechanisms of P. falciparum and their implications for both the delivery
of antimalarials and the development of new targets for chemotherapy.

ASEXUAL BLOOD-STAGE DEVELOPMENT, SECRETORY
ORGANIZATION, AND TRANSPORT FUNCTIONS

Plasmodium species, like other members of the phylum apicomplexa, contain apical
organelles, secretion from which underlies the entry of extracellular merozoites into
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Fig. 1. Secretory development in the asexual cycle in P. falciparum. (A) Merozoite inva-
sion. Daughter merozoites lyse out of a schizont infected red cell with each daughter inheriting
a complete set of secretory organelles. The contents of the apical complex (such as protein M
and R of the microneme and rhoptry) in the merozoite are discharged to the red cell membrane
during invasion and/or early ring development. After invasion, the apical organelles are disor-
ganized and no longer detected in the ring-infected red cell. (B) Secretory membrane develop-
ment in ring and trophozoite-infected red cells. Within the red cell, the parasite is bounded by
its own plasma membrane (PPM). The parasitophorous vacuolar membrane (PVM) surrounds
the PPM and is continuous with the TVM, which extends up to the red cell membrane (RCM).
Secretory vesicles shown export protein V to the vacuole, protein Y to the PPM, protein T to
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the red cell. Unlike other apicomplexans (such as Toxoplasma and Cryptosporidium),
in Plasmodium, apical secretory structures disappear immediately after invasion (see
Fig. 1) and can no longer be detected in ring-stage parasites (0–24 h after invasion).
Invasion is rapid, but exogenous antibodies [especially those bound to the parasite (8)]
can enter at this time, suggesting an opportunity to deliver macromolecules to the
infected red cell. Within 12 h of ring development, new solute-transport activities
emerge. These have been ascribed to a parasite-induced anion-selective channel
(reviewed in ref. 9). Secretory development of a single, large, digestive food vacuole
(FV) within the parasite (see Chapter 4) and a network of TVMs in the red cell are
initiated in the ring stage, but mature forms of both organelles are not detected prior to
the trophozoite stage (24–36 h after invasion) (10). By the trophozoite stage, the para-
site also exports proteins to multiple destinations in the red cell and inserts nonspecific
nutrient pores in the vacuolar membrane (11,12).

From 36 to 48 hr after invasion, the parasite enters schizogony to undergo mitosis
and develop secretory structures of the apical secretory complex. This is also the time
of plastid biogenesis and multiplication. The plastid is an unusual chloroplast relic (see
Chapter 17) that is a secondary endosymbiont. It lies within the parasite plasma
membrane, but proteins targeted to this organelle must be recruited into the secretory
pathway (13). Thus, it appears that the development of parasite-induced transport
functions in the red cell precedes the development of organellar secretory functions. It
is possible that this is required to satisfy high levels of metabolic demand needed during
karyokinesis and cytokinesis and that temporal regulation of plasmodial secretory
development is key to parasite proliferation in the red cell.

At about 48 h after invasion, the PVM and red cell membranes lyse, and the released
merozoites invade fresh erythrocytes to reinitiate the asexual cycle. Little is known of
mechanisms that underlie the rupture of the PVM and the red cell at these terminal
stages of development. However, it is possible that changes in the flux or specificities
of solute or macromolecule transport in the PVM and/or the red cell membrane play a
role in erythrocyte rupture.

Channels, Pores, and a TVM Network Function in Solute and Nutrient
Transport Between the Red Cell and the Parasite

As indicated earlier, during ring and trophozoite development, there are numerous
changes in solute and nutrient transport properties of P. falciparum-infected red cells
(Table 1). Accruing evidence suggests that these changes may be accounted for by
solute channels induced in the PVM and infected red cell membrane as well as the
TVM. However, although many of the characteristics of solute transport of each of
these pathways are known, their organization relative to each other is still not fully

(continued) the TVM, and protein X to the red cell cytosol. Late ring- and trophozoite-stage
parasites contain a prominent digestive (food) vacuole (dv). (C) Secretory maturation in
schizont-stage parasites. Schizonts are actively growing multinucleated cells with a fully
developed TVM. Protein export to the PPM is dominant (shown as protein Y). The formation
of the apical secretory organelles and the accumulation of proteins (such as R and M) in these
organelles by a pathway of regulated secretion are also detected at this stage. N = nucleus; A
= apicoplast.
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understood. The molecular identities of components of these pathways are beginning
to emerge (greatly facilitated by the sequencing of the malaria genome) and this should
provide a better understanding of their mechanisms of action and coordinate function
in the infected red cell.

The anion-selective channel may underlie the first steps of parasite-induced solute
transport into infected red cells (9). An unusual feature of this channel is that although
it has the characteristics of a chloride transporter and prefers anions, it can also support
a substantial flux of cations such as K+ and Rb+ as well as choline (3). The transport of
cations is strongly dependent on the nature of anions in the suspending media. Strik-
ingly, the substitution of NO3

– for Cl– results in a severalfold increase in the influx and
efflux of Rb+ and choline. This channel has been shown to transport glucose, purines,
pyrimidines, amino acids, vitamins (e.g., pantothenic acid), and an antiplasmodial pro-
tease inhibitor (14–16). In addition to its broad specificity, other features of the anion-
selective channel include nonsaturable transport and inhibition by organic ions such as
5-nitro-2-(3-phenylpropylamino)benzoic acid (NPPB) (3,6). There is no direct evidence
that the channel can take up nutrients present at low extracellular concentrations,
although recent data suggest that in the rodent parasite P. vinckei, a similar channel
contributes to a third of choline influx (14). In these studies, choline was also trans-
ported by the choline carrier of erythrocytes, indicating that host pathways are
employed, but parasite nutrient demand may outstrip the capacity of host transporters
even early in intraerythrocytic development. The anion-selective channel is likely to
reside at the infected red cell surface, although there is no direct evidence for its local-
ization in cells.

The non specific ion pore transports both cations and anions with a cutoff size of
1400 Daltons and an effective pore size diameter of 23 Å (12). It was originally identi-
fied by patch-clamping permeabilized infected red cells (2). It is similar to a pore in the
vacuole of Toxoplasma gondii (17), suggesting that a novel class of channels may be
used by intracellular parasites to acquire nutrients from the host cytosol. Characteriza-
tion of this PVM pore activity by reconstitution of parasite membranes into black lipid
membranes suggests that under “open”-channel conditions, ion transport is not satu-
rable or sensitive to the lipid environment of the bilayer (12). Thus, the pore may influ-
ence bulk flux of ions across the PVM.

The TVM is a complex, parasite-induced organelle that contains multiple protein
and lipid domains (18). It was originally identified by three-dimensional reconstruc-
tion of consecutive high-resolution optical sections through live, infected erythrocytes
labeled with fluorescent lipids (19,20). Both confocal and scanning electron micro-

Table 1
Summary of Putative Transport Pathways in Plasmodium

Transport pathway Transported molecules

Anion-selective channel Prefers anions but can transport cations, glucose, amino
acids, purines, pyrimidines, and vitamins

Nonspecific ion pore Anions and cation <1400 Dalton
TVM Amino acids, nucleosides, and drugs

Note: See text for references.
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graphs (21) confirmed that the TVM emerges from the parasitophorous vacuole and
extends to the periphery of the red cell. Lipid and protein colabeling assays showed
that Maurer’s clefts and intraerythrocytic loops [seen as isolated structures in transmis-
sion electron micrographs (22)] form subdomains of the TVM. How individual struc-
tural units and domains are maintained as separate membrane entities in a continuous
network is poorly understood.

A parasite sphingomyelin synthase is known to be an important constituent activity
of the TVM (19). Inhibition of this enzyme by the sphingolipid analog dl-threo-1-phe-
nyl-2-palmitoylamino-3-morpholino-1-propanol (PPMP) and/or its dodecyl homolog
PDMP blocked tubular development in the network (7). A parasite fatty acyl coenzyme
A synthetase is also likely to be a resident molecule of the TVM (23), although this
localization needs to be confirmed by high-resolution microscopy. Additional studies
show that a parasite homolog of an ATP-binding cassette (ABC) transporter is located
in the periphery of the TVM and its junctions with the red cell membrane (see Fig. 2)
(24). There is increasing evidence for the role of ABC transporters in lipid transport
(25). Taken together, these observations, suggest that de novo lipid synthesis and trans-
port are important to the assembly and regulation of the TVM. PPMP-induced inhibi-
tion of tubular development in the TVM does not result in a block in biosynthetic
protein export from the parasite to destinations in the red cell (4). It does, however,
retard the movement of low-molecular-weight chromogenic substrates (such as lucifer
yellow) and nutrient solutes (such as nucleosides and amino acids) from the extracellu-
lar medium to the parasite (4), suggesting that the TVM can function under physiologi-
cal conditions to deliver low-molecular-weight nutrients to the parasite.

Like the anion-selective channel, the TVM transports a broad range of amino acids
and nucleosides and the pathway may increase the efficiency of delivery of at least a
subset of essential nutrients to the parasite. This may explain why the TVM is only

Fig. 2. Localization of PFGCN20 (an ATP-binding cassette protein) to the TVM. Infected
erythrocytes were labeled with 4,4-difloro-4-bora-3a,4a-diaza-s-indacene (BODIPY)–ceramide
and antibodies to PFGCN20 and examined by deconvolution microscopy. Green delineates
lipid staining, red indicates distribution of PFGCN20, and yellow-orange shows the relative
overlap between the two. Three consecutive optical sections (A–C), 400 nm apart are shown
for a late trophozoite. P denotes parasite; arrowhead indicates red cell membrane, and arrows
indicate TVM. (From ref. 24.)
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essential at the later stages of intraerythrocytic development (4). Although there is no
direct evidence that the nonsaturable, anion-selective solute channels are integral to the
TVM, they may function at TVM–red cell junctions. The TVM is not a duct (26) [a
structure whose existence is debated (27,28)] that enables extracellular macromolecules
to diffuse into infected red cells. If the nonspecific ion-channel is present on the TVM,
it may enable solute flux from the red cell cytosol to the TVM. A dilution in concentra-
tion that is expected when solutes move from the lumen of the TVM into the red cell
cytosol may not be a significant disadvantage given the presence of high-affinity trans-
porters in the parasite plasma membrane (Chapter 22). If restricted to the vacuolar
membrane alone, the nonspecific channel may transport solutes from the red cell cyto-
sol, whereas the TVM (in conjunction with the nonsaturable anion-selective channel)
delivers exogenous solutes to the parasite.

Our understanding of nutrient transport into the plasmodial vacuole is still evolving.
A general consensus has emerged over the last 5 yr to suggest that parasite-induced
transport pathways in the red cell traffic a wide range of low-molecular substances and
this broad specificity precludes high-affinity interactions characteristic of substrate-
specific transporters. This situation contrasts with solute uptake at the parasite plasma
membrane (Chapter 22), where transport is stereospecific and dissociation constants
are in the nanomolar range.

DELIVERY OF ANTIMALARIALS

The induction by the parasite of a broad-specificity, low-affinity transport pathway
in the red cell would, at first glance, bode well for the delivery of antimalarials to
infected erythrocytes. However, not all low-molecular-weight solutes enter infected
cells; surprisingly, sucrose is excluded. This observation underlies the notion that the
PVM–TVM functions as a sieving endosome and that defining its substrate specificity
is likely to have profound implications for drug delivery. Chloroquine is a weak base
and, at neutral pH, can efficiently diffuse across membranes. However, other
antimalarials such as the folate derivatives and artemisinin are relatively impermeant,
but, nonetheless, gain access to the parasite.

The transport of nucleosides by the TVM suggested that the network may also deliver
toxic nucleotide compounds. 5-Fluoroorotate (5-FO) was the first inhibitor shown to
be transported by the TVM (4). It is of interest as an antimalarial because orotic acid is
the only pyrimidine that is incorporated into the parasite (29). PPMP treatment inhib-
ited accumulation of radiolabeled 5-FO by approx 90%, these TVM-arrested cells dis-
played more than a 15-fold resistance to killing by 5-FO. Thus, it is possible that the
resistance to 5-FO seen in some mutants (30) is the result of alterations in transport by
the TVM. The transport of 5-FO is not saturable, suggesting that it may use the anion-
selective channel to cross the infected red cell membrane and enter the TVM.

Artemisinin is a second drug transported by the TVM. It is a sesquiterpene endoper-
oxide that is active against multidrug-resistant parasites (31) (Chapter 11). Although
artemisinin accumulates at high levels in infected red cells (32), very little is known of
the mechanisms by which it is taken up by the infected red cell or potential cellular
targets. In studies with the inhibitor of TVM development, PPMP, there was a close
correlation between the degree of TVM inhibition and the reduction in artemisinin
accumulation, strongly suggesting that the TVM accounts for 70% of dihydroartemis-
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inin transport in infected red cells (5). This uptake is saturable and temperature depen-
dent, suggesting that it is a carrier-mediated process with a Km of 276 ± 34. PPMP
treatment had no effect on the Km, but reduced the Vmax of transport by approx 40%
(from 3.12 to 1.81 ± 0.13 nmol/min/106 parasites). Thus, PPMP does not alter the ini-
tial interaction of dihydroartemisinin with its carrier and, hence, the carrier must reside
at the infected red cell surface rather than within the TVM. In delivering artemisinin
and its derivatives to the TVM, the carrier may interact with another parasite trans-
porter and/or channel in the TVM or possibly span both red cell and TVM membranes
at specialized junctions of interaction. Thus, artemisinin transport contrasts with the
uptake of purines, pyrimidines and amino acids into the TVM, which is nonsaturable,
arguing for the absence of a carrier (4). The data suggest that the TVM may interact
with multiple transporters at the infected red cell surface.

The protease inhibitor pepstatin appears to be transported by the anion-selective
channel (16). Although pepstatin is not likely to be an effective drug, these data sug-
gest that peptidic inhibitors of food vacuole proteases may utilize this pathway to enter
infected red cells and subsequently cross into the vacuole via the TVM or nonspecific
channels in the PVM. In all cases, it is not known how antimalarials are delivered from
the lumen of the PVM into the cytoplasm of the parasite.

Protein Export and Secretory Destinations of Interest
in Infected Erythrocytes

How solute channels, TVM components, and other parasite proteins are exported to
various destinations in the infected red cell remains largely unknown. Because the
mature red cell does not have any transport machinery, there is general agreement that
export mechanisms must be regulated by the parasite. There is reasonable evidence for
multiple pathways of protein and membrane delivery from the parasite to the red cell
and a number of models for parasite protein export have been proposed (20,33,34). The
molecular characterization of these pathways is still sketchy. Because the destinations
are unique, the molecular pathways may not be present in other cells and, hence, could
present antiparasite targets. Further, even when general principles of eukaryotic secre-
tion are preserved, differences between plasmodial and human homologs may be
exploited to selectively target the parasite. The food vacuole and apicoplast are para-
site secretory organelles whose constituent molecules provide recognized targets
(Chapters 4 and 17). However, unique parasite-specific characteristics of secretory
pathways that target to these organelles should also be examined as potential
chemotherepeutic targets.

Parasite-adhesion molecules exported to the red cell include the var and rif antigens
(35,36). VARs are better studied, and they appear to be a family of molecules that
underlie adhesion of mature infected red cells to endothelial cells (37–39) placenta
(40,41), and other red cells (42). VARs have domains that are homologous to the Duffy
binding domains (DBL) of other parasite molecules that mediate invasion of red cells
by P. vivax (43–45). This observation suggests that the molecular basis of parasite-
induced cell interactions may be conserved, with variations in the DBL domains giving
rise to a unique substrate-binding specificity of a VAR.

VARs are synthesized early in ring-stage development, although they are required
to mediate cell interaction at the late trophozoite and schizont stages. Protein com-



34 Haldar and Akompong

plexes called “knobs” that assemble underneath the red cell cytoskeleton serve to clus-
ter VAR antigens into focal adhesion zones and, thereby, increase the net avidity of
infected red cells for endothelial substrates (46). VARs lack an amino-terminal endo-
plasmic recticulum (ER) signal sequence. A single transmembrane domain may func-
tion as an internal signal sequence, but definitive evidence for signals that recruit VARs
into the secretory pathway and then export them from the parasite to the red cell mem-
brane have yet to be obtained. Merozoite proteins with DBLs are located in apical
organelles. They have canonical signal sequences for their cotranslational recruitment
into the ER, but the signals that target them (and other secretory polypeptides) to the
apical organelles at schizogony have yet to be elucidated.

Studies using a marker of PVM, EXP-1, suggest that targeting to the PVM requires
signal-mediated recruitment into the secretory pathway, followed by vesicular trans-
port to the parasite plasma membrane and then the PVM (47,48). However, it is not
known why parasite plasma membrane proteins are simultaneously not exported to the
vacuolar membrane and why there are no vesicles detected between the parasite plasma
membrane and the vacuolar membrane. In vitro studies suggest that a newly synthe-
sized glycophorin-binding protein (GBP) can be detected in the lumen of the vacuole
(49). Because GBP is a secretory protein (50) that is exported to the red cell cytosol,
this observation suggests that GBP undergoes posttranslational translocation across
the vacuolar membrane.

As is the case for many secretory organelles, assembly of the FV requires expression
of its resident enzymes. These enzymes may be taken up from the PVM by the
cytostome during ingestion of erythrocyte cytosol. In the case of the apicoplast, many
of its proteins are encoded by nuclear DNA and secretory transport of these proteins to
the plastid is expected to require a bipartite signal sequence coupled to an apicoplast
targeting sequence. This mechanism has been described in Toxoplasma (13), Euglena
(51) and recently also in P. falciparum (Cheresh and Haldar, unpublished data). Stud-
ies with Euglena suggest that targeting of apicoplast proteins occurs by recruitment
into the ER, through the Golgi complex prior to transport to the apicoplast (51). Signals
that mediate localization to the FV, as well as the PVM–TVM and red cell membrane
are not known.

In addition to unique targeting signals that might be present on cargo proteins
(proteins in a secretory vesicle), it is possible that there is temporal regulation of the
secretory apparatus. Specific components may be turned on or off to differentially regu-
late protein targeting at different developmental stages. The best example of this is
the prominent role of the apical organelles in invasion and their subsequent dissolution
in ring-stage parasite. The fate of the apicoplast during this process is not known. Secretory
reorganization in ring-stage parasites may be linked to the selective export of the resi-
dent Golgi enzyme sphingomyelin synthase (19) that is critical to TVM development (7).

A Novel Golgi in Asexual Parasites

The Golgi is the major organelle for sorting proteins and lipids. In mammalian cells,
it is functionally and structurally separated into cis, medial, and trans cisternae arranged
in stacks. The Golgi ribbon arises from corresponding cisternae of adjacent stacks that
are connected by tubular elements (52). Camillo Golgi identified the organelle during
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his study of neuronal cells, after he studied the malaria parasite (he discovered the
relationship between chills and the release of merozoites [Golgi’s rule] and providing
the first detailed description of P. vivax and P. malariae). Ironically, infected red cells
lack classical Golgi cisternae, especially in the ring and trophozoite stages, and thus
the first clues about secretory properties of the plasmodial Golgi came from the identi-
fication of plasmodial homologs of proteins that reside and regulate traffic in mamma-
lian Golgi. P. falciparum homolog of receptors for protein retention in ER (PfERD2)
(53), sphingomyelin synthase (54), and, recently, rabs 1, 6, and 11 (55,56) have been
found in P. falciparum. Plasmodial homologs for resident ER markers have also been
identified (57–59). The gene-encoding plasmodial ADP-ribosylation factor (ARF) has
been cloned (60,61), but its sites of concentration are unknown.

Because of the difficulty of identifying cisternae, Lingelbach and colleagues sug-
gested that plasmodial ring and trophozoite stages lack a Golgi complex (62). Subse-
quently, a combination of deconvolution microscopy and immunoelectron microscopy
has provided sufficient resolution to separate early and late Golgi membranes within
the parasite and to show that they are, indeed, segregated into distinct structures in
rings. They have unusual morphological features, however, in that they are unstacked
and lack cisternae (56). Because ring-stage parasites engage in classical secretory
export (63,64), these observations suggest that a stacked, cisternal Golgi apparatus is
not fundamental to organizing secretion. At schizogony, when the parasite targets pro-
teins to multiple organelles of the apical complex, and each newly assembled daughter
merozoite must inherit its own secretory apparatus (Fig. 1), the Golgi may be
“restacked.” It would be interesting to investigate whether unstacking to a clustered,
tubovesicular Golgi in the merozoite-to-ring transition underlies secretion of the apical
organelles, Golgi compartment that contains sphingomyelin synthase, and/or other
compartments.

SECRETORY TARGETS FOR ANTIMALARIAL CHEMOTHERAPY

Multiple potential drug targets involve secretory pathways, including food vacuole
proteases (Chapters 4 and 20), components of the apicoplast (Chapter 17), the anion-
selective channel, and the TVM. We will restrict the discussion in this chapter to tar-
gets in the TVM and red cell membrane.

The action of the anion-selective channel can be inhibited by organic cations such as
NPPB. These cations also block parasite proliferation in vitro (6). Thus, a channel
could be a therapeutic target, but there is a need to develop reagents that do not affect
host ion channels. Differential sensitivity to sphingolipid analogs led to the discovery
that inhibition of the exported sphingomyelin synthase caused a block in TVM assem-
bly during ring-to-trophozoite development. Although toxicity from short-term treat-
ments with PPMP are reversible, exposure of cultured malaria parasites over 48 h
blocked TVM development, nutrient transport, and parasite development. In long-term
cultures, PPMP can block parasite growth at very low concentrations (0.05 µM) (7),
suggesting that sphingolipid synthesis provides a potential target for chemotherapy.
Other TVM components that underlie the organization and function of the network as
well as additional molecular processes that regulate aspects of solute import (6,12) or
protein export (11) in the infected red cell may also be targets for new antimalarials.
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Artemisinin enters the TVM (competes with dihydroartemisinin; see Table 2) and
affects membrane properties there. The endoperoxide bridge is believed to be essential
for artemisinin’s antimalarial activity as it allows interaction with heme and hemozoin
(Chapter 11), but it has been suggested that these interactions themselves may not lead
to parasite killing (65,66). Instead, membrane damage caused by free radicals may be
critical. Low, pharmacologically effective concentrations of artemisinin induce aber-
rant membrane budding in the PVM–TVM (Fig. 3) when there is no ultrastructural
effect on the food vacuole or its contents (5). Higher concentrations show damage to
the food vacuole. Thus, although artemisinin may act elsewhere in the cell, at low
concentrations it can act on PVM and/or TVM membranes and affect membrane pro-
tein export from the vacuolar network. Because the export of Maurer’s clefts was not
affected at these concentrations, these observations suggest that the observed export
was not the result of nonspecific degeneration of the entire tubovesicular network.

Combining PPMP with artemisinin has an additive effect in cell killing, suggesting
that the two drugs may act on a common process (5). Because PPMP is known to
specifically block the TVM, artemisinin may also (at least in part) target the TVM.
Hence, anti-TVM reagents used in combination with artemisinin and/or its derivatives
may provide a new, combinatorial chemotherapeutic approach to treating malaria.

Table 2
Parasite-Induced Accumulation of [3H]dihydroartemisinin,
Its Inhibition by PPMP, and Competition with Cold Artemisinin

Cell-associated
[3H]dihydroartemisinin
(picomoles/106 parasites)

Incubation 37°C 4°C

PPMP
Uninfected cells     6     3
Young (ring: 6–12 h) 133   15
Mature (trophozoites: 30–36 h) 625   38

Infected + PPMP
0.0 µM 581   28
1.0 µM 384   25
3.3 µM 208   23
5.0 µM 162 163

Infected + cold artemisinin
0.0 µM 420   41
1.0 µM 242   36
10 µM 103   19

Note: Uninfected, ring or trophozoite-infected red cells were incubated with [3H]
dihydroartemisinin in RPMI 1640 at 4°C or 37°C for 1 h. To determine the effects
of PPMP on artemisinin accumulation, the cells were treated with 0, 1, 3.3, and
5 µM PPMP prior to their incubation with [3H]dihydroartemisinin. In the competi-
tion assay, 1.5X and 15X cold artemisinin was added together with radiolabeled
dihydroartemisinin. The results are the mean of triplicate determinations expressed
as picomoles artemisinin/106 parasites.

Source: Ref. 5.
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Recent studies suggest that inhibitors of acyl CoA synthetases block parasite growth
(67); thus, these enzymes may also provide new targets for chemotherapy. Interest-
ingly, although multiple synthetases exist, only one is exported to the red cell (23) and
may be resident in the TVM. This enzyme is structurally distinct from its mammalian
homologs, but it is still unclear whether the inhibitors target the enzyme in TVM rather
than an intracellular location.

CONCLUSIONS

The novel organization of plasmodial secretory organelles has led to the suggestion
that they are difficult to study relative to related apicomplexans like Toxoplasma (68).
However, the unique membrane properties of Plasmodium are likely to reveal novel
functions underlying their organization. What has emerged from recent studies is the
identification of important, exported secretory determinants that regulate metabolism,
transport, and adherence properties of infected red cells and may be exploited to deliver
drugs and provide new targets. However, this is likely to be the tip of the iceberg under-
lying the complex phenotypes of solute transport and cytoadherence that are linked to
virulence and disease pathology. In addition, there are major unanswered questions
related to the signals that target parasite determinants to various destinations in the host

Fig. 3. Effect of artemisinin on membrane transport in the PVM and TVM of infected red
cells. (A–B) Single optical sections taken through infected red cells mock treated (A) or incu-
bated with artemisinin (B) and labeled with BODIPY C5–ceramide (green) and anti-EXP-1
antibodies (red). A large EXP-1-labeled loop is marked by a small thin arrow in (A) and seen at
the top right-hand-side corner of the parasite in (B). In (B), small thin arrows indicate additional
sites of EXP-1 budding. For both panels, the arrowhead indicates EXP-1 in the periphery of the
parasite; the large arrow indicates the position of the red cell membrane, P denotes parasite, and
parasite nuclei appear purple/blue. Scale bar = 5 µm. (From ref. 5.)
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cell and apical complex (and thereby regulate organelle biogenesis) that could be tar-
gets of new antimalarials.
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The Plasmodium Food Vacuole

Ritu Banerjee and Daniel E. Goldberg

INTRODUCTION

The Plasmodium food vacuole is a sophisticated organelle optimized for hemoglo-
bin metabolism. It is the site of acidification, hemoglobin proteolysis, peptide trans-
port, heme polymerization, detoxification of oxygen radicals, and quinoline action. A
number of proteins that function in the food vacuole are known. Among them are aspar-
tic, cysteine, and metalloproteases, an ATP-binding cassette (ABC) transporter, an
ATPase, a heme polymerase, and several oxidant defense enzymes. In this chapter, we
review the molecular details of food vacuole function and highlight potential targets
for antimalarial drug development.

AMINO ACID UTILIZATION

Intraerythrocytic stages of Plasmodium are capable of very limited de novo amino
acid synthesis (1,2). To obtain amino acids for protein synthesis, the malaria parasite
must degrade host cell hemoglobin as well as import extracellular nutrients. Much evi-
dence suggests that a major amino acid source for the parasite is hemoglobin, which is
present at 340 mg/mL in the red cell cytosol (3). In approx 12 h, the trophozoite-stage
parasite degrades 75% of host cell hemoglobin (4–6). Radiolabeled amino acids derived
from hemoglobin degradation are incorporated into parasite proteins (7,8). For normal
growth in culture, intraerythrocytic Plasmodium requires exogenously supplied amino
acids that are either limiting (methionine, cysteine, glutamic acid, and glutamine) or
absent (isoleucine) in hemoglobin (9). The most significant growth retardation of para-
sites in culture occurs when isoleucine is omitted from the medium (9,10). Cultures
grown in medium containing only these five amino acids (forced to rely on hemoglobin
degradation) are more sensitive to hemoglobin-degradation inhibitors than cultures
grown in complete medium (11). Nevertheless, cultures in complete medium are still
susceptible to a wide range of protease inhibitors (12–16) (see Chapter 20).

Retarding hemoglobin degradation by genetic or chemical modification of substrate
interferes with parasite growth. Erythrocytes containing fetal hemoglobin, which is
poorly cleaved by parasite proteases, do not support normal parasite development
(17,18). Further, transgenic mice overexpressing fetal hemoglobin are protected against
malaria infections. Hemoglobin degradation is slowed and parasite growth delayed in
this model (19). Treatment of cultured parasites with the hemoglobin crosslinker
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dibromoaspirin, inhibits parasite growth, perhaps because it makes host cell hemoglo-
bin less susceptible to degradation (20).

Several studies suggest that hemoglobin catabolism may serve a purpose other than
amino acid generation. All amino acids, even those present in hemoglobin, are readily
taken up by the parasite from the culture medium and incorporated into parasite pro-
teins (2,7). The amount of hemoglobin degradation is similar whether parasites are
cultured in rich or minimal medium. Although vast amounts of hemoglobin are
degraded by the parasite, it has been found that resealed erythrocyte ghosts containing
only 7% of the total red cell hemoglobin support normal parasite development (21).
Also, hemoglobin degradation results in the production of excess amino acids, which
are not utilized by the parasite, but rather diffuse into the erythrocyte (22). This has
raised the possibility that hemoglobin degradation occurs in order to reduce host cell
volume and create a physical space for the parasite (23), which increases its volume
25-fold in one intraerythrocytic cycle (24).

Thus, hemoglobin catabolism is clearly essential for parasite survival. The degree of
reliance on hemoglobin as an amino acid source is not well defined and may vary with
culture conditions. Whether degradation of hemoglobin is to provide nutrients, to make
room in the host cell, or for some other purpose, impeding this process has dire conse-
quences for the parasite. For this reason, hemoglobin metabolism is an attractive target
for pharmacologic intervention.

CELL BIOLOGY OF HEMOGLOBIN INGESTION

Hemoglobin ingestion and digestion vary with intraerythrocytic stage. In very early
ring stages, the parasite abuts the erythrocyte membrane and may obtain nutrients
directly through a passageway or “metabolic window” in the apposed membranes
(25,26). There is evidence that host cell cytosol is taken up by micropinocytosis,
although hemoglobin digestion and hemozoin production are minimal at this stage (27).

In the more metabolically active trophozoite stage, hemoglobin catabolism is a com-
plex and efficient process. Host cell cytosol is taken up through the cytostome, a pear-
shaped structure that is formed by invagination of the parasitophorous vacuolar
membrane and parasite plasma membrane (Fig. 1) (25,27,29,30). In P. falciparum,
double-membrane transport vesicles bud off from the cytostome and migrate toward
and fuse with the large, central food vacuole (27,30,31). Within the food vacuole, a
single-membrane transport vesicle can sometimes be seen, especially if parasites are
treated with chloroquine (30,32–34). A phospholipase is hypothesized to lyse the
remaining membrane of the transport vesicle, releasing its contents (35). It is unclear if
hemoglobin digestion begins within the food vacuole or in acidified transport vesicles
en route to the food vacuole. Electron microscopy studies have shown that in other
Plasmodium species, multiple smaller food vacuoles exist, and the cytostome is a tor-
tuous, tubular structure (36,37).

The food vacuole is an acidic (pH 5.0–5.4), degradative organelle (38,39) that appears
more specialized than its homologs, the lysosome, and yeast vacuole. Unlike these
organelles, the P. falciparum food vacuole does not contain nonproteolytic hydrolases
such as -galactosidase, -glucuronidase, and acid phosphatase (28). The food vacuole
appears devoted to the catabolism of hemoglobin and is probably not involved in gen-
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eral protein degradation. Erythrocyte proteins like superoxide dismutase and catalase
accumulate in the food vacuole but are not broken down, highlighting the specificity of
food vacuole proteases (see next section).

HEMOGLOBIN-DEGRADING PROTEASES

Overview

Many early studies reported acid hemoglobinase activities in parasitized erythrocyte
extracts or purified parasite extracts (40–50). However, some of these activities may
have been derived from the host cell or the parasite cytoplasm. The identification and
characterization of proteases whose physiological function is hemoglobin catabolism
was achieved after it became possible to isolate pure food vacuoles (28). Differential
centrifugation and Percoll density gradient separation yielded pure food vacuoles as
assessed by electron microscopy and marker enzyme analysis (28,30). Extracts of puri-
fied food vacuoles contained globin-degrading activity (28,51). A combination of
pepstatin, an aspartic protease inhibitor, and E64, a cysteine protease inhibitor, com-
pletely blocked globin degradation, suggesting important roles for aspartic and cys-
teine proteases (28,52,53).

To date, four distinct proteases have been purified from the food vacuole and shown
to act in a semiordered fashion in vitro to degrade the hemoglobin tetramer. Two aspar-
tic proteases, termed plasmepsins, appear to initiate the degradative process. A cysteine

Fig. 1. Transmission electron micrograph of a P. falciparum trophozoite within an erythro-
cyte. C = cytostome; V = transport vesicle; FV = food vacuole. (From ref. 28.)
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protease, falcipain, plays a vital downstream role. A metalloprotease, falcilysin, acts
even further downstream.

Plasmepsins

Substrate Specificity

Two homologous aspartic proteases called plasmepsins I (PM I) and II (PM II) were
purified from isolated food vacuoles (11,52). At the amino acid level, plasmepsins I
and II are 73% identical to each other and approximately 35% identical to mammalian
aspartic proteases like renin and cathepsin D (11,54). They have pH optima near 5,
consistent with their location within the acidic vacuole (11,54). Mass spectroscopic
analysis revealed that both proteases initially cleave the same site within the native
hemoglobin tetramer, between residues 33Phe-34Leu in the -chain (51,52). This is
also the site where food vacuole extracts initially cleave hemoglobin (51). Cleavage in
this highly conserved hinge region of hemoglobin is hypothesized to unravel the globin
fold. The 33Phe–34Leu site is probably accessible to the proteases only after hemoglo-
bin dissociates from the tetramer to the dimer. Interestingly, hemoglobin F has less
propensity to dissociate to dimer form (55) and is cleaved poorly by the plasmepsins
(19). Transgenic mice expressing human hemoglobin F are protected from malaria (19).
This could be the basis of poor growth of P. falciparum in hemoglobin F-containing
red blood cells and could even contribute to the protection from malaria seen in the first
few months of newborn life, as levels of hemoglobin F slowly decrease (17,18).

The plasmepsins appear to make different secondary cleavages once the hemoglo-
bin has denatured. PM I prefers Phe at the P1 position, whereas PM II prefers hydro-
phobic residues on either side of the scissile bond, especially Leu at P1' (52). This
specificity is borne out using a combinatorial library of peptidic inhibitors (56). When
PM II is assessed with a series of chromogenic peptides, the cleavage specificities
overall fit well with those determined for hemoglobin (57,58). Interestingly, in this assay
basic residues are not tolerated in the P3 position even though this residue is arginine in
the primary globin cleavage site and even though fluorogenic peptides with P3 argin-
ine are well recognized (59).

Expression
Surprisingly, PM I and II have different patterns of expression during the intra-

erythrocytic cycle. Messenger RNA for PM I is expressed in early ring stages, whereas
that of PM II is undetectable in rings and abundant in trophozoites (60,61). It is pos-
sible that only PM I is required to perform the limited hemoglobin degradation that
occurs in the ring stage. In contrast, both plasmepsins may be needed for the dramatic
hemoglobin catabolism of the trophozoite. It is also possible that PM I performs a
function other than hemoglobin degradation during the ring stage.

Biosynthesis and Processing
Like other aspartic proteases, both plasmepsins are expressed as zymogens. How-

ever, unlike most other aspartic proteases, they lack a signal sequence and have a very
long propiece that contains a single membrane-spanning domain. Proplasmepsins are
51-kDa type II integral membrane proteins that are proteolytically processed to gener-
ate 37-kDa soluble, mature enzymes (Fig. 2) (60). The plasmepsins appear to be secre-
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tory proteins, as the fungal metabolite Brefeldin A blocks their maturation, presumably
by preventing their targeting to a compartment downstream of the Golgi. In vivo pulse-
chase studies followed by immunoprecipitation with specific PM I and PM II antibod-
ies reveal that both proenzymes are processed rapidly, with a t1/2 of 20 min (Fig. 3).
The site at which the propiece is cleaved from the mature enzyme is conserved between
the plasmepsins : LG * XXXD. As this site does not match the substrate specificity of
either plasmepsin, it is appealing to think that activation of both proplasmepsins is
mediated by a novel, unidentified protease. In culture, pulse-chase experiments show
that processing is blocked only by lysosomotropic agents, a proton-pump inhibitor, and
tripeptide aldehyde inhibitors (60). In a cell-free assay using parasite extract to cleave
radiolabeled proplasmepsins, processing requires acidic conditions and is blocked only
by tripeptide aldehydes (Banerjee R and Goldberg DE, unpublished). These results
suggest that an unusual protease activates both proenzymes upon their arrival in the
food vacuole. Although most aspartic proteases undergo autocatalytic activation, a few,
like renin, must be processed in trans by other proteases (62,63).

Structure

Both proplasmepsins I and II have been expressed in recombinant form in Escheri-
chia coli, where they are generated as N-terminally truncated, insoluble products
(54,59,64,65). They can be solubilized in urea and refolded. Recombinant PM I does
not autoactivate detectably. At acidic pH, a slight activity toward peptide substrate is
found, although the recombinant and native forms display very different kinetic prop-
erties (59,65). Recently, a PM I mutant with a single valine for lysine 110 substitution
in the propiece was expressed and yielded an autoactivatable, functional protein that
may be useful in inhibitor screens (61).

Recombinant PM II makes a fortuitous but erroneous autocatalytic cleavage, pro-
cessing itself 12 amino acids NH2 terminal to the start of the mature protein (54,59,64).

Fig. 2. Schematic of plasmepsins I and II. The 51-kDa proforms are proteolytically pro-
cessed to generate 37-kDa mature forms. A 21-amino-acid transmembrane domain exists within
each propiece (shaded). Catalytic aspartic acids are marked with asterisks (*). An arrow depicts
the autocatalytic site used by recombinant PM II, 12 amino acids upstream from the cleavage
site determined for native PM II. The sequence of the site where each propiece is cleaved is
indicated. (From ref. 60.)
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Even so, recombinant PM2 is active and displays kinetic properties similar to the native
enzyme (59). It is abundantly expressed and was crystallized, complexed with the
inhibitor pepstatin (66). The structure of PM II revealed that it had the typical bilobal
structure of eukaryotic aspartic proteases. PM II crystals contains two molecules in
different conformations, related by a rotation of 5° between the N- and C-terminal
domains. This indicates that PM II has a high degree of interdomain flexibility and may
suggest how it is able to recognize and cleave a large, proteinaceous substrate. The second
active site motif in PM II is DSG instead of DTG, and the flap over the active site
contains a valine substitution for Gly 79. These substitutions cause pepstatin to bind to
PM II in a slightly different conformation than it binds to other eukaryotic aspartic
proteases, providing hope for the design of nontoxic inhibitors of PM II. The identifi-
cation of low-molecular-weight inhibitors that are more specific for PM II than cathe-
psin D has been reported (67) (see Chapter 20).

Recently, the crystal structure of an N-terminally truncated proplasmepsin II was
solved and revealed that proplasmepsin II has a novel mechanism of maintaining inac-
tivity before maturation (68). Instead of the propiece occluding the active site as is seen
in other aspartic protease zymogens, the long propiece of the proPM II acts as a “har-
ness” that interacts with the C-terminal domain, opening and severely distorting the
active site such that the two lobes of the protein are kept apart (68).

Also, unlike some other aspartic proteases, the polyproline loops of plasmepsins I
and II appear not to be involved in substrate recognition. Replacing the loop of PM II
with that of PM I resulted in a hybrid with substrate specificity similar to PM II (59).

Fig. 3. Maturation of Plasmepsins I and II. In a pulse-chase experiment, P. falciparum tro-
phozoites were labeled with 35S-methionine/cysteine for 10 min and chased for various times in
nonradioactive medium. Lysates were immunoprecipitated with specific PM I or PM II anti-
bodies. Both plasmepsins are processed with a t1/2 of approx 20 min. (From ref. 60.)
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Plasmepsins May Have Nonredundant Functions in Addition to Hemoglobin
Degradation

In the schizont stages, hemoglobin degradation is complete, yet plasmepsin I and II
protein levels remain high. This may be because they are simply not degraded or
because they are playing additional roles in the schizont stage. It was recently found
that PM II may be a spectrinase that degrades the erythrocyte membrane and facilitates
merozoite rupture (69,70). A spectrinase activity in parasite extracts was found to
copurify with PM II and cleave spectrin exactly where it is cleaved by PM II. In
vitro, PM II can digest spectrin at pH 6.8, although its optimal activity is at pH 5. In
schizont stages, PM II is located at the periphery of the parasite, a location consistent
with a spectrinase function (70). It is unclear if or how PM I is functioning during the
schizont stage, although it may have other functions during the metabolically less
active ring stage.

Inhibitor studies also suggest that PM I and II do not have redundant functions.
When cultures are treated with PM I-specific inhibitors, SC-50083 (11) or RO-40-4388
(61), parasites die, demonstrating that PM II cannot compensate for PM I function. PM
II-specific inhibitors have not yet been identified.

Other Plasmodium Species

A single plasmepsin homolog has been identified from each of the other human
malaria species. These homologs have been expressed in recombinant form. When
the kinetic properties and substrate specificities of the various plasmepsins are com-
pared, it is apparent that the proteases from P. vivax and P. malariae more closely
resemble P. falciparum PM I than PM II (57).

Falcipain

When cultured intraerythrocytic parasites are treated with cysteine protease inhibi-
tors, their food vacuoles swell and fill with undegraded globin, implicating a cysteine
protease in hemoglobin catabolism (12,15,71,72). Using gelatin-substrate polyacryla-
mide gel electrophoresis (PAGE), a 28-kDa cysteine protease activity called falcipain
was identified in trophozoite extracts (71). A cysteine protease activity believed to be
falcipain was purified from food vacuole extracts, although its N-terminal sequence
could not be obtained (53). The substrate specificity of falcipain is similar to that of
cathepsin L (16).

The gene for falcipain has been cloned (73). It predicts a 67-kDa proform and a
26.8-kDa mature enzyme that is 37% identical to cathepsin L. Northern blot analysis
revealed that falcipain mRNA was expressed in ring-stage parasites. The predicted
amino acid sequence of falcipain was used to make peptide antibodies that recognize a
28-kDa protein in trophozoite extracts. This suggests that the 28-kDa cysteine protease
activity originally identified in trophozoite extract was likely to be the product of this
gene (73).

Like the plasmepsins, falcipain is synthesized as a proenzyme with an extremely
long propiece containing a hydrophobic stretch of 20 amino acids that may be a mem-
brane-spanning domain (73,74). Recombinant falcipain expressed in baculovirus was
not processed correctly, appeared in a precursor form, and had different kinetic prop-
erties from native falcipain (53,74). Homologous cysteine protease genes have been
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identified in P. vivax, P. malariae, and a variety of avian and rodent malarias (75,76).
Inhibitors that block falcipain in vitro kill cultured P. falciparum (13,14,16) and cure
P. vinckei infections in mice (77,78) (see Chapter 20), suggesting a crucial role for
this protease.

Falcilysin

A zinc metalloprotease called falcilysin was recently purified from food vacuoles
and determined to function downstream of the plasmepsins and falcipain in the hemo-
globin-degradation pathway (79). Purified falcilysin does not cleave hemoglobin or
globin but will degrade fragments of hemoglobin that have been generated by PM II
action. Using mass spectroscopy, it was determined that falcilysin preferred to cleave
sites in which the P1, P1', and/or P4' residues are polar.

The gene for falcilysin has been cloned and predicts a 138.8-kDa protein, although
falcilysin purified from the food vacuole is 125-kDa in size. Reasons for this size discrep-
ancy are unclear. The predicted amino acid sequence of falcilysin revealed a HXXEX
active-site motif, a defining feature of the M16 family of the clan ME metallopeptidases.
Unlike the other hemoglobin-degrading proteases characterized, there do not appear to
be any membrane-spanning domains in the falcilysin protein (79).

Order of Action

Hemoglobin degradation in the Plasmodium food vacuole appears to proceed in a
semiordered pathway (Fig. 4). In vitro, plasmepsins I and II are capable of cleaving

Fig. 4. Order and compartmentalization of hemoglobin degradation. Within the food vacu-
ole, hemoglobin is degraded first by the plasmepsins, followed by falcipain and then falcilysin,
generating peptides. These peptides are transported out of the food vacuole, to the parasite
cytoplasm where they are terminally degraded to amino acids by exopeptidases.
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native hemoglobin, whereas under nonreducing conditions, falcipain will only cleave
globin that has been denatured (52,53,74). Falcilysin will cleave neither hemoglobin
nor denatured globin. Rather, it will only recognize peptide fragments (10–15 amino
acids in length) generated by upstream proteases. Falcilysin cleaves at polar residues,
in contrast to the upstream enzymes, which prefer hydrophobic sites (79). The
complementarity of these specificities ensures efficiency of proteolysis.

Only aspartic protease inhibitors will effectively block the initial steps of hemoglobin
degradation by purified food vacuole extracts (28,52). It is possible that there could be
an accumulation of erythrocyte glutathione in the food vacuole and a highly reducing
environment that would rapidly denature hemoglobin and allow falcipain to work early
in the process. However, the catalase that accumulates in the vacuole limits the reducing
ability of glutathione (53); in addition, the available data suggest a strong oxidizing
environment in the food vacuole (50) (see Oxidant Defense Enzymes and Chapter 11).
Perhaps the best evidence for order in the degradative pathway comes from the work of
Bray and colleagues, who have shown that plasmepsin inhibitors prevent heme release
during short- or long-term incubations, in culture or in extracts (80).

Cysteine protease inhibitors (see Chapter 20) still have a dramatic effect on cultured
Plasmodium parasites. They cause swelling of the food vacuole to an enormous size,
resulting in parasite death (12,15). A logical interpretation of this finding is that
plasmepsin-generated hemoglobin fragments cannot be further degraded without
falcipain action and therefore build up to levels that cause osmotic swelling (53). There-
fore, during falcipain inhibition, the parasite, which is trying to create more room for
itself outside by degrading red blood cell hemoglobin, winds up with less room inside
and cannot develop normally. A paradoxical finding is that parasites treated with cys-
teine protease inhibitors for long periods of time accumulate undigested hemoglobin in
the swollen vacuoles (15). This may be the result of gross vacuolar dysfunction such as
ionic and pH dysregulation that prevent general proteolysis from occurring.

When food vacuole extracts are incubated with hemoglobin, peptides are generated
with cleavage sites throughout the and -chains, an average of eight amino acids apart
(81). No free amino acids are generated and there is no end-point heterogeneity. This
suggests a lack of exopeptidase action. Further, no exopeptidases can be detected in the
vacuole using colorimetric substrates (81). This suggests further order and compartmen-
talization of the degradative pathway. It is likely that peptide transporters exist to export
digestion products out of the food vacuole for terminal degradation by cytoplasmic exo-
peptidases. Plasmodium neutral exopeptidases have been characterized (82–85).

Other Proteases

Several lines of evidence suggest the existence of uncharacterized proteases within
the food vacuole. Hemoglobin incubated in vitro with food vacuole lysates is cleaved
at novel sites that are not attributable to plasmepsins I and II, falcipain, or falcilysin
(81). An additional food vacuole aspartic protease activity has been reported (50). A
gene for a third aspartic protease has been identified using low-stringency Southern
analysis (11).

The cloning of an unusual P. falciparum plasmepsin homolog was recently reported
(86). Although 60% identical to PM I, it has several active-site substitutions, including
replacement of a catalytic aspartate with a histidine, as well as changes in the flap
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region that lies over the binding cleft. This protease, called HAP or histo-aspartic pro-
tease could be inactive and similar to the pregnancy-associated glycoproteins (PAGs)
of ungulates. These PAGs are aspartic protease homologs, some of which have histi-
dine residues replacing one of the catalytic aspartic acids. They appear to be catalyti-
cally inactive but still capable of binding pepstatin (87–90). Alternatively, HAP might
be an active protease acting through a novel catalytic mechanism. Work in our labora-
tory supports this latter hypothesis. HAP-specific monoclonal antibodies were gener-
ated and used to purify native HAP from isolated food vacuoles. Native HAP was
capable of cleaving a fluorogenic peptide, with a pH optimum higher than those of PM
I and II (Banerjee R and Goldberg DE, unpublished). A fourth aspartic protease is also
present in the Plasmodium database. All four of these genes are present in a cluster on
chromosome 14 (TIGR) (61). A motif (LG * XXXD) appears where the propieces of
PM I and II are cleaved from the mature enzymes and this sequence is conserved in the
predicted coding regions of the two other homologs. This suggests that a single
maturase is responsible for activating all of these proteins.

TARGETING TO THE FOOD VACUOLE

Very little is known about protein secretion and targeting in Plasmodium. Unlike
mammalian secretory systems, the malaria parasite lacks a morphologically distinct
Golgi (36,91–93). It is also puzzling that secretion of some plasmodial proteins appears
to be Brefeldin A-sensitive (93,94), whereas secretion of others appears resistant
(95,96). Also, N- or O-glycosylation in Plasmodium are minor or nonexistent modifi-
cations of proteins (97–100).

The extremely long propieces of the plasmepsins and falcipain may contain targeting
information, as is the case in other organisms. The propeptides of the yeast vacuolar
proteins proteinase A, carboxypeptidase Y, and aminopeptidase 1 all contain vacuolar
targeting signals (101–103). When the propieces of proteinase A and carboxypeptidase Y
are fused to invertase, the fusion proteins are redirected to the yeast vacuole (101,104).
On the other hand, it is possible that vacuolar targeting signals do not exist in Plasmo-
dium and proteins are brought to the food vacuole by bulk flow through the hemoglobin-
ingestion pathway. ImmunoEM studies have shown that PM I is concentrated within the
food vacuole (FV), but it is also present at the parasite plasma membrane, cytostome, and
hemoglobin-laden transport vesicles coming in from the surface (11). This suggests that
newly synthesized PM I is secreted to the parasite plasma membrane and then internal-
ized along with hemoglobin and trafficked to the food vacuole (Fig. 5). Integral mem-
brane proteins PGH1 and VAP-B also might take this indirect route to the food vacuole,
as both are found on the parasite plasma membrane, as well as in the food vacuole
(105,106). It appears that HRP II, a soluble protein, is also delivered to the food vacuole
through the hemoglobin-ingestion pathway (107). With the recent ability to transfect
Plasmodium, targeting requirements and pathways should become clearer.

OTHER PROTEINS IN THE FOOD VACUOLE

ATPase

The acidic conditions of the food vacuole are most likely maintained by an ATP-
driven proton pump, as is the case in lysosomes (108). An ATPase activity has been
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found to be enriched in food vacuole membranes (109,110). It appears capable of hydro-
lyzing ATP, GTP, UTP, and CTP, has a neutral pH optimum, and is inhibited by NEM
and NBD-Cl. Both the Plasmodium A and B subunits of the vacuolar ATPase have
been cloned (105,111). Whereas the A subunit (VAP A) has not been localized, the B
subunit (VAP B) shows a heterogeneous localization throughout the parasite, includ-
ing in the food vacuole (105).

PGH-1

Several genes with homology to the ABC transporter family have been found
in P. falciparum (112,113). One of these, mdr1, encodes a 160-kDa protein called
P-glycoprotein homolog 1 (PGH1) which localizes to the food vacuole membrane
(106). PGH1 looks like a typical ABC transporter, with 12 transmembrane domains
and 2 hydrophilic domains capable of nucleotide binding. Photoaffinity labeling stud-
ies have shown that PGH1 is capable of binding ATP, ADP, GTP, and GDP (114). It is
expressed and phosphorylated on serine and threonine residues throughout the
intraerythrocytic cycle (115).

PGH1 was presumed to mediate transport across the food vacuole, because
homologous mammalian ABC transporters can act as energy-dependent transporters
that efflux drugs in multidrug-resistant tumor cells. Heterologous expression studies
have proven that PGH1 can function as a transporter. Overexpressed PGH1 in CHO
cells localizes to lysosomal membranes and causes accumulation of chloroquine in
lysosomes (116). Pfmdr1 can complement Ste6-null mutants in yeast and restore
mating, presumably by transporting mating peptide (117,118). A physiological role in
transporting hemoglobin peptides is possible but has not been established. A role in

Fig. 5. Proposed vacuolar targeting pathway for the plasmepsins. After synthesis in the ER
as type II integral membrane proteins, proplasmepsins enter the secretory pathway and are
trafficked to the parasite surface. Then, along with hemoglobin, they are ingested through the
cytostome and travel via transport vesicles to the food vacuole. Within the vacuole, acidic
conditions and a processing enzyme affect their maturation and cleavage from the membrane.
(From ref. 11.)
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mediating drug resistance has been proposed but not yet clarified (113,119,120) (see
Chapters 5 and 9).

Oxidant Defense Enzymes

Intraerythrocytic stages of Plasmodium are microaerophilic and grow best under
reduced oxygen pressure. Oxidant drugs like hydrogen peroxide and hydroxyl radicals
kill parasites in culture (121). Ironically, the process of hemoglobin degradation pro-
duces great oxidative stress on the parasite as well as the host cell (122). Upon release
from hemoglobin, the heme iron is oxidized, reacting with molecular oxygen to generate
superoxide anions, hydroxyl radicals, and hydrogen peroxide. Under the acidic condi-
tions of the food vacuole, oxyhemoglobin can also auto-oxidize in a reaction yielding
methemoglobin and a superoxide anion (123). Methemoglobin is found in unusually high
proportions in the food vacuole, perhaps reflecting a strong oxidizing environment (50).

Remarkably, Plasmodium is capable of usurping host oxidant defense enzymes for
protection from activated oxygen species. Erythrocyte superoxide dismutase (SOD)
and catalase are ingested along with hemoglobin and function within the food vacuole
in P. falciparum and P. berghei (53,124–126). The SOD was determined to be host
derived based on inhibitor sensitivity, molecular weight, and electrophoretic mobility.
It was possible to determine that P. berghei isolated from mouse erythrocytes contain
mouse SOD, whereas parasites isolated from rat erythocytes contain rat SOD (125).
Presumably, the food vacuole also contains reducing equivalents like NADPH and glu-
tathione, which are abundant in the host cell cytosol (127).

Plasmodium also appears to have genes encoding endogenous oxidant defense
enzymes. The genes for glutathione peroxidase and superoxide dismutase have been
identified in P. falciparum, although their gene products have not yet been localized
(128,129). A glutathione peroxidase activity that increases in more mature asexual
stages has been detected in P. falciparum (128).

Erythrocytes infected with malaria parasites have weakened oxidant defenses. The
parasite depletes the host cell’s enzymes and reducing equivalents and produces acti-
vated oxygen species that can diffuse into the erythrocyte cytosol (122). Erythrocytes
from patients with glucose-6-phosphate dehydrogenase deficiency and thalassemia are
especially sensitive to oxidative stress and are overwhelmed by additional parasite-
generated oxidants, making them prone to lysis before parasite maturation (121,130,131).
This may, in part explain why patients with these disorders are less vulnerable to
malaria, although other mechanisms are also likely to be important (132,133).

CG2

From the products of a genetic cross, it was determined that a chloroquine-resis-
tance determinant maps to a 36-kb region of chromosome 7 (134). One of the expressed
open reading frames has been called candidate gene 2 (cg2). Candidate gene 2 encodes
a 330-kDa protein that bears no significant homology to other proteins. It is expressed
in late ring-stage and early trophozoite-stage parasites and localizes to the parasite
periphery and the food vacuole where it appears associated with hemozoin (134). It is
unclear if cg2 is a membrane protein (135,136). The physiological function of cg2 and
a possible role in chloroquine resistance have not been established.
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Histidine-Rich Proteins

Two of the three known histidine-rich proteins (HRPs) in P. falciparum are found
within the food vacuole. HRP II and III are homologous, soluble proteins that contain
greater than 30% histidine (137). They are secreted out and beyond the erythrocyte but
also appear to be trafficked to the food vacuole through the hemoglobin ingestion path-
way (107,138,139).

In the food vacuole, HRP II and III may function in heme polymerization (107) (see
Chapter 7). Both proteins can bind heme and promote formation of hemozoin in vitro,
in a reaction that is inhibitable by chloroquine. It is postulated that HRP II and III
initiate heme polymerization, as an extension of the polymer can occur in the absence
of protein (140). A laboratory clone that lacks HRP II and III grows poorly but still
polymerizes heme (107). It may have other redundant HRPs or it is possible that other
polymerization systems are of physiological importance. HRP II has a very high affin-
ity for zinc and could have other metal/heme-binding roles (141).

HEME METABOLISM

Free heme is a toxic by-product of hemoglobin degradation. Free heme can cause
enzyme inhibition, peroxidation of membranes, production of free oxygen radicals,
and impaired leukocyte function (142,143). Plasmodium falciparum has little or no
heme oxygenase (the enzyme used by vertebrates to catabolize heme), although it has
been reported in other species (144). All Plasmodium species have a unique capability
to detoxify heme in the food vacuole by polymerizing it into a crystalline structure
called hemozoin, or malarial pigment (145–147) (discussed in Chapter 7). The blood-
sucking insect, Rhodnius prolixus, a vector for Trypanosoma cruzi (148), and Schisto-
somes (149) are the only other organisms known to polymerize heme. Additionally, in
Plasmodium, some of the heme may be degraded instead of polymerized, and a portion
of the heme iron may be released (6,150). The fate of this iron and its contribution to
the parasite’s iron requirements are unknown.

CONCLUSIONS

The Plasmodium food vacuole houses the specialized components of malarial hemo-
globin catabolism (Fig. 6). We are only beginning to unravel the molecular details of
food vacuole function, but it is clear that it has capabilities unlike any other
degradative organelle known. Much like a nuclear reactor, the food vacuole gener-
ates energy, yet sequesters toxic by-products. Inhibiting hemoglobin degradation
within the food vacuole is a valid approach to antimalarial chemotherapy. Comple-
tion of the P. falciparum genome sequencing project in the near future will undoubt-
edly reveal more proteins that function in the food vacuole and are promising targets
for antimalarial drug development.
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Implications of Antimalarial Drug Resistance

Piero L. Olliaro and Peter B. Bloland

INTRODUCTION

With 41% of the world’s population at risk of malaria, with as many as 400 million
new clinical cases and 1.5–2.7 million deaths occurring each year, malaria is a major
public health threat (1). In the fight against malaria, antimalarial chemotherapy is, and
will remain for the foreseeable future, the most fundamental component of malaria
control (2). Although other control strategies have shown promise in reducing malaria-
associated morbidity and mortality, the need for people living in areas with malaria
transmission to have ready access to effective antimalarial drugs remains essential.

Drug resistance poses an enormous challenge to continued efforts to bring malaria
under control (3). In some areas of the world, malaria is resistant to nearly every anti-
malarial drug currently available. However, in most of the malarious world, the risk of
malaria becoming essentially untreatable is the result of more fundamental causes; for
people living in the poorest areas of the world, it is not a lack of effective antimalarial
drugs that poses the greatest threat, as much as the lack of antimalarial drugs that are
both effective and affordable, or lack of access to drugs at all.

Any discussion of developing or deploying new drugs for malaria should be con-
ducted with a solid understanding of the human side of malarial illness: not only an
understanding of the clinical consequences of drug resistance and therapy failure but
also an understanding of the impact of drug resistance on public health and a careful
consideration of how drugs are actually used. Issues such as adherence, availability,
cost, perceived value, and acceptability will influence how drugs are used and, there-
fore, will also determine their ultimate usefulness. These factors also have an impact
on how rapidly resistance will develop. People’s perceptions of illness and their treat-
ment-seeking behavior will also determine not only how drugs are used but when and
for what set of symptoms they are used.

The problem is tremendously complex. Not only is the public sector of most malaria
endemic countries unable to deliver the correct drugs efficiently and reliably, but the
majority of cases are treated outside of the formal health services. In various surveys
conducted in Africa, the proportion of patients seeking malaria treatment outside of the
official health sector ranges from a low of 12% to a high of 82% (4). In one verbal
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autopsy study in Tanzania, only 45% of children who died had been brought to public-
sector health facility during their illness (5). Most people (> 90% in most studies) with
fever in malaria-endemic countries do, however, receive treatment for malaria at some
time during the course of their illness (4). Drugs used are either provided through
the health service or bought from shops, chemical sellers, and private practitioners.
The private sector accounts for between 40% and 60% of all antimalarials distributed,
and “unofficial” sources (e.g., street sellers, market stalls) account for as much as 25%
of all antimalarial distribution (6). The outcome of treatment, whether obtained in the
formal health system or not, depends not only on the efficacy of the drug used but also
on the correctness of the diagnosis, the quality and appropriateness of the advice given, and
the willingness of the patient/guardian to purchase and use an appropriate dose. Innovative
strategies must be identified to maximize the success of treatments provided through the
national health services, the private sector, informal sources, and the household.

Misuse of drugs, for whatever reason, greatly increases the probability of parasite
drug resistance. The speed at which resistance develops is the main determinant of the
length of the useful life-span of antimalarial drugs. Therefore, measures to protect drugs
against parasite resistance through the twin goals of maximizing appropriate use and
discouraging misuse should be central to any strategy developed to control malaria.
This chapter discusses antimalarial drug therapy and drug development in the context
of the challenges facing malaria control activities.

DEFINITIONS

Antimalarial drug resistance has been defined as the “ability of a parasite strain to
survive and/or multiply despite the administration and absorption of a drug given in doses
equal to or higher than those usually recommended but within tolerance of the subject.”
This definition was later modified to specify that the drug in question must “gain access
to the parasite or the infected red blood cell for the duration of the time necessary for its
normal action” (7). Most researchers interpret this as referring only to persistence of
parasites after treatment doses of an antimalarial rather than prophylaxis failure, although
the latter can be a useful tool for early warning of the presence of drug resistance (8).

A distinction must be made among failure to clear malarial parasitemia, failure to
resolve clinical disease following a treatment with an antimalarial drug, and true anti-
malarial drug resistance. Although drug resistance can cause treatment failure, not all
treatment failure is caused by drug resistance. Many factors can contribute to apparent
treatment failure, including incorrect dosing, nonadherence to the dosing regimen, poor
drug quality, drug interactions, poor or erratic absorption, and misdiagnosis. Probably
all of these factors, while causing treatment failure (or apparent treatment failure) in
the patient, may also contribute to the development and intensification of true drug
resistance through increasing the likelihood of exposure of parasites to suboptimal drug
levels. Conversely, drug-resistant parasites can be cleared from the body by the immune
system. This partially explains discrepancies between clinical outcomes and in vitro
sensitivity or presence of resistance-conferring mutations.

DETERMINANTS OF DRUG RESISTANCE AND TREATMENT FAILURE

Clinically relevant resistance to antimalarial drugs emerges primarily through increases
in the prevalence of resistance-conferring gene mutations in an environment of selec-
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tive drug pressure. Parasites survive the presence of drugs through mutation. Mutations
occur at random because of replication errors. Many of those mutations are lethal and
the parasite will die. Occasionally, a mutation will confer on a parasite a survival advan-
tage when a given drug is present. This parasite, provided it is not cleared by the host’s
immune system, will proliferate and its progeny carry that mutation. Additional sur-
vival advantage could be gained by further mutations. This process generates popula-
tions of parasites with different abilities to survive a drug. Over time, the parasite
populations with the greatest survival advantage will predominate.

The length of time that a drug will remain therapeutically useful is primarily deter-
mined by how frequently such mutations develop, the baseline prevalence of mutations
that exist before significant selective drug pressure is exerted, how quickly they spread
within a parasite population, and the degree of resistance to a given drug conferred by
these mutations.

Although it is not obvious whether Plasmodia are effectively clonal or whether they
undergo outcrossing at a high rate (9), it is clear that natural parasite populations exhibit
considerable variability in their susceptibility to antimalarial drugs (10). The range of
naturally occurring drug susceptibilities within a parasite population is a function of
the size of the circulating population of parasites (the “biomass” or “parasite burden”);
a larger parasite biomass increases the chances for parasite mutation, broadening the
distribution of parasite susceptibilities within that population (11). If a mutation does
not compromise other biologic functions or confers a net survival advantage in the
presence of a given drug, the possibility exists, provided the parasite carrying that
mutation escapes the host’s immune defenses, that the parasites with the mutation will
be selected for and transmitted.

Factors Involved in the Generation of Drug Resistance
The frequency at which these mutation events occur and the speed at which resistance

develops and spreads is influenced by a variety of factors related to pharmacological
characteristics of the drugs used, the local epidemiological context in which they are
used, and the manner in which the drugs are deployed and used operationally (12).

The buildup of resistance is not indefinite and stops at an equilibrium that gives the
parasite the best trade-off between surviving a given drug and the loss of biologic
performance (“parasite fitness”). A critical issue to understand is if and when the pro-
cess can be reversed. This understanding would allow, at least in theory, the formula-
tion of policies designed to alternate (or “rotate”) drug use before full, nonreversible
resistance is acquired. So far, there is no definitive evidence of a significant shift to
restored sensitivity of parasites at the human population level, although increased in
vitro susceptibility to chloroquine (CQ) is normally found in areas where this drug has
not been in use for several years (e.g., Thailand and areas of China) (13,14).

Pharmaco-Biological Factors
Pharmacological factors that influence the rate of development of resistance include

the drug’s pharmacokinetic and pharmacodynamic characteristics, as well as the drug’s
intrinsic propensity to generate resistance. Drugs with a long residence time in the
organism and a slow rate of reduction of the parasite “biomass” are more vulnerable to
resistance. Equally vulnerable are drugs against which resistance develops through
single-point mutations in the target molecule (also referred to as single nucleotide
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polymorphysm, or SNP), such as the antifolates (15) and atovaquone (16). By contrast,
the quinolines (chloroquine [CQ], quinine) have enjoyed a longer therapeutic life-span
because resistance to these drugs is apparently multigenic—the greater the number of
genes involved, the slower resistance will evolve.

Epidemiological Factors

One determinant of resistance development is the self-fertilization that occurs
between male and female gametocytes when they are picked up by a mosquito during a
blood meal. Such reassortment determines the mutations that are carried by the ensuing
generation of parasites that are transmitted to the next individual(s). In this process, the
intensity of transmission plays a critical, yet undetermined, role, which is principally
related to the number of parasite clones carried by each individual (17).

Mathematical models have been generated, although with conflicting results as to
the likelihood for resistance to occur at different transmission rates (18,19). The size of
the parasite genetic pool depends on intensity of transmission and the probability of
genetic rearrangement during the sexual phase of parasite development in the vector. It
is possible that resistance emerges and spreads more rapidly in areas of low transmis-
sion, where limited numbers of parasites are exposed to intense drug pressure. Math-
ematical models, however, also suggest that there is an increased development of
resistance in situations with high transmission rates as well (20,21).

The intensity of transmission may influence resistance indirectly, via mechanisms
such as immunity and drug use. Intense, continuous transmission favors the early acqui-
sition of immunity, at the cost of increased mortality. This should, in theory, confine
use of antimalarial drugs—thus limiting the ensuing selection pressure on parasites—
to the younger age groups (primarily, children under 5 yr). In practice, this is not always
true, and antimalarials are often used by all age groups to treat fever. Additionally,
high rates of transmission increase the probability that parasites will be exposed to
subtherapeutic drug levels, especially drugs with long half-lives. People living in areas
where transmission occurs at lower rates have fewer malaria attacks but, because the
level of acquired immunity is far less, remain at greater risk of severe malarial illness
for their entire lives.

Operational and Behavioral Factors

The way that drugs are used by both health care providers and patients plays an
important role in determining drugs’ useful life-spans. Of particular concern are the
manner in which drug policies are formulated and implemented and the extent to which
official policy can influence practice: specifically, whether drugs are available only
with a physician’s prescription or whether they are readily available on the open mar-
ket; whether antimalarials are prescribed only to patients with a proven malaria infec-
tion or whether they are prescribed on the basis of a clinical suspicion alone; the extent
to which providers (whether formal or informal) and users of antimalarial drugs adhere
to official recommendations; and whether the cost or complexity of the recommended
regimen might encourage incomplete dosing.

The way that people use antimalarial drugs greatly affects the degree of selective
drug pressure; many behaviors result in exposure of parasites to inadequate or
subtherapeutic drug levels, which, in turn, facilitates development of resistance. One
example is the interplay between people’s perceptions of illness and the likelihood of
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completing a full treatment course. Because people from many cultures perceive illness
in terms of symptoms rather than causes, community perceptions of illness and their
beliefs and practices related to treating those symptoms can differ greatly from Western
biomedical definitions of malaria-related illness. Once the symptoms are gone, the ill-
ness is perceived to be gone as well. Patients treating themselves with drugs that produce
rapid relief of symptoms, such as artemisinin compounds apparently do, may be more
likely to stop before the complete regimen is completed, thereby exposing parasites to a
subtherapeutic dose. Conversely, drugs such as sulfadoxine/pyrimethamine (SP), that
have no apparent direct antipyretic effect, may be perceived by patients as failing even
when they are effective at killing malaria parasites. Other causes of poor compliance
include long-duration regimens, complex regimens, high cost, and frequent side effects.

MEASUREMENT AND DIAGNOSIS OF DRUG RESISTANCE

There are a number of methods to characterize or predict parasite response to drug
therapy. There is a tendency to consider that only the simplest procedures have a place
in malaria control and that all others are too sophisticated for use outside research.
Although there are reasons for this, such as the technical and practical difficulties in
performing some of these tests under field conditions, a more comprehensive approach
is needed if we want to affect the course of resistance. Current research and field test-
ing of various “indicators” aim at evaluating their relative role and use for drug policy-
making and monitoring of control programs. Their relevance might vary depending on
the intended use. In practice, however, none of the following tests offer a practical method
for bedside evaluation of drug resistance; all available tests either do not give results
quickly enough to influence treatment decisions or do not give results that are interpret-
able in terms of individual patient treatment. Traditionally, clinical response to treatment
among infected individuals has been selected as the reference.

In nonmalarious areas, treatment is typically based on a worst-case assumption about
the resistance patterns of the area in which the patient acquired the malaria infection. In
the United States, for instance, if resistance to a given antimalarial drug is known to
occur with any degree of frequency, then all infections are assumed to be resistant and
a different drug is recommended.

In many endemic areas, however, therapy recommendations lag behind the current
status of drug resistance. For example, many countries in Africa are still officially recom-
mending the use of CQ even though resistance to this drug occurs frequently. Optimally,
treatment recommendations are based on studies or surveillance that give a reasonable
estimate of the frequency of drug resistance or treatment failure that occurs in a given
population. Drug recommendations are then based on providing effective treatment to
the greatest proportion of patients possible, given the financial resources of the country.

In Vivo Tests

These tests are intended to assess patients’ responses to a given treatment. Response
includes both clinical and parasitological parameters. Tests following patients for 7,
14, or 28 d have been used to monitor drug efficacy in vivo since 1964 (22). More
recently, in an attempt to simplify and standardize procedures, WHO prepared and
disseminated a 14-d test primarily based on clinical response to be used at sentinel sites
in country programs (23).
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A degree of disagreement continues about some aspects of these tests, particularly
regarding the most appropriate outcome measures (clinical and/or parasitological clear-
ance) and the best duration of follow-up. The focus in sub-Saharan Africa has been on
clinical response to treatment rather than parasitologic clearance. As a result, clinical
outcome measures derived from in vivo tests drive policy decisions and create situa-
tions in which a drug will be retained because of good clinical response to treatment
even though a high degree of parasitologic failure might be occurring. There is reason-
able evidence that such practice is contributing to resistance.

Duration of follow-up can also affect interpretation of the results of an in vivo test.
Follow-up should be sufficiently long to detect recrudescence of parasites or symptoms
over time. The duration of in vivo tests should be extended when testing a drug with a long
residence time. On the other hand, intensity of transmission in a given area at a given time
determines the probability that a reinfection will occur. Recrudescence and reinfection can-
not be distinguished clinically or parasitologically. To some extent, polymorphic genes of
Plasmodium falciparum (glurp, msp-1, msp-2) can be used to discriminate between the two
by genotyping pretreatment and posttreatment isolates. Obviously, such techniques cannot
be used routinely in most places. However, with expanding access to polymerase chain
reaction (PCR) technology, such data are increasingly available.

In Vitro Tests

In vitro tests have been used to conduct surveillance, support clinical trials, and
assist in patient management. The use that is most relevant to this chapter, however, is
surveillance. For this purpose, samples are obtained from a series of patients and are
tested in order to estimate the resistance patterns found among parasites circulating in
a given area. In general terms, in vitro tests reflect intrinsic drug susceptibility of a
given isolate, strain, or clone, whereas in vivo tests reflect the interaction between drug
efficacy and host immune response that determines overall therapeutic efficacy. As
such, in vivo and in vitro tests are complementary.

At present, in vitro tests are adapted to P. falciparum only, although some progress
is being made with P. vivax. Current in vitro tests are as follows:

1. The WHO Mark II test in which patients’ blood is inoculated into plates that are predosed
with decreasing concentrations of drug. Giemsa-stained slides are prepared after 24-h of
culture, and the degree to which maturation of the parasite is inhibited is calculated.
Although this test is widely used and requires minimal equipment, it is cumbersome and
somewhat lacking precision.

2. Radiolabeled hypoxanthine. Various adaptations of the original method developed by
Dejardins et al. (24–26) exist. This test allows semiquantitative assessments but is limited
because of the use of radiolabeled material (raising disposal problems) and the need for
expensive equipment (a -counter).

3. pLDH microtest. An enzymatic test, originally developed by Makler and colleagues
(27,28) requires minimal equipment (spectrophotometer) and appears to correlate well
with radiolabel methods.

Currently, there is no general agreement as to the place, if any, the in vitro test
would have in control programs. There are, in the first place, technical limitations,
including the artificial time-course of drug exposure, and the definition of cutoff values
between sensitive and resistant parasites. Also, the different methods and analyses lead
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to different results, thus making interpretation and comparison of data across studies
difficult. Several factors may affect results, including (1) technical elements that can
modulate the in vitro concentration response (e.g., hematocrit, age of red cells, CO2/O2
tension, humidity), (2) parasite factors (mostly dependent on mixed population dynam-
ics [resistant strains tend to outgrow sensitive ones], synchronicity of parasite cycle,
parasite density, etc.), (3) drug factors (protein binding, lipid solubility, partition coef-
ficients, solubility, stereochemistry, and molecular weight).

Second, there is the question of the relative role of in vitro versus in vivo testing.
One concern that is often raised is the variability of the correlation between the two
tests in different studies. One of the reasons for such unpredictable results is the differ-
ent methodology used between researchers. Correlation varies also with the drug used:
it is generally more problematic with antifolate drugs than with CQ (29). The discrep-
ancies can be explained, in part, by the role of the host’s immune system.

In reality, the role of the in vitro test in control programs has never been assessed
adequately. In part, this is the result of the above-mentioned technical problems that
can be corrected if a more adequate test is introduced; currently, an improved version
of the pLDH test (Druilhe P, et al., unpublished data) is being tested under the auspices
of the European Commission and WHO/TDR. Moreover, attention is being given to
the predictive value of in vitro parasite resistance with respect to the clinical failures,
as well as to malaria morbidity and mortality.

Molecular Markers

We have a limited understanding of the molecular basis of resistance, paralleled by
an almost equally limited knowledge of how drugs work. The availability of validated
“early” markers of resistance would be of great value in predicting which drug option
to select in a particular context, and thus in guiding drug policies.

Some of the mutations associated with resistance to specific drugs are known (30).
For instance, there is broad correlation between increased frequency of mutations in
areas of the dihydrofolate reductase (DHFR) (at codons 108, 51, 59, and 164) and
dihydropteroate synthase (DHPS) (codons 436, 437, 540, 581 and 613) genes and SP
resistance across the world (31) (Chapter 9). We also know that DHFR and DHPS
mutations occur in a progressive, stepwise fashion; resistance builds up by the
accumulation of mutations under drug pressure. However, the relative contribution of
individual mutations or series of mutations to in vitro and clinical resistance is contro-
versial, in particular for DHPS. Thus, for the time being, we cannot correlate exactly
clinical failure and predict evolution of resistance with molecular markers. The situa-
tion is far more complex with CQ and other quinolines (Chapter 8).

Research is attempting to validate the markers that are known and to identify new
ones. With the rapid evolution of and increased access to technology, PCR testing for
molecular markers may have a place in an “alert system” that monitors mutations and
predicts incumbent resistance, as is already happening to an extent with SP.

CLINICAL CONSEQUENCES OF DRUG RESISTANCE
AND TREATMENT FAILURE

Because of obvious ethical problems with closely studying the clinical results of
failed treatment, existing knowledge of what happens when malaria drugs fail to clear
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malaria parasitemia is incomplete. Some data exist from the use of malaria infection as
a treatment for neurosyphilis, in which subcurative doses of antimalarial drugs were
given to maintain parasitemia but prevent death (32). However, because this treatment
was studied under controlled conditions among adults with a pre-existing, severe ill-
ness, these data are limited in their ability to assist in understanding the impact and
consequences of failed treatment under natural conditions. Most of what is known about
the impact of drug resistance and treatment failure comes from indirect sources, such
as observational studies, short-term treatment trials, and public health surveillance.

Reduced Treatment Efficacy

The most obvious consequence of antimalarial drug resistance is a failure of the
drug to produce a rapid and complete cure. This consequence can be manifested in a
variety of ways.

Delayed Initial Therapeutic Response

This is considered by many to be the first sign of resistance. The rate of parasite and
fever reduction is influenced not only by parasite susceptibility but also by host factors
and the drug’s pharamacokinetic and pharmacodynamic characteristics (33,34). On the
Thai–Burmese borders, clinical and parasitological response on d 3 after mefloquine
monotherapy predicted subsequent treatment failure (35). A similar correlation was
found in Africa with CQ on d 2 (36).

Parasitologic Recrudescence and Return of Clinical Symptoms

In some settings, recrudescent infections tend to be clinically silent (37). Nonethe-
less, the return of clinical symptoms associated with recrudescent parasitemia is prob-
ably the most common clinical consequence of failed treatment. In Malawi, Kenya,
and Zambia, febrile, anemic children with P. falciparum infections were enrolled and
treated with either CQ or SP. In spite of parasitologic failure rates after CQ treatment
that ranged from 75% to 80%, more than 90% of children became afebrile within 48 h
of initiation of treatment (31,38,39). However, the duration of this clinical improvement
was short; the median time until a return of clinical symptoms was as few as 10–14 d. The
greater the in vivo resistance exhibited by the parasite, the shorter the duration of clini-
cal improvement after initial treatment (33).

The time at which recrudescence occurs depends on a drug’s half-life. With long-
half-life drugs, such as mefloquine, recrudescent infections can occur up to 63 d after
treatment, or even longer in pregnant women (40). In the early stages of resistance,
short-term follow-up (14 d) would underestimate the real incidence of treatment fail-
ures that would occur only later.

Complications

Anemia

Anemia is a common and important complication of malaria in children, potentially
leading to reduced exercise tolerance, impaired growth rate, impaired neurologic and
cognitive development, delayed healing of wounds, and death (41). Anemia in young
children can be exacerbated by treatment failure. In the studies described earlier, hema-
tologic response was studied over 14–28 d after treatment. Children who received a
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treatment that was highly effective at removing parasites (SP in these studies) had
increases in hemoglobin concentration greater than those seen among CQ-treated chil-
dren at each of 4 wk of follow-up. This difference in hemoglobin levels after treatment
was as much as 1–4 g/dL between treatment groups (33).

In Zaire (now the Democratic Republic of Congo), in 1986, malaria was the leading
cause of anemia requiring blood transfusion, with 87% of transfusions being given to
malaria patients. CQ resistance was first identified in Kinshasa in 1984, and by 1986,
82% of falciparum infections among children demonstrated in vitro resistance to CQ
(42). Between 1982 and 1986, this increase in CQ resistance was accompanied by a
two-fold increase in pediatric blood transfusions (43). Compared with children who
did not get transfused, the likelihood of children being seropositive for human immu-
nodeficiency virus (HIV) increased from 2.8 times higher after one transfusion to 21.9
times higher after three transfusions (38). Although blood screening practices have
greatly improved since this study, the association among malaria, anemia, and HIV
continues to be of great concern for both children and pregnant women (44,45).

Complications During Pregnancy

Plasmodium falciparum infections occurring during pregnancy among semi-immune
women have been associated with an increased risk of delivering low-birth-weight
babies. Malaria parasites will sequester in the placenta in large numbers. The exact
mechanism by which this placental malaria causes low birth weight is not fully under-
stood; however, it is likely to be related to interference with nutrient transport across
the placenta to the fetus. Malaria during pregnancy is a well-known risk factor for
maternal anemia and some studies have also shown an association between placental
malaria and the development of anemia during the infant’s first 6 months of life (46,47).
In endemic areas, malaria may be responsible for as much as 30% of preventable low
birth weight. Low birth weight, in turn, is the greatest single risk factor for infant mor-
tality (48). Women in their first and second pregnancies and all HIV-infected women
regardless of parity are at greatest risk for malaria (49).

Traditionally, prevention strategies for malaria during pregnancy involved provid-
ing women with weekly CQ prophylaxis. The potential usefulness of this intervention
has been nearly eliminated by the advent of CQ resistance in much of the world. In one
study in Malawi, separate groups of women were provided with either CQ or
mefloquine prophylaxis; compliance was assured by directly observed treatment (50).
Women who received CQ prophylaxis had placental malaria rates that were not signifi-
cantly different from women from the general population who had not received any
intervention (32% and 38%, respectively) (51). Those women receiving an effective
intervention, either mefloquine or SP (given in two treatment doses in the second and
third trimester), had a significantly lower rate of placental malaria (6.2% for mefloquine
and 9% for SP) (52).

Alternative strategies have been promoted as an affordable, effective, and imple-
mentable intervention to prevent placental malaria based on preventive intermittent
treatment with SP during the second and third trimester (53). Although this strategy
has been shown to be effective in several settings, spreading SP resistance will increas-
ingly undermine this strategy, further eroding currently available and affordable drugs
usable for intervention during pregnancy.
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The list of antimalarial drugs that are available, safe, and currently effective for use
as regular prophylaxis during pregnancy is relatively short. Although there are some areas
that could continue to use CQ, SP, or combinations of proguanil + CQ until newer
approaches to chemotherapy during pregnancy are proven, mefloquine is the most
obvious successor. Although mefloquine might be able to replace CQ in this type of
intervention, it is currently far more expensive than CQ and is beyond the financial
reach of most of the highest-risk countries, especially in Africa. Admittedly, preven-
tion of malaria during pregnancy through prophylaxis was never particularly effective
because of generally poor adherence; however, the advent of CQ resistance has essen-
tially eliminated this as an option.

Plasmodium falciparum infections among pregnant nonimmune women can be more
severe than those among women who are not pregnant. Failure of malaria treatment
among these women could result in the progression of illness to cerebral malaria, pul-
monary edema, renal failure, and maternal or fetal death (54). Having highly effective
drugs to treat these women will continue to be a priority.

PUBLIC HEALTH CONSEQUENCES

Increases in Malaria Transmission

At the simplest level, poor therapeutic efficacy fails to remove parasites from infected
individuals, thereby maintaining a larger population of parasitemic individuals in a
given area and maintaining a larger biomass of parasites contributing to malaria trans-
mission. Drug resistance has been implicated, at least partially, for malaria epidemics
observed in Somalia (55) and highland areas of Kenya (56).

Drug resistance is also more directly associated with a potential for increased trans-
mission by enhancing gametocyte carriage (57). This can be a result of longer parasite
clearance times, which are associated with increase gametocyte carriage, or increased
frequency of recrudescent infections, which are twice as likely to carry gametocytes
compared with primary infections (58,59). There are, however, major differences
among antimalarial drugs. Some drugs (e.g., SP) generate larger amounts of gameto-
cytes than others (e.g., CQ). For CQ, gametocytes from drug-resistant isolates appear
to transmit infection to mosquitoes more efficiently than gametocytes from drug-
susceptible parasites (32,60).

Chloroquine resistance has been shown to confer a survival advantage to parasites
that appears to be independent of drug pressure (e.g., schizont maturation may be more
efficient among resistant parasites) (61,62). Similarly, there exist some data to suggest
that a genetic plasticity develops that allows resistant parasites to adapt more quickly
to new drugs than would normally be expected and even when the new drug is not
pharmacologically related (63).

There is some evidence that certain combinations of drug-resistant parasites and
vector species enhance the transmission of drug resistance, whereas other combina-
tions inhibit transmission of resistant parasites. In Southeast Asia, two important vec-
tors, Anopheles stephensi and A. dirus, appear to be more susceptible to drug-resistant
malaria than to drug-sensitive malaria (64,65). In Sri Lanka, researchers found that
patients with CQ-resistant malaria infections were more likely to have gametocytemia
than those with sensitive infections and that the gametocytes from resistant infections
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were more infective to mosquitoes (32). The reverse may also be true: Some malaria
vectors may be somewhat refractory to drug-resistant malaria, which may partially
explain the pockets of CQ sensitivity that remain in the world in spite of very similar
human populations and drug pressure (e.g., Haiti) (66).

The implications of these findings on the burden of disease in human populations
are not clear. However, increases in overall parasite prevalence rates from treatment
failure or from increased levels of transmission would likely result in increases in
human morbidity and mortality.

Frequency of Severe Illness

On an individual basis, the primary concern with failed malaria treatment is progres-
sion to severe, potentially life-threatening or fatal illness. Crude estimates of the num-
ber of clinical attacks of malaria among African children range from 1 to 5 per year; of
these, an estimated 2% of these attacks are severe (67). The risk of a given febrile
illness caused by P. falciparum actually progressing to a fatal illness, however, is
unknown. White (68) has argued that although case-fatality rates for severe malaria
have remained stable because of the continued efficacy of quinine and artemisinin com-
pounds, malaria morbidity and mortality has nonetheless increased because of the num-
ber of severe malaria cases that develop because of ineffective first-line treatment.
Progression from mild, acute febrile illness to severe disease is also related to the level
of acquired immunity of the patient, human and possibly parasite genetic characteris-
tics, treatment-seeking behavior on the part of the patient or caretaker, and the infect-
ing dose (69).

Malawi changed its national malaria treatment policy from CQ to SP in March 1993.
Surveillance data from 1991 until the implementation of the new policy in 1993 showed
that hospital admissions because of uncomplicated malaria, anemia, and cerebral
malaria increased by 14%, 22% and 10%, respectively. After the policy change, from
1993 to 1995, the rate of admission for uncomplicated malaria continued to increase;
however, the rates for admission because of anemia and cerebral malaria decreased by
39% and 5%, respectively (O. Nwanyanwu, unpublished data; P. Kazembe, personal
communication).

Mortality Rates

Estimates of the impact of effective treatment on the mortality rate of malaria range
from a 50-fold decrease in probability of mortality among uncomplicated malaria cases
(from about 5% to 0.1%) to a 5-fold decrease in probability of mortality among patients
with severe illness (from nearly 100% to 15–20%) (58). As treatment fails, the overall
case-fatality rate undoubtedly rises.

Actual data illustrating either a decrease in mortality rates because of effective treat-
ment or a rise in mortality rates because of ineffective treatment are limited. One study
of hospital-based data with postdischarge monitoring in western Kenya spanned a
period of time when in-hospital treatment was slowly changing from CQ (the officially
recommended treatment throughout this period) to other forms of more efficacious
antimalarial treatment (mostly quinine, SP, and cotrimoxazole) (70). Children who had
been admitted to the hospital were evaluated at discharge and at 4 and 8 wk
postdischarge. Whereas malaria had an overall case-fatality rate of 20%, children
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treated with CQ had a 33% case-fatality rate, and children treated with an effective
antimalarial treatment had an 11% case-fatality rate. Overall, 60% of deaths among
these children was attributed to ineffective treatment. Surveillance data from this same
hospital collected between 1991 and 1994 showed a progressive drop in in-hospital
case-fatality rates from 9.9% to 2.8% as use of efficacious antimalarial therapy
increased from 37% to 97% (Zucker, unpublished data).

In Malawi, deaths caused by malaria and anemia increased 31% and 36%, respec-
tively, between 1991 and March 1993 (while CQ was still being used for treatment of
uncomplicated malaria). After a policy change to SP for treatment of uncomplicated
malaria, deaths attributed to malaria and anemia decreased 8% and 26%, respectively
(Nwanyanwu O, unpublished data; Kazembe P, personal communication).

A study conducted in three epidemiologically different areas of Senegal from
1984 to 1995 tracked malaria mortality rates among children 0–9 yr of age (71).
CQ resistance was first demonstrated in Senegal in 1988 and the first treatment
failures in the study areas occurred between 1990 and 1993. During the period
following the advent of CQ resistance, malaria mortality rates in these study areas
increased by 2.1-, 2.5-, and 5.5-fold. However, such a correlation has not been
found in Asia (72).

Sociobehavioral and Economic Implications of Increasing Treatment Failure

In the context of the studies mentioned earlier, there was no indication that the recru-
descent illness was more severe than the initial illness. However, with the relatively
small numbers and the speed at which recrudescent illnesses were identified and retreated,
this is not surprising. At best, recrudescent illnesses will result in increased costs asso-
ciated with higher patient loads and the cost of retreatment. Additionally, high rates of
treatment failure may erode the confidence of patients in the health care system, caus-
ing further delays in seeking treatment and potentially increases in the rates of severe
malaria and death.

To properly assess the true economic impact of resistance, a wide range of costs,
including both direct and indirect costs, and health effects need to be considered. Direct
costs, borne individually or by the health system, or both, include the cost of the drug
itself, the cost of repeat treatments with antimalarial and ancillary drugs (such as
antipyretics) when symptoms are not relieved, second-line therapy with either oral or
injectable medications, and management of any complications. Examples of indirect
costs include transportation costs, work/school days lost, lost income for individuals,
and personnel and supply costs at the health facility.

Economic evaluation is becoming a key element in evaluating interventions (73).
Models to assess the cost-effectiveness of interventions are being developed (74). How-
ever, only recently have we started to realize the economic ramifications of resistance
and appreciate the importance of these elements for policy-level decision making. Such
evaluation is particularly important when countries are confronted with the problem of
switching from a failing first-line drug to an alternative treatment. Policy-level decision-
makers need data to compare the cost-effectiveness of different heath care interventions
in terms of costs and health outcome, such as the cost per death or disability-adjusted
life year (DALY) (75) averted, potential treatment cost savings, and reduction in indi-
rect costs to households, such as those resulting from faster return to productive activi-
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ties. Models have been proposed to analyze these trade-offs with both antimalarial
drugs (76–78) and antibiotics (79,80).

APPROACHES TO COUNTER ANTIMALARIAL DRUG RESISTANCE

Rational antimalarial drug policies are critical for creating an environment that does
limits the development of resistance. Even though they are crucial, the factors that
influence the process of formulating national antimalarial drug policies and the types
of evidence (biomedical, behavioral, or economic) that are needed to inform policy
development are poorly understood, and research to improve this situation is inad-
equate and poor. It is essential that appropriate means are allocated to investigate such
factors as drug use, cost-effectiveness, and patient and provider behavior to be able to
facilitate the policy development process. After antimalarial-drug-use policies are for-
mulated, it is equally important to provide resources to improve adherence to recom-
mendations and to monitor drug efficacy and tolerability over time.

Policy alone is unlikely to meet the challenge of antimalarial drug resistance. Policy
makers and malaria control programs need new tools and new approaches to counter
the parasite’s ability to resist drug action. For new tools and approaches to be devel-
oped, it is important to recognize several interacting factors that inhibit this process:

• Limitations of the current chemotherapeutic armamentarium imposed by the expense and
time required to research, develop, and market new antimalarial compounds (81), result-
ing in an overreliance on the 4-aminoquinoline and folate-inhibitor families of compounds

• The ramifications of malaria treatment policies and practices (such as the widespread,
uncontrolled availability of antimalarial drugs in the private sector and reliance on pre-
sumptive treatment of malaria)

• Inadequate investments in basic parasite biochemistry, molecular biology, and new drug
development

Various approaches can be envisaged to prevent or reduce the pace at which resis-
tance develops. In practice, the feasibility of any given approach depends on its
affordability, implementability, and sustainability. Short- and long-term measures
should be envisaged.

One clear need is to develop new drugs. Although drug development output for
malaria and other “tropical diseases” has been rather low (82), in the long run, this rate
can be improved with new technology. Recent advances in science and in the synthesis
and screening of compounds (combinatorial chemistry, high-throughput screening) will
facilitate the discovery of new targets and newer drugs with novel mechanisms of
actions and chemical characteristics unrelated to existing drugs that may avoid cross-
resistance. Some of these are known (83). The malaria genome project is delivering
information that can be exploited to identify putative new targets (84). The “postgeno-
mic agenda” is already reality (85).

Whereas the principles above would apply to virtually any drug development, what
the malaria resistance story is teaching us is that specific additional characteristics should
be sought, namely those related to the drug’s propensity to generate resistance. In par-
ticular, the trade-offs between long and short residence times in humans become critical.
Although drugs with long half-lives are useful for directly observed therapy (which can
prevent the effects of poor patient compliance), chemoprophylaxis (because the dosage
interval can be lengthened), and for their posttreatment “chemoprophylactic” effect (e.g.,
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SP), they are particularly vulnerable to developing resistance, as they are likely to
produce subtherapeutic plasma concentrations of drug for significant periods of time,
providing “selection pressure” for the emergence of drug resistance. Conversely, drugs
with short half-lives require multiple-day dosing, which is known to significantly
decrease dosing completion rates and facilitate development of resistance.

Discovering and developing new chemicals takes time and is expensive; various
initiatives are being tried to speed up drug research and development for antimalarial
drugs, such as the Medicines for Malaria Venture. Yet, solutions are needed urgently
(86). In general, countries need improved malaria-treatment policies and case manage-
ment (improving the diagnosis of malaria, enhancing compliance, and detecting and
treating treatment failures). More specifically, there are ways of gaining “extra mile-
age” from currently available drugs to prolong their life-spans. Recently, emphasis is
being put on new combinations of currently available drugs (3). This strategy could
provide effective regimens less likely to promote the development of resistance.
Combining different drugs with independent modes of action can prevent the emer-
gence of resistance to both drugs because the probability that an infected patient will
have parasites resistant to both drugs is enormously reduced (the product of the
probability of resistance to either drug). Artesunate and its main metabolite,
dihydroartemisinin, are highly effective and rapidly acting against multidrug-resistant
P. falciparum and have very short half-lives; the latter property is inherently protective
against the development of resistance. Although declines in susceptibility to artemisinin
drugs have been seen in areas where they are used extensively (87), no clinically sig-
nificant artemisinin resistance has been identified to date. On the Thai–Burmese border,
the combination of artesunate and mefloquine has reportedly stopped the progression
of mefloquine resistance (88). There are several reasons for this: artesunate eliminates
most of the infection and the remaining parasites are then exposed to high concentrations
of the slow-acting mefloquine; because of the rapid reduction of parasites, the selective
pressure for the emergence of mutant parasites is greatly reduced; and artesunate also
decreases gametocyte carriage (the sexual form required to complete the parasite life
cycle) (89), thus reducing malaria transmission and the spread of resistance (90).
Although it is unclear to what extent combination-therapy approaches can be exported
to very different epidemiologic, cultural, and economic settings, these strategies do
offer tremendous hope to places such as sub-Saharan Africa.
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Chloroquine and Other Quinoline Antimalarials

Leann Tilley, Paul Loria, and Mick Foley

INTRODUCTION

In the blood stages of infections with Plasmodium species, the malaria parasite finds a
sanctuary from the immune system within its host’s erythrocytes. The mature human
erythrocyte, which is essentially a “sack” of hemoglobin, provides the parasite with a
ready supply of amino acids and other nutrients, but presents the parasite with certain
logistical problems with respect to disposal of waste products. For example, the parasite’s
diet of hemoglobin leads to the production of toxic heme. The problem of heme disposal
represents an “Achilles’ heel” that leaves the parasite susceptible to attack by drugs, such
as the quinoline antimalarials, that interfere with heme detoxification.

Quinoline-containing antimalarial drugs, such as chloroquine, quinine, and mefloquine,
are vital compounds in our chemotherapeutic armory against malaria. Quinine (Fig. 1) has
been used for 300 yr—ever since extracts of the bark of the Cinchona tree were first shown
to have antimalarial activity (see Chapter 2 for a more detailed history). Early synthetic
work in Germany produced the 8-aminoquinolines, primaquine (Fig. 1) and pamaquine.
Primaquine is still used to eradicate the liver-stage hypnozoites of P. vivax and P. ovale (see
Chapter 8). In further work, the basic side chain of pamaquine was attached to a number of
heterocyclic ring systems, which led to the synthesis of the acridine derivative, quina-
crine (also known as atebrine or mepacrine, Fig. 1) (1). During World War II, the
synthetic 4-aminoquinoline, chloroquine (CQ) was introduced (Fig. 1) (2). Because of
its low toxicity and, for many years, its effectiveness, CQ has been a mainstay in the
fight against malaria ever since. As CQ resistance began to appear, massive screening
programs were initiated in the United States, producing three new antimalarial drugs, a
4-aminoquinoline (amodiaquine), a quinolinemethanol (mefloquine), and a phenath-
rene methanol (halofantrine) (Fig. 1). Unfortunately, resistance to each of these drugs
has now been reported in many areas of the world (see Chapter 8) and in some areas,
multidrug resistance has become such a serious problem that, for the first time in 300 yr,
we are in danger of having no effective quinolines for use in the fight against malaria.

The alarming spread of malaria, particularly drug-resistant malaria, has led to an
urgent need for the development of novel antimalarial drugs. This process would be
greatly enhanced by a detailed molecular knowledge of the modes of action of current
antimalarial drugs. Somewhat surprisingly, the precise modes of action of the quino-
line antimalarials are still not completely understood. This chapter reviews the current
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Fig. 1. Structures of some quinoline-based antimalarial drugs and related compounds.
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state of knowledge about the targets and modes of action of the quinoline drugs and
examines some recent proposals that may lead to the development of improved derivatives.

MECHANISMS OF ACTION OF CQ

Site of Action of CQ Within the Parasite

Chloroquine has pharmacological effects against a wide range of cells as evidenced
by the fact that, in addition to its effects on malaria, it can be used to treat a range of
auto-immune diseases, including rheumatoid arthritis and systemic lupus erythemato-
sus (see refs. 3–6 for reviews). Its wide range of activities is also indicated by the
various side effects experienced when the drug is taken even at moderate doses (7–12)
and by the fatal effects of the drug when taken as an overdose (9,13,14). The multiple
effects of CQ have hindered efforts to establish the molecular basis for its inhibitory
activity against the malaria parasite. Early studies suggested that interactions of CQ
with DNA (15,16), proteases (17,18), phospholipases (19,20), or metabolic enzymes
(21–23) might underlie its antimalarial potency. However, these models failed to
explain the ability of CQ to kill plasmodia at a concentration three orders of magnitude
lower than the concentration at which it is toxic to mammalian cells (24,25).

A clue to the mechanism of action of CQ came from the observation that it is active
only against the erythrocytic stages of malaria parasites. It is not active against pre-
erythrocytic or hypnozoite-stage parasites in the liver (26), nor against mature gameto-
cytes (27–29). Indeed, CQ acts exclusively against those stages of the intraerythrocytic
cycle during which the parasite is actively degrading hemoglobin (26). It has been
inferred, therefore, that CQ must interfere with the feeding process. The proposal that
the food vacuole is the site of CQ action is supported by ultrastructural studies. The
first changes that are seen after treatment of malaria parasites with pharmacologically
relevant concentrations of CQ are swelling of the parasite food vacuole and accumula-
tion of undigested hemoglobin in endocytic vesicles (30–33). Thus, the selectivity of
action of quinoline drugs appears to derive from the fact that they target a parasite-
specific process, namely some aspect of hemoglobin digestion.

Accumulation of CQ in the Parasite Food Vacuole: Ion Gradients
or a Receptor?

Chloroquine is taken up only to a very limited extent (to concentrations about two-
fold those in the plasma) by uninfected erythrocytes (34). By contrast, CQ is thought to
be concentrated several thousandfold inside the malaria parasite (32,35,36). CQ accu-
mulation follows a biphasic pattern, with a high-affinity, low-capacity component,
which is saturated at an external CQ concentration of 20–100 nM, plus a lower-affinity,
higher-capacity component operating at higher external concentrations of CQ (37,38).
Similar profiles of CQ uptake have been observed for isolated food vacuoles (39).
Three major hypotheses have been put forward to account for CQ accumulation, and
debate still rages over the precise mechanism.

A number of early studies suggested that CQ accumulation is driven by an “ion-
trapping” or “weak-base” mechanism (38,40–42). CQ is a diprotic weak base (pKa1

 =
8.1, pKa2

= 10.2) and according to the weak base model, an unprotonated form of CQ
readily traverses the membranes of the parasitized erythrocyte and moves down the pH



90 Tilley, Loria, and Foley

gradient to accumulate in the acidic food vacuole (pH 5–5.2) (35,37,38,41,43,44). Once
protonated, the drug becomes membrane impermeable and is trapped in the acidic com-
partment of the parasite. According to this weak-base model, the level of CQ accumu-
lation depends only on the difference in pH between the external medium and the food
vacuole (24,35,37,38). Equation (1) (45) describes the relationship between the exter-
nal and intravacuolar concentrations of CQ:

(CQ)v = 1 + 10 (pKa1
 – pHv) + 10 (pKa1

 + pKa2
 – 2pHv) (1)

(CQ)0 = 1 + 10 (pKa1
 – pHo) + 10 (pKa1

 + pKa2
 – 2pH0)

where pHv and (CQ)v are the pH and concentration of CQ in the food vacuole, and pH0
and (CQ)0 are the pH and concentration of CQ in the medium.

In agreement with the predictions of this model, the concentration of CQ required
for 50% inhibition of parasite growth has been shown to be pH-dependent (46) and
proton-pump inhibitors have been shown to be antagonistic to CQ action (47,48). CQ
uptake is an active process requiring metabolic energy (24,37,46,47,49); the weak-base
model assumes that this energy is required for the maintenance of the electrochemical
gradient across the food vacuole membrane. Early estimates by Krogstad et al. (24)
suggested that the weak-base effect was insufficient to account for CQ uptake. How-
ever, more recent measurements by Hawley et al. (38) indicated that experimentally
measured levels of CQ accumulation can be adequately explained by the weak-base
effect. Making certain assumptions about the vacuolar pH and volume, these authors
estimated that the overall cellular accumulation ratio for CQ would be 1700-fold, if
accumulation was driven solely by the weak-base effect. At an external concentration
of 10 nM, the cellular accumulation ratio for CQ was shown to be 1800-fold (38).
Nonetheless, the level of accumulation has been reported to be higher in the food vacu-
oles of malaria-infected erythrocytes than in the acidic compartments of mammalian
cells, which has been taken as evidence for additional mechanisms for uptake of quino-
lines in parasite-infected erythrocytes (24).

Various studies have suggested that the kinetics and saturability of the high-affinity
component of CQ uptake are best explained by the involvement of a specific trans-
porter (43,50–52). The existence of a CQ “permease” was first proposed by Warhurst
(53) and recent studies have provided further support for a carrier-mediated mecha-
nism for CQ uptake. CQ accumulation has been shown to be inhibited in a dose-dependent
and competitive manner by 5-(N-ethyl-N-isopropyl)amiloride (EIPA), an inhibitor of
Na+/H+ exchange (54). The parasite has a Na+/H+ exchanger located on the parasite
plasma membrane where it is thought to be involved in the export of protons generated
during glycolysis (55). It has been proposed that CQ binds to the Na+ site on the
antiporter and stimulates the Na+/H+ antiporter to undergo a burst of activity that trans-
ports CQ through the exchanger (54,56). More recent work, however, has argued
against this proposal. In a sodium-free medium that would completely disable the para-
site Na+/H+ exchanger, CQ uptake was not altered and amiloride was still able to inhibit
uptake (57,58). These data argue that the plasmodial Na+/H+ exchanger does not play a
major role in CQ uptake. Indeed, it has been suggested that the parasite relies on a
V-type H+-ATPase for pH regulation rather than a Na+/H+ exchanger (59). Moreover,
the effect of EIPA on CQ uptake may result from its weak base and heme-binding
properties rather than from its effect on the Na+/H+ exchanger (see refs. 60 and 61, for
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reviews). Nonetheless, it is still formally possible that alterations in ion gradients could
indirectly affect CQ uptake. For example, Martiney et al. (62) suggested that an alter-
ation of the activity of a membrane anion channel could indirectly affect CQ transit.
Alternatively, ion channels may play a role in restoring normal cellular pH following
CQ uptake (63).

The other major hypothesis that has been put forward to account for the saturability
of CQ accumulation is the presence of a cellular “receptor.” The suggestion that free
heme (ferriprotoporphyrin IX, FP) molecules in the food vacuole might act as an
intravacuolar receptor for CQ was originally put forward by Chou et al. (64). This
suggestion initially met with little support because of the lack of evidence for a pool of
FP in the parasite in a form that would be capable of binding CQ (65). More recently,
however, estimates of the level of detergent-soluble (i.e., unpolymerized) FP in para-
sitized erythrocytes have been reported. The pool of “free” FP was measured to be
100–400 nmol/mL of packed P. falciparum-infected erythrocytes (66,67). This is suf-
ficient to account for the high-affinity component of CQ uptake. The “FP receptor”
hypothesis is strongly supported by the work of Bray et al. (57,58), who have shown
that treatment of infected erythrocytes with a protease inhibitor, which inhibits hemo-
globin breakdown and therefore FP production, decreases the uptake of CQ.

Overall, the currently available data suggest that both ion trapping and receptor bind-
ing may contribute to CQ uptake at pharmacologically important concentrations of
CQ. Whereas the difference in pH between the external and food vacuole compart-
ments is likely to contribute to the total level of CQ uptake, the rate of uptake may be
influenced by the activities of different ion channels and the saturable component of
CQ uptake is probably determined by FP binding.

Degradation of Hemoglobin: An Achilles Heel?

The mature human erythrocyte contains 310–350 mg/mL hemoglobin (68), which
equates to a FP concentration of about 20 mM. P. falciparum degrades at least 75% of
the erythrocyte hemoglobin during intraerythrocytic growth (67) to provide nutrients
and to create the physical space required for its development. The intraerythrocytic
parasite feeds by the endocytic uptake of hemoglobin from the host cytoplasm (Fig. 2).
Hemoglobin-containing vesicles are transported to a modified secondary lysosome
known as the food vacuole. The outer membrane of the endocytic vesicle fuses with
that of the food vacuole and the inner membrane of the vesicle is degraded by phospho-
lipases to release its contents (69). The hemoglobin is digested by the action of a series
of proteases (see Chapter 4 for a review). This diet of hemoglobin creates a waste-
disposal problem for the parasite as each hemoglobin monomer contains a molecule of
FP (Fig. 2). FP is relatively innocuous in the ferrous [Fe(II)] form within hemoglobin,
but becomes toxic upon release from globin. The malaria parasite may have some heme
oxygenase activity (70–72). However, this appears to be a minor pathway, as measur-
able levels of carbon monoxide, a characteristic product of FP degradation by heme
oxygenase, are not formed during growth of P. falciparum in vitro (73). Thus, the
parasite lacks the machinery for enzymic degradation of the potentially lytic FP mol-
ecules and is faced with a significant toxic-waste problem. If 75% of the 20-mM hemo-
globin protomers were quantitatively converted to free FP, the cellular concentration
of free FP could reach 15 mM. If this pool of free FP was concentrated within the food
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vacuole, which represents only 3–5% of the total parasite volume (69), the intravacuolar
FP level could reach 300–500 mM. As the cellular “free” FP in P. falciparum-infected
erythrocytes only reaches 0.1–0.4 mM (66,67), the parasite must possess a mechanism
for the disposal of the released FP molecules. Nonetheless, the data suggest that the
parasite is living on a “knife edge,” whereby its mechanisms for detoxifying FP may
only be just sufficient to prevent the toxic effects of its own metabolic waste.

A second toxic insult derives from the fact that when oxyhemoglobin is released into
the food vacuole of the parasite at about pH 5, it is rapidly converted to methemoglobin
(74), with the concomitant production of a superoxide anion (Figs. 2B and 3A) (75). At
pH 5, the superoxide will spontaneously dismutate to H2O2 (Fig. 3A) (76,77). The
parasite possesses a series of oxidant defense enzymes that will protect the parasite
cytoplasm. Plasmodial superoxide dismutase and glutathione peroxidase (78–80) have
been identified and characterized and a catalase activity has also been observed (81).
The food vacuole will be under particular oxidative stress, although it might be par-
tially protected by antioxidant enzymes adopted from the host along with the blood
meal. Several studies have shown decreased levels of catalase and superoxide dismutase
activities in malaria-infected erythrocytes compared with controls (82–86), indicating

Fig. 2. The digestive process in the malaria-infected erythrocyte and the putative mode of
action of CQ. (A) Hemoglobin degradation. Hemoglobin is taken up by a process of endocyto-
sis and degraded by a series of proteases within the acidic food vacuole. Heme is produced as a
toxic by-product. (B) Heme (FP) detoxification. Toxic FP moieties are polymerized into
insoluble granules of hemozoin. The polymerization process may be facilitated by “heme poly-
merization catalysts.” Alternatively, FP may be destroyed by reaction with H2O2 in the food
vacuole or it may diffuse into the parasite cytosol where it is destroyed by reaction with GSH.
CQ is proposed to bind to FP and inhibit FP polymerization and FP destruction, thereby leading
to a buildup of FP molecules that is toxic to parasite proteins and membranes.
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Fig. 3. (A) Generation of H2O2 in the food vacuole. In the acid conditions of the food vacuole, FP-Fe(II) in oxyhemoglobin is rapidly oxidized to
the Fe(III) state with the transfer of an electron to oxygen to generate a superoxide radical. The superoxide is spontaneously converted to H2O2. (B)
Putative mechanisms for FP destruction. FP can interact with H2O2 to form an activated intermediate that undergoes intramolecular cleavage with
degradation of the porphyrin ring (FPdeg) [pathway a, (67,122)]. Alternatively, FP can form a complex with GSH and be destroyed by a poorly defined
oxidative reaction [pathway b, (66)]. CQ can form a tight complex with FP (pathway c) which prevents FP destruction (Note: the µ-oxo dimer of FP
is represented as (FP–Fe(III))2). (C) Possible role of GSH in protection against FP-induced lipid peroxidation. The activated intermediate (FP*),
formed by reaction of FP with H2O2, can catalyze the formation of lipid peroxides (LOOH). These lipid peroxides (and secondary lipid peroxidation
products, such as aldehydes) can be destroyed by the action of GSH peroxidase or GSH transferase. Alternatively, GSH can bind FP and prevent its
activation. GSH is regenerated in the parasite by the action of GSH reductase and by de novo GSH synthesis.
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that the parasite is under substantial oxidative stress. Thus, the degradation of hemo-
globin produces a heavy burden of reactive oxygen species, which leaves the parasite
very susceptible to further oxidative insult (87,88).

Polymerization of FP: Spontaneous or Facilitated?

The process whereby FP is detoxified in the malaria parasite has been the subject of
intense study over the last few years. A prominent route for the detoxification of FP is
polymerization into crystals of hemozoin, the characteristic malaria pigment (Fig. 2B).
FP is present in hemozoin as a polymer of -hematin (i.e., a noncovalent coordination
complex with the ferric iron of each FP moiety chelated onto a carboxyl side chain of
the adjacent moiety) (89–92). The hemozoin polymer can be distinguished from other
FP aggregates by its insolubility in solvents such as sodium bicarbonate, chloroform,
and 2.5% sodium dodecyl sulfate (SDS) at low pH (93) and by its characteristic infrared
spectrum (94). The hemozoin accumulates in the food vacuole within the maturing para-
site and is released during rupture of schizonts and finally degraded by the host (95).

The molecular mechanism for the formation of hemozoin has been the subject of
much controversy. A “heme-polymerizing” activity was demonstrated in preparations
of insoluble material from malaria-infected erythrocytes (94). It was initially proposed
that this indicated the presence of a parasite-encoded enzyme that catalyzed the poly-
merization of FP (i.e., a “heme polymerase”) (Fig. 2B) (94,96). More recently, how-
ever, it has been shown that this “polymerase” activity can survive extensive boiling
and protease treatments (97,98). The robust nature of the activating agent is more con-
sistent with a nonproteinaceous catalyst and, indeed, it has been proposed that the FP
polymerizing activity of parasite preparations is the result of the presence of preformed
FP polymers (97,99). These polymers of FP are thought to act as nucleation centers,
allowing the efficient addition of further FP monomers.

The presence of preformed hemozoin templates is likely to make a significant con-
tribution to the catalysis of FP polymerization in mature-stage parasites. However, in
the initial stages of FP polymerization (i.e., when a ring-stage parasite commences
hemoglobin breakdown), FP sequestration must occur in the absence of preformed
nucleation sites. Spontaneous formation of -hematin polymers can be induced during
incubation at elevated temperatures (e.g., 70°C) (89,100); however, the rate of
uncatalyzed polymerization of FP in vitro is slow under “physiological” conditions
(98,100,101). For example, Raynes et al. (98) reported that spontaneous FP polymer-
ization (in 1-mL of a 1-mM FP preparation) occurs at a rate of less than 1 nmol/h. This
is, at best, sufficient to allow polymerization of about 3% of the free FP molecules over
a 24-h period and cannot account for the known efficiency of FP polymerization in
vivo. These data suggest that additional polymerization-enhancing factors must facili-
tate the initial phase of hemozoin formation in the food vacuole.

Fitch and Chou (102) demonstrated heat-stable and heat-labile polymerizing activi-
ties in P. berghei extracts, but these activities have not been characterized at the mole-
cular level. Bendrat et al. (103) proposed that specific lipid components in parasite
preparations may contribute to the catalysis of FP polymerization; however, Dorn et al.
(104) and Fitch et al. (105) have shown that catalytic activity of acetonitrile extracts of
malarial trophozoites can be mimicked by extracts of uninfected erythrocytes or puri-
fied lipids. Other work has indicated that histidine-rich proteins may also contribute to
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the catalysis of FP polymerization (106). HRPII and HRPIII are histidine- and alanine-
rich proteins that have been shown to bind FP (106–108). The repetitive hexapeptide
sequence (Ala-His-His-Ala-Ala-Asp) of the HRPII protein appears to be responsible
for binding FP (109,110). FP is bound as a six-coordinate, low-spin bis-histidyl ligand
(111), although the extent of binding has been shown to decrease at pH values below
the pKa for histidine (i.e., at less than pH 6.5) (112). The role of HRPII in FP polymer-
ization in vivo is still somewhat speculative. HRPII is located in several cellular com-
partments (106,108), indicating that it may have functions additional to its putative
role in enhancing FP polymerization. The existence of a parasite clone, 3B-D5, that
lacks both HRPII and HRPIII (113) also argues against an essential role for these pro-
teins in FP detoxification. The 3B-D5 clone has been shown to be CQ resistant (113),
which suggests that if histidine-rich proteins are involved in protection against the
toxic effects of FP, there must be multiple proteins that perform the same role in
P. falciparum. HRPIV has been suggested as a possible candidate for an additional
protective histidine-rich protein (106,114).

Even in the presence of lipid or histidine-rich protein catalysts, FP polymerization in
vitro is rather sluggish relative to the rate at which it must occur in vivo. Our inability
to reproduce efficient FP polymerization in the absence of parasite material may indi-
cate the involvement of additional, as-yet uncharacterized, enzymic or chemical cata-
lysts or may simply reflect our inability to reproduce experimentally the metabolic
conditions that prevail in the food vacuole. Further work is still needed to completely
characterize the FP polymerization process.

FP Degradation: An Alternative Means of FP Detoxification?

Recently, evidence has emerged to suggest that FP polymerization is not the only or
even the major means of FP detoxification in malaria-infected erythrocytes. FP bal-
ance sheets, accounting for the fate of FP moieties liberated during hemoglobin catabo-
lism, have been prepared. In P. falciparum-infected erythrocytes, about 75% of the
hemoglobin molecules are digested during growth, but only about one-third of the
released FP molecules are polymerized to form hemozoin (66,67,115). The remaining
population of FP molecules appears to be disposed of by an alternative mechanism.
Similarly, for P. berghei in rat reticulocytes, only 20–30% of the FP appears to be
sequestered into hemozoin (116). The “missing” FP molecules do not appear to simply
diffuse out of the cell, as the total content of iron in mature parasite-infected erythro-
cytes is similar to that in uninfected erythrocytes (67). This suggests that the FP must
be destroyed within the parasite with the release of the iron moiety. In the absence of
extensive heme oxygenase activity, a nonenzymic route of FP destruction must be
envisaged (Fig. 2B).

Two mechanisms have been put forward to account for the destruction of FP (Fig. 3B).
Ginsburg et al. (66) have proposed that nonpolymerized FP exits the food vacuole
and is subsequently degraded by reaction with glutathione (GSH) in the parasite
cytosol. The thiol group of GSH has been shown to bind to the FP iron with an asso-
ciation constant of 3 × 104 M–1 (117). The reaction of FP with GSH has been studied
in vitro (66,118) and appears to lead to the release of iron and oxidation of GSH. The
molecular mechanism and the products of the reaction have not been completely
characterized; however, the reaction produces oxidative radicals and is enhanced in
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HEPES buffer and somewhat inhibited by the presence of protein (66,118). Auto-
oxidation of iron has previously been shown to produce radicals from Good’s buffers,
such as HEPES (119), suggesting that an oxidative mechanism may be involved. A
role for peroxy radicals in the mechanism of FP destruction is further indicated by the
inhibitory effect of superoxide dismutase (118).

A role for GSH in FP destruction is supported by studies using murine parasites.
CQ-resistant P. berghei show reduced hemozoin production, but normal levels of hemo-
globin degradation (116), indicating that the resistant parasites have developed an effi-
cient mechanism for the disposal of FP. Using NK65-derived lines that display a range
of levels of CQ resistance, an inverse relationship between hemozoin content and GSH
and glutathione S-transferase levels was observed (120,121). These authors conclude
that GSH of erythrocytic origin detoxifies FP within the food vacuole, although it is not
clear if this could occur via GSH-mediated FP destruction, as this process occurs only
very slowly at low pH (118).

An alternative mechanism for FP destruction has been put forward by Loria et al.
(67). These authors have suggested that free FP in the food vacuole reacts with H2O2
that is formed during the conversion of oxyhemoglobin to methemoglobin. When the
contents of an endocytic vesicle (containing 20 mM hemoglobin) are released into
the food vacuole at pH 5, oxyhemoglobin undergoes spontaneous auto-oxidation with
the production of a superoxide anion (Fig. 3A) (75,76). At pH 5, superoxide spontaneously
dismutates to H2O2 and the concentration of H2O2 may reach a transient local level of
several millimolars. FP has previously been shown to react with H2O2 to form a ferryl
intermediate with the ultimate destruction of the porphyrin ring (Fig. 3B) (122–124).
Loria et al. (67) have shown that free FP undergoes rapid peroxidative decomposition
under conditions designed to resemble those found in the food vacuole (i.e., at pH 5.2),
in the presence of protein.

Both the peroxidative and GSH-mediated pathways may contribute to the destruction
of FP in malaria-infected erythrocytes. The relative contributions of these pathways
could be determined by estimating the amount of Fe(III) in the different subcellular
compartments of parasitized erythrocytes. It should be noted that the released Fe(III) is
itself potentially toxic. In the presence of reducing agents such as GSH, ferric iron can
be converted to the ferrous form, which can participate in pathways such as the Fenton
reaction. Presumably, the parasite has developed systems for protection against the
Fe(III) that is released. For example, HRPII is known to bind tightly to metal ions (125)
and may play a role in sequestering the Fe(III) and preventing it from participating in
destructive reactions.

FP Polymerization: The Target of CQ Action?

In spite of the various mechanisms that the parasite uses to detoxify FP, it is clear
that the process of hemoglobin degradation, with its associated production of FP and
reactive oxygen species, represents an “Achilles’ heel” that leaves the parasite suscep-
tible to attack by drugs that interfere with detoxification or enhance the toxicity of the
waste products. In very early studies, Mackerras and Ercole (126) noted that treatment
of P. falciparum-infected patients with quinacrine led to the production of gametocytes
with reduced pigment. Later, CQ-resistant P. berghei were shown to produce less
pigment than CQ-sensitive strains (34,127). These observations suggested that the
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mechanism of action of CQ is connected with the process of hemozoin formation. This
idea was supported by the early ultrastructural studies of Warhurst and Hockley (31)
and Macomber and Sprinz (30) which showed that CQ causes morphological alter-
ations (clumping) of pigment granules in murine parasites.

Chloroquine has been shown to form a complex with FP (64,128–132). Early studies
suggested a 1 : 2 stoichiometry for CQ binding to FP (64). However, recent studies by
Dorn et al. (133) confirmed the previous suggestion of Moreau et al. (134) that CQ forms
a complex with the µ-oxo dimeric form of FP with a stoichiometry of 1 CQ : 2 µ-oxo
dimers. Studies using nuclear magnetic resonance (NMR) have been taken to suggest
that the interaction of CQ with FP involves – stacking (134), although crystals of the
complex have never been obtained to confirm this model. The binding constant for the
FP–CQ complex is difficult to measure experimentally, because of the tendency of FP to
form higher-order aggregates. This problem is exacerbated under the low-pH conditions
that exist in the food vacuole, as, in the absence of protein, FP is largely insoluble at
pH 5. Early studies suggested a high-affinity interaction of CQ and FP (64), but recent
studies by Dorn et al. (133), using isothermal titration microcalorimetry to measure bind-
ing at pH 6.5, found a relatively low-association constant (KA = 4.0 × 105 M–1). The
strength of binding of CQ to FP may be somewhat lower again at pH 5 (133). Nonethe-
less, given the submillimolar concentration of CQ that probably is achieved in the food
vacuole (38), all of the available “free” FP is likely to be in a complex with CQ.

The ability of CQ to bind to FP led Fitch (135) to propose that CQ acts by forming a
toxic complex with free FP (Fig. 2B). The ability of CQ to interfere with FP detoxifica-
tion in vitro was first demonstrated by Slater and Cerami (94). They showed that the
polymerization of FP was inhibited by CQ at concentrations in the high micromolar
range. These data suggested a scenario whereby CQ-induced inhibition of FP polymer-
ization leads to a buildup of toxic FP molecules and/or FP–CQ complexes within the
parasite. Inhibition of FP polymerization is thus envisaged to poison the parasite with
its own metabolic debris. The ability of CQ and a number of other quinoline antima-
larial drugs to inhibit both spontaneous FP polymerization and parasite extract-
catalyzed polymerization of FP has since been confirmed by a number of workers
(97,98,100,136). The mechanism of inhibition appears to involve competition for the
FP substrate. Dorn et al. (133) found that inhibitory quinolines bind primarily to the
µ-oxo dimer form of FP and proposed that this binding inhibits hemozoin formation by
moving the equilibrium away from the monomeric form of FP that participates in the
polymerization process. There is also evidence that CQ can cap FP polymers, thereby
preventing elongation of the polymer (137,138).

The idea that quinoline compounds act by inhibiting FP polymerization is supported
by a number of structure–function studies. The antimalarial activities of a range of
compounds have been shown to be well correlated with their abilities to inhibit FP
polymerization (98,133,139–141), especially if the efficiency of drug accumulation
by parasites is taken into account (142,143). Despite these favorable structure–activity
correlations, there is still some debate as to whether FP polymerization is the primary
target of quinoline action in vivo (144). Some workers have shown a decrease in the
amount of hemozoin formed when plasmodium-infected erythrocytes are treated with
CQ (96,115), but other workers (145) found that the inhibition of hemozoin formation
was secondary to parasite killing.
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FP Degradation: Another Target of CQ Action?

More recently, CQ has been shown to efficiently inhibit destruction of FP (Fig. 3B).
The GSH-mediated pathway for FP destruction is inhibited by CQ, even when the FP is
membrane associated (66,115,146). Ginsburg et al. (66) have proposed that the reac-
tion of FP with GSH occurs outside the food vacuole (FV) and that this is where CQ
effects its action. By contrast, Loria et al. (67) have proposed that the reaction of FP
with H2O2 occurs inside the food vacuole. This reaction is also inhibited by CQ at
concentrations similar to those required to inhibit FP polymerization and well within
the concentration that it is likely to be reached in the food vacuole (67). Inhibition of
this reaction would lead to a buildup of FP and H2O2. The abilities of a range of quino-
lines and related drugs to inhibit both GSH-mediated and H2O2-mediated FP destruc-
tion have been shown to correlate well with their antimalarial activities (66,67,115,146).
For example, the 9-aminoacridine, quinacrine, has been shown to be as efficient an
inhibitor of the peroxidative destruction of FP as CQ, whereas epiquinine (Fig. 1), a
quinoline compound with very low antimalarial activity, has little inhibitory effect (67).
Furthermore, treatment of P. falciparum-infected erythrocytes with CQ has been shown
to lead to a buildup of membrane-associated FP within the parasite (66,67). The
involvement of H2O2 in the mechanism of action of CQ is supported by the finding that
the activity of CQ against P. falciparum is enhanced in the presence of hydrogen per-
oxide (147). The involvement of GSH in the mechanism of action of CQ is supported
by the finding that treatment of P. falciparum- or P. berghei-infected erythrocytes with
a GSH antagonist enhances CQ action (66,120). Assuming that the peroxidative and
GSH-mediated destruction pathways are major routes for FP destruction in the para-
site, inhibition of these pathways by CQ, in combination with the inhibition of FP
polymerization, could lead to an accumulation of FP moieties that would eventually
overwhelm the parasite’s defense mechanisms.

Oxidative Defense Mechanism: Yet Another Target of CQ Action?

A number of processes operate in the food vacuole to decompose the H2O2 that is
produced in parasitized erythrocytes as a consequence of the conversion of oxyhemoglo-
bin to methemoglobin. Host-derived glutathione peroxidase would have very little activ-
ity at the pH of the food vacuole (148); however, catalase remains active at pH 5 (149)
and may contribute to H2O2 decomposition until it is digested by vacuolar proteases.
Another possible route for H2O2 breakdown comes from the observation that FP itself
can decompose H2O2 via catalase-like and peroxidase-like activities (123,124,150,151).
This reaction occurs efficiently under the conditions of the food vacuole (67). Thus, the
enzyme-like activities of free FP may contribute to the detoxification of reactive oxy-
gen species. It has been shown that CQ is an efficient inhibitor of the catalase-like and
peroxidase-like activities of FP (67,124,151). The formation of CQ–FP complexes in
the food vacuole could prolong the half-life of any hydrogen peroxide that is produced.
This buildup of H2O2 would exacerbate the oxidative stress caused by hemoglobin
breakdown.

FP Toxicity: The Final Mediator of CQ Action?

As detailed earlier, the available evidence indicates that one of the major conse-
quences of CQ treatment is likely to be a buildup of free FP molecules. The question
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remains: What is the final target of this CQ-induced accumulation of FP? Moderate FP
concentrations have been shown to inhibit parasite enzymes (18,152), to disrupt mem-
brane ion gradients (153), and to lyse cells (130,154,155), presumably the result of the
detergent-like properties of this amphipathic molecule. The direct chemical toxicity of
FP, however, is greatly diminished in the presence of excess protein (156). Given that
the food vacuole environment is likely to be rich in intact and partially digested protein
components, including the FP-binding histidine-rich proteins, free FP may not be toxic
unless it reaches very high concentrations. The available estimates suggest that, even
in the absence of CQ, P. falciparum-infected erythrocytes contain 0.1–0.4 mM
unpolymerized (i.e., detergent-soluble) FP (66,67). This level is approximately doubled
upon treatment with CQ (66,67). If this FP is localized to the food vacuole, it could
reach concentrations of several millimolars even in the absence of CQ. Such a high
concentration of “free” FP seems unlikely, as this would be sufficient to destroy most
cellular membranes. This suggests that most of the nonpolymerized FP is probably
sequestered into a nontoxic state either by aggregation at the low pH of the food vacu-
ole or by binding to proteins. Nonetheless, toxic effects of the FP moieties may eventu-
ate when FP builds up to a level that overwhelms the parasite’s defense systems.
Alternatively, the FP–CQ complex may be significantly more toxic than FP alone.

Apart from its direct detergent-like effects, FP has cytotoxic activity via a free-
radical-dependent mechanism (157). Free FP can catalyze the peroxidation of a wide
range of substrates (67,123,151). The ability of FP to intercalate into lipid bilayers
allows it to catalyze the peroxidation of unsaturated lipids, which can destroy mem-
brane integrity (Fig. 3C) (158). The increased oxidative stress in parasite-infected eryth-
rocytes is indicated by decreased levels of antioxidant defense molecules (82–86,159)
and by the fact that they are significantly more susceptible to free-radical-mediated
damage to lipids (87,160,161). CQ has been shown to inhibit FP-catalyzed peroxidation
of soluble substrates (67,151). However, CQ enhances the ability of FP to intercalate
into membranes (67,162) and, under some conditions, can enhance the ability of FP to
catalyze lipid peroxidation (163) (Loria P, Tilley L, 1999, unpublished data). Thus, the
buildup of CQ–FP complexes may enhance the toxicity of the reactive oxygen species
produced during hemoglobin degradation. If peroxidative damage to membrane lipids
or membrane-embedded proteins is the final target of CQ action, this would explain the
irreversible nature of CQ activity against the parasite (20).

It will be clear from the above discussion that despite significant advances in our
understanding of CQ action over the last few years, the precise mechanism of parasite
killing by CQ is still not completely understood. Part of the difficulty in attempts to
unravel the mechanism(s) of action of CQ is the complex interplay between the malarial
parasite and its erythrocytic host. It is likely that CQ inhibits parasite growth by a
number of additive or synergistic effects that are difficult to reproduce in studies on
parasite components. Nonetheless, it seems very likely that FP–CQ interactions pro-
vide an essential key to understanding the molecular mechanism of CQ action. This
allows us to define the following characteristics as being important in the design of an
active quinoline antimalarial drug. The drug should (1) show tight binding to FP, (2) be able
to inhibit FP polymerization, (3) be able to inhibit FP destruction, and (4) be able to pro-
mote FP-induced membrane or protein damage. In addition, the drug needs to be able to
gain ready access to FP within the parasite.
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Mechanisms of CQ Resistance
The molecular basis for the development of resistance to CQ has been the subject of

much scientific dispute. One interesting early observation was that quinoline drug resis-
tance in P. falciparum has some parallels with multidrug resistance (MDR) in tumor
cells, the most striking of which is the ability of verapamil and a number of other mol-
ecules to modulate both CQ resistance and tumor MDR (164,165). MDR in tumor cells
can be the result of the overexpression of an ATP-dependent drug transporter, known
as P-glycoprotein (166) and excitement was generated when a homolog, designated
pfmdr1, was amplified from P. falciparum genomic DNA (167,168). Early studies sug-
gested a correlation between the presence of specific pfmdr1 alleles and CQ resistance
(167,168). A number of further studies did not support a tight correlation (113,169);
however, recent transfection studies demonstrate that particular pfmdr1 alleles are respon-
sible, at least in part, for the CQ-resistance phenotype (170). Chapter 8 provides an
in-depth analysis of the different mechanisms that have been put forward to account
for CQ resistance. It also includes a discussion of the genetic studies indicating that
proteins encoded by a region on chromosome 7 are involved in CQ resistance (171,172).
In this chapter, we will concentrate on those studies that may further our understanding
of the mechanism of action of CQ.

Chloroquine-resistant parasites accumulate CQ in their acidic food vacuoles less
efficiently than CQ-sensitive strains, suggesting that drug-resistance results, at least in
part, from exclusion of the drug from the site of action rather than an alteration in the
CQ target (35,37,39), although a decrease in target susceptibility may also be involved
(40,42,173,174). A number of studies have indicated that the decreased steady-state
levels of CQ are the result of a diminished level of accumulation rather than a drug
export mechanism (20,42,47,175,176). As detailed earlier, it appears that effective CQ
action relies on efficient CQ uptake, tight binding to the µ-oxo form of FP and, eventu-
ally, FP-mediated lytic or peroxidative damage. Thus, CQ resistance could arise as a
result of interference with one or more of these events. For example, changes in vacu-
olar conditions or the physical state and accessibility of the FP molecules could affect
the uptake of CQ and the efficiency of formation of CQ–FP complexes. Alternatively,
increased expression of FP-binding proteins or alterations in parasite oxidant defense
mechanisms could protect the parasite against the downstream effects of CQ. In real-
ity, it is likely that CQ resistance is a multigenic phenotype whereby several separate
mutational events contribute to a decreased sensitivity to CQ.

Recent data by Bray et al. (57) suggests that the decreased uptake of CQ by CQ-
resistant parasites is the result of an alteration in the access of CQ to free FP in the food
vacuole. According to their analysis, the decreased uptake of CQ does not result from a
decrease in the number of binding sites, but from a decrease in the apparent affinity of
CQ for these sites. There are several possible molecular explanations for this decreased
affinity. First, FP-binding proteins in the parasite food vacuole could compete with CQ
for binding sites; FP-binding proteins, including the histidine-rich proteins, have been
identified in plasmodia (106,177). However, no candidate proteins associated with CQ
resistance have yet been identified. Second, a change in the apparent affinity of CQ for
FP could arise from a modified vacuolar pH (42,47). For example, an increase in vacu-
olar pH of 0.5 units would be sufficient to decrease CQ accumulation by 10-fold
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(45,175). Studies on digitonin-permeabilized infected erythrocytes did not reveal large
differences in the pH of the vacuoles of CQ-sensitive and CQ-resistant parasites (43),
however, further studies using intact parasitized erythrocytes may be needed to detect
the small pH changes that may be involved. Ursos et al. have recently reported that the
pH of the food vacuole of a CQ-resistant strain of P. falciparum (Dd2) is lower than
that of a CQ-sensitive strain (HB3). They propose that aggregation of FP in the more
acid pH conditions prevents CQ binding to FP and thus decreases CQ uptake. Further
studies are required to confirm this finding in other parasite strains. Third, the apparent
binding affinity might decrease if the “free” FP in the food vacuole was converted to an
aggregated form that bound CQ less tightly. Finally, the FP could be transferred to the
parasite cytosol, where the concentration of CQ would be lower and the amount of
competing FP-binding moieties higher.

Some insights into CQ action may be gained from studies of CQ-resistant strains of
murine parasites. CQ-resistant P. berghei produces less visible pigment than CQ-
sensitive strains; however, the extent of hemoglobin digestion is not decreased
(116,179). Thus, FP is still released at the same rate, but the parasite presumably has
developed alternative CQ-insensitive mechanisms for its disposal. CQ-resistant murine
parasites have been shown to have increased levels of GSH and glutathione S-transferase
activity (120,180). Moreover, buthionine sulfoximine, a specific inhibitor of glu-
tathione synthesis, partially reverses CQ resistance and leads to a significant increase
in hemozoin production (120,121). This suggests that GSH plays a very important role
in the development of CQ resistance in P. berghei.

In P. falciparum-infected erythrocytes, the level of hemozoin production does not
appear to correlate with CQ resistance (115). However, loading of parasitized erythro-
cytes with GSH has been shown to decrease susceptibility to CQ, whereas treatment
with buthionine sulfoximine increases susceptibility to CQ (66). Thus, the GSH level
appears to be at least one factor that can regulate CQ resistance in P. falciparum. It
is interesting to speculate on the multiple roles that GSH might play in producing a
CQ-resistant phenotype. There is no evidence to suggest that GSH reacts with CQ and
CQ resistance does not appear to be associated with drug metabolism (181). However,
GSH can bind FP (117,182) and may compete with CQ for access to FP. This could
lead to a decrease in the level of CQ accumulation. Moreover, the binding of GSH
to FP has been shown to protect cells against FP-mediated lysis (182) and against
FP-catalyzed lipid peroxidation (117). GSH also can bring about the direct destruc-
tion of FP molecules (see the subsection FP Degradation—An Alternative Means of
FP Detoxification).

In addition to these enzyme-independent interactions, GSH is involved in a range of
enzyme-mediated detoxification mechanisms. For example, glutathione S-transferase
(GST) can catalyze the reaction of FP with GSH (183,184). GST can also destroy lipid
peroxides (185) and catalyze the conjugation of GSH with a variety of secondary sub-
strates of lipid peroxidation (186,187). A further beneficial effect may derive from the
removal of H2O2 via the glutathione peroxidase reaction (188). Some possible points
of interaction of the GSH-mediated detoxification pathways with the pathways for
FP-induced lipid damage are indicated in Fig. 3C. It is important to note that treatment
with CQ does not increase flux through the hexose–monophosphate shunt (81,189), as
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might be predicted from this scheme and that GSH reductase activity is reduced by CQ
treatment (180). This may result from inhibition of GSH reductase by FP or FP–CQ
complexes (190), which would exacerbate the toxic effects of FP. Clearly, further work
is required to fully understand the interplay between FP and GSH. This may lead to the
development of synergistic treatments that target both GSH metabolism and the FP
detoxification pathways.

The above considerations allow us to speculate on the possible roles for Pgh-1, which
has been shown to play a role in CQ resistance ([170]; and also the subsection Mecha-
nisms of Resistence to the Quinolinemethanols and Chapter 8 for further details). Pgh-1
is probably not involved in direct transport of CQ (for a review, see ref. 178); however,
it is possible that it might control ion gradients and thus indirectly regulate the localiza-
tion of CQ. Alternatively, Pgh-1 may be involved in the transport of hydrophobic toxins
into the food vacuole for detoxification. Conceivably, Pgh-1 might be responsible for
the retrieval of FP that has leaked out of the food vacuole, perhaps in the form of FP-GSH
complexes. A mutated form of Pgh-1 may allow the FP to escape to the larger volume
of the cytosol, thus decreasing the concentration of the FP below the KD for binding to
CQ. A third possibility is that Pgh-1 might be involved in protecting membranes against
FP-induced damage. Enhanced transport of oxidized lipid products or complexes of
these products with GSH into the food vacuole might help protect the parasite against
oxidative damage. Members of the P-glycoprotein family have previously been shown
to act as transporters of lipids and GSH conjugates (191,192). Clearly, further work is
required to test these various possibilities.

MECHANISMS OF ACTION OF OTHER QUINOLINE ANTIMALARIALS

In the face of increasing CQ resistance, a number of quinoline antimalarial drugs
that are active against CQ-resistant parasites have been developed. Massive screening
programs in the United States, at the end of the Second World War, produced the
4-aminoquinoline amodiaquine (see ref. 193, for a review). Amodiaquine has been used
as an alternative to CQ for the prophylaxis of malaria for over 40 yr. In 1963, because
of problems in Vietnam with CQ-resistant malaria, the Walter Reed Army Institute for
Research initiated a further large-scale screening program to identify additional anti-
malarial drugs. From the 300,000 compounds that were screened (see ref. 194 for a
review), only a handful of useful drugs emerged. The most promising group of compounds
were the 4-quinolinemethanols, which are structural analogs of quinine (see ref. 195 for
a review). Mefloquine has proven to be effective in antimalarial chemotherapy in the
field over the last 30 yr, especially against CQ-resistant strains of malaria parasites,
although resistance and worries about toxicity are now limiting its use (196,197). A
related class of compounds to emerge from the Walter Reed screening program were
compounds in which the quinoline portion of the 4-quinolinemethanols was replaced
by a different aromatic ring system to form the aryl(amino)carbinols. The subclass
of 9-phenanthrenemethanols showed the most promise and halofantrine (Fig. 1) has
been used to treat CQ-resistant malaria (198,199), although its usefulness has been
restricted by reports of serious cardiotoxicity (200). More recently, another amino-
alcohol, benflumetol, and the azacrine-type Mannich base, pyronaridine (Fig. 1), have
been introduced into the field (for a review, see ref. 201). Although these drugs are not
quinoline based, the available evidence suggest that they have similar mechanisms of
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action (see Chapter 13 for a more extensive description of these novel antimalarial
drugs). In this chapter, we will concentrate on some of the quinoline-containing drugs
that have been proven in the field in the hope that an analysis of the mechanisms of
action of these drugs may reveal structure–function relationships that will lead to the
development of novel and more active drugs.

Mechanism of Action of Other 4-Aminoquinolines

Chloroquine is a member of a general class of 4-aminoquinolines, in which the
quinoline nucleus is substituted in the 4-position with a basic side chain. This class also
includes amodiaquine and a number of amodiaquine derivatives (143), as well as a
series of novel bisquinolines (Fig. 1) (98,202,203) and a series of quinolines with short-
ened side chains (204,205). These drugs probably all have a similar mechanism of
action. Amodiaquine is closely related to CQ, differing only by having a p-hydroxy-
anilino aromatic ring in its side chain (Fig. 1). Amodiaquine is a more active inhibitor
of the growth of P. falciparum in vitro than CQ (206); however, amodiaquine is rapidly
metabolized in vivo to its desethyl derivative (207), which has a significantly reduced
activity. Amodiaquine competitively inhibits CQ accumulation and vice versa, suggest-
ing that these compounds share a similar mechanism of accumulation (208). Like
CQ, amodiaquine is a diprotic weak base, but the pKa values are lower (pKa1

= 7.1, pKa2

= 8.1), so that amodiaquine might be expected to be accumulated less efficiently in the
parasite food vacuole, on the basis of ion trapping. In fact, amodiaquine is accumulated
more efficiently than CQ, indicating that uptake is enhanced by an additional mecha-
nism (38).

Amodiaquine has been shown to bind to FP (133,143,209) with a slightly lower
affinity than CQ (KA = 105 M–1 at pH 6.5). However, it inhibits FP polymerization in
vitro with a similar efficiency to CQ (133,210), suggesting that it also exerts its activity
by interfering with FP detoxification. Amodiaquine has also been shown to inhibit
hemozoin formation and cause FP accumulation in parasitized erythrocytes and to effi-
ciently inhibit the GSH-mediated destruction of FP in vitro (66,115). Mungthin et al.
(211) showed that inhibition of hemoglobin degradation antagonizes the action of amo-
diaquine, further indicating a role for FP binding in the action of amodiaquine. Thus,
amodiaquine and other 4-amioquinolines probably act in a manner similar to CQ.

Mechanism of Resistance to Other 4-Aminoquinolines

When amodiaquine was first introduced into the field as an alternative to CQ, it
appeared to be active against CQ-resistant P. falciparum. Resistance to amodiaquine
and its derivatives has, however, inevitably followed in the path of CQ resistance (212).
Furthermore, there is substantial evidence in both field and laboratory studies for cross-
resistance between CQ and amodiaquine or its metabolites (26,173,174,207) as well as
between CQ and the 9-aminoacridine quinacrine and the Mannich base pyronaridine
(213,214).

Some 4-aminoquinolines appear, however, to at least partially escape the CQ resis-
tance mechanism. For examples, a series of CQ analogs with shortened side chains
(204,205) and a series of bis-4-aminoquinolines (98,202,203,215–218) have been
shown to have activity against CQ-resistant parasites. More extensive testing of these
novel 4-aminoquinolines against a large number of strains of P. falciparum revealed a
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degree of cross-resistance with CQ (203,219). However, these studies suggest that the
CQ-resistance mechanism can be overcome, at least partially, by minimal changes in
the CQ structure. In the absence of a clear understanding of the mechanism of resis-
tance to CQ, it is difficult to predict structural features that might be associated with
activity against CQ-resistant strains. However, clearly, it is essential to undertake fur-
ther studies of the ability of these drugs to interact with FP. In particular, it may be
useful to examine these interactions in the presence of GSH or FP-interacting proteins,
such as HRPII (106). This may lead to information that will be useful in the design of
new 4-aminoquinolines that overcome the mechanism of CQ resistance.

Mechanism of Action of the Quinolinemethanols

The quinolinemethanol antimalarial drugs comprise a quinoline nucleus with an
amino alcohol side chain. Quinine and cinchonine, and their respective stereoisomers,
quinidine and cinchonidine (see Fig. 1), were first identified as the major alkaloids of
the Cinchona bark, and all possess antimalarial properties (see ref. 220 for a review).
Quinine and quinidine continue to be important in the therapy of malaria (194,221),
either alone or in combination with antibiotic antimalarials (222). Quinidine is a more
potent antimalarial than quinine, but it has a higher cardiotoxicity (194). The synthetic
quinolinemethanol mefloquine is more active and better tolerated than quinine and is
effective as a single-dose therapy (195,196,223).

Mefloquine and quinine are lipophilic drugs that bind tightly to serum compo-
nents, including high-density lipoproteins (224,225). This may facilitate the delivery
of mefloquine to the parasite, as plasmodia have been shown to accumulate lipids
and other hydrophobic molecules from the serum (226,227). Mefloquine also binds
with high affinity to membranes (228) and uninfected erythrocytes (229,230), equili-
brating between saline solution and erythrocyte membranes with a partition coeffi-
cient of 60 (224,229). High-affinity binding to erythrocytes and other cells may
provide a reservoir of mefloquine and contribute to the very long half-life of
mefloquine in the body (225,231).

Mefloquine and quinine competitively inhibit CQ accumulation, suggesting that
these compounds share a similar mechanism of accumulation (231,232), although,
unlike CQ, quinine action is not inhibited by proton-pump inhibitors (48). Moreover,
mefloquine and quinine are much weaker bases than CQ. Mefloquine has a pKa1

value
below 2 and a pKa2

value of 8.6 (224,233), whereas quinine has a pKa1
value of approx 4.2

(234) and a pKa2
value of 8.2–8.5 (224,234). The quinolinemethanols will, therefore,

be monoprotonated under physiological conditions. According to Eq. (1), the
quinolinemethanols will be concentrated in the food vacuole only about 200-fold
(35,41). Despite this, mefloquine is a more potent inhibitor than CQ of the growth of
drug-sensitive strains of P. falciparum (235–237). One possible explanation for this
apparent discrepancy is that the uptake of the quinolinemethanols is enhanced by the
action of a specific transport system (225,232). Quantitative studies on the uptake of
quinine and mefloquine by parasitized erythrocytes are complicated by the hydropho-
bic nature of these drugs, but available estimates indicate that quinolinemethanols are
accumulated much less efficiently than CQ (49). A second alternative is that the
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quinolinemethanols may act on a different molecular target to CQ. This suggestion is
supported by the finding that mefloquine and quinine are antagonistic in action with
CQ (48,238).

Like CQ, the quinolinemethanols act primarily on the intraerythrocytic asexual
stages of the parasite (239–241). Ultrastructural studies indicate that mefloquine causes
morphological changes in the food vacuole of P. falciparum. The changes resemble the
alterations observed after CQ treatment, except that mefloquine appears to cause degran-
ulation of hemozoin rather than the clumping of pigment observed in murine parasites
treated with CQ (236,242,243). Blocking FP release with a protease inhibitor has been
shown to be antagonistic to mefloquine action, as it is to CQ action (138,211). These
finding have led some authors to suggest that the mechanism of action of the
quinolinemethanols may be similar to that of CQ (see refs. 138 and 210 for reviews).
However, although evidence that FP interactions underpin the mode of action of the
4-aminoquinolines is quite compelling, it is not clear that FP is the only or even the
major target for the antimalarial action of the quinolinemethanols.

Mefloquine interacts only weakly with free FP, with a recently reported KA value of
1.2 × 104 M–1 at pH 6.5 (133). Mefloquine inhibits FP polymerization in vitro, with an
efficiency that is similar to or somewhat less than that of CQ (98,133,136), although
mefloquine has been reported to cap FP polymers with a higher efficiency than CQ
(138). High concentrations of mefloquine are reported to inhibit hemozoin formation
in P. falciparum-infected erythrocytes in vitro (115); however, treatment of P. berghei-
infected mice with mefloquine and quinine had no effect on hemozoin production (136).
Mefloquine has also been shown to be a less potent inhibitor than CQ of the peroxidative
destruction of FP (67) and GSH-mediated FP destruction (66), especially for membrane-
associated FP (115). Furthermore, mefloquine does not enhance FP-catalyzed lipid
peroxidation to the same extent as CQ (163) and has been shown to interfere with the
ability of CQ to enhance FP-induced cell lysis (244).

The available data suggest, therefore, that mefloquine may interfere with a different
step in the parasite feeding process than that inhibited by CQ (241). Desneves et al.
(225) used the technique of photoaffinity labeling to identify two high-affinity
mefloquine-binding proteins with apparent molecular masses of 22–23 kDa and 36 kDa
in P. falciparum-infected erythrocytes. The identities of these proteins have not yet
been established, but they may be involved in mefloquine uptake or action. There is
also increasing evidence to suggest a role for the plasmodial P-glycoprotein (Pgh-1) in
mefloquine resistance (see the next subsection and Chapter 8). This raises the possibil-
ity that Pgh-1 may be the target of action of mefloquine.

Quinine also interacts rather weakly with FP (KA = 2.1 × 104 M–1 at pH 6.5) (133)
and inhibits FP polymerization with a similar efficiency to mefloquine (102,136). Qui-
nine is less effective than CQ as an inhibitor of FP catalase-like and peroxidase-like
activities (124,151), and it is only a weak inhibitor of GSH-mediated FP destruction
(115). In the absence of a specific transporter, quinine is likely to be accumulated less
efficiently in the food vacuole than CQ. These data indicate that the mechanism of
uptake and action of quinine may be similar to that of mefloquine, and rather different
to that of CQ.
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Mechanisms of Resistance to the Quinolinemethanols

The first reports of decreased sensitivity to quinine occurred in Brazil as early as
1910 (see refs. 212 and 245). However, as quinine has been used much less extensively
than CQ, it has retained its efficacy in the field much longer (246). Nonetheless, reports
of quinine resistance are increasing (247) and efficacy with quinine treatment has fallen
below 50% in some parts of Southeast Asia, where quinine has been used to treat
CQ-resistant parasites (248). Resistance to mefloquine has been rising inexorably ever
since this drug was introduced in the 1970s (249–252). A detailed analysis of the clinical
and molecular aspects of quinolinemethanol resistance are given in Chapters 5 and 8.
Here, we will concentrate only on those aspects that may shed some light on the mecha-
nism of action of the quinolinemethanols.

Like CQ resistance, mefloquine resistance appears to have parallels with the MDR
of tumor cells. Resistance to mefloquine is not reversed by verapamil or chlorprom-
azine, but it can be reversed by penfluridol (253,254). In field isolates of P. falciparum,
mefloquine resistance is associated with an amplification of the pfmdr1 gene
(169,237,255) and overexpression of its protein product, the P-glycoprotein homolog,
Pgh-1 (237). Moreover, selection for mefloquine resistance in vitro leads to an ampli-
fication and overexpression of the pfmdr1 gene (237,256,257). Pgh-1 is partially local-
ized in the membrane of the parasite food vacuole (258), which is consistent with a
direct role in drug transport, and recent transfection studies confirm that the presence
of particular pfmdr1 alleles is associated with increased mefloquine resistance (170).
Resistance to halofantrine and quinine also increases during selection for mefloquine
resistance, suggesting a similar underlying mechanism (237,255,257). It is likely, how-
ever, that mefloquine resistance can arise by more than one mechanism, as some strains
of P. falciparum have been found to become mefloquine resistant without an amplifi-
cation or alteration of the pfmdr1 gene (259,260).

Mefloquine has been shown to interact with high affinity with human P-glycopro-
tein (261). This may explain the neurotoxic side effects of this drug (261) and indicates
that the quinolinemethanols may be good substrates for P-glycoprotein transporters.
However, the precise mechanism by which pfmdr1 might mediate mefloquine (MQ)
resistance is still not clear. Pgh-1 is located mainly on the food vacuole membrane
(262) and is oriented with its nucleotide-binding domain exposed to the parasite cyto-
plasm (262), which suggests pumping of substrates into the food vacuole rather than
out. An increase in copy number would result in an increased transport of mefloquine
into the food vacuole. If the target of mefloquine is in the food vacuole, this increased
transport would be expected to increase rather than decrease the sensitivity of the para-
site to mefloquine. This argument suggests that the site of quinolinemethanol action is
outside the food vacuole or within the food vacuole membrane itself. One possibility is
that Pgh-1 itself is the target of action of the quinolinemethanols. If, as suggested in the
subsection Mechanisms of CQ Resistance, Pgh-1 is involved in the detoxification of
FP by transporting FP–GSH complexes into the food vacuole, MQ might interfere with
this process. Overexpression of Pgh-1 might, however, allow it to function even in the
presence of mefloquine. By contrast, if the lumen of the food vacuole is the major site
of CQ uptake and action, increased expression of Pgh-1, and thus transport of FP into
the food vacuole lumen, would be expected to enhance CQ sensitivity, as indeed has
been observed (167).
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FUTURE DIRECTIONS

From the above discussion, it will be clear that the studies of the past decade have given
a glimpse of the molecular basis of quinoline drug action, although the details are still
somewhat murky. If the components involved in the action of the quinoline antimalarials
could be identified and fully characterized, a functional approach to the design of novel
antimalarials would become a possibility. If, for example, tight binding to FP was
confirmed as an essential component of quinoline drug action, it should be possible to
set up rapid and inexpensive assays of FP binding in vitro, that could be used in the
search for potential new chemotherapeutic reagents. The assays for peroxidative and
GSH-mediated FP degradation are very simple to perform and could easily be adapted
to high-throughput screening. If it can be shown that the level of FP–quinoline
interaction in vivo depends on competition with FP-binding proteins or GSH, then
binding or activity assays should be set up in the presence of these components. These
assays might decrease the need for costly empirical searches for new antimalarial drugs
(see ref. 263 for a review).

The belief that FP detoxification processes play an important role in CQ action has
already led to the identification of a number of potential new antimalarial compounds.
Two series of aminoquinolines with different substituents (264,265), several series of novel
bisquinolines (98,203,266), a series of FP analogs (139,267), a series of xanthones
(268), a novel class of multidentate metal coordination complexes (141), a series of
8-aminoquinolines (269), as well as the original synthetic antimalarial drug, methylene
blue, and derivatives (140) have all been shown to have antimalarial activities that at
least are partially correlated with their abilities to inhibit FP polymerization. More-
over, recent evidence suggests that artemisinin also exerts its antimalarial activity by a
similar mechanism to CQ (270). The suggestion that a large number of the antimalarial
drugs in our armory target a single metabolic pathway is somewhat disconcerting. How-
ever, available evidence suggests that although the modes of action of these drugs may
be related, the mechanisms of resistance may be quite distinct. Thus, further analysis of
the FP detoxification processes may point to further useful compounds that are active
against CQ-resistant parasites.

A knowledge of the mechanism of quinoline drug resistance would also facilitate
the design of drugs or drug combinations that overcome the resistance mechanism. If it
can be shown that GSH-dependent pathways are important in the mechanism of CQ
resistance, then enzymes involved in GSH synthesis and metabolism should be tar-
geted. In this regard, it is useful to note that the genes for GSH reductase (271,272) and
a related thioredoxin reductase (273–275), as well as -glutamylcysteine synthetase
(276) and GSH peroxidase (80) have already been identified. Of these, glutathione
reductase (PfGR) appears to be a likely candidate for a novel antimalarial drug target.
The parasite enzyme is distinguished from other glutathione reductase enzymes by
the presence of a 34-amino-acid insertion between the flavin-adenine dinucleotide
(FAD)-binding motif and the the conserved H8 helix, which could modulate the enzyme
activity (271). A functional recombinant version of PfGR has been produced and shown
to be preferentially sensitive to methylene blue (277). Interestingly, methylene blue (Fig. 1)
has a basic side arm and was the precursor for the development of the synthetic quino-
line antimalarials (see ref. 178 for a review). It inhibits FP polymerization and has been
proposed to exert its antimalarial activity, in part, by an effect on FP detoxification
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(140). This leads to the intriguing suggestion that commonly used quinoline anti-
malarials might be enhanced by combination with drugs that inhibit PfGR.

Inevitably, given time and sufficient exposure to sublethal doses, the malaria para-
site almost certainly will evolve the means to defeat any new chemotherapeutic strat-
egy that can be devised. It is hoped that, eventually, an effective malaria vaccine will
be available to help in the fight against the disease, although this still seems some way
off. Meanwhile, it is essential that we keep one step ahead of the parasite—a task that
will be greatly facilitated by our increasing understanding of the molecular mecha-
nisms involved in drug action and resistance.

NOTES ADDED IN PROOF
1. The recent work of Pagola et al. (92) indicates that the crystals are composed of dimers

linked through reciprocal iron-carboxylate bonds rather than true polymers, however the
commonly used term, FP polymer, is retained throughout this review.

2. Usros et al. (278) have recently reported that the pH of the food vacuole of a CQ resistant
strain of P. falciparum (Ddz) is lower than that of a CQ sensitive strain (HB3). They
propose that aggregation o f FP in the more acid pH conditions prevents CQ binding to FP
and thus decreases CQ uptake. Further studies are required to confirm this finding in other
parasite strains.
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INTRODUCTION

The 8-aminoquinolines emerged during the 20th century as the only family of
antimalarial compounds with activity against multiple life-cycle stages of the plasmodia
that infect humans. Primaquine, the lone representative of 8-aminoquinolines among
licensed antimalarials, has been in use for over 50 yr. It remains the only drug licensed for
the prevention of malaria relapse (i.e., killing liver stages of the parasite). Primaquine also
kills asexual blood stages and sterilizes the sexual-stage gametocytes. Thus, primaquine
can prevent infection or relapse, cure disease, and prevent transmission of the infection.
This broad range of activities represents the promise held in this family of compounds. A
new 8-aminoquinoline, tafenoquine (WR 238605), is now in clinical trials and may revolu-
tionize the prevention of malaria in travelers. Moreover, tafenoquine may provide an
urgently needed weapon to combat epidemic malaria with a single regimen of therapy. The
factor that most jeopardizes such utility is another trait shared by many 8-aminoquinolines,
hemolytic toxicity in people lacking glucose-6-phosphate dehydrogenase (G6PD). G6PD
deficiency is one of the most common genetic abnormalities in human beings, and it is
especially common where malaria is or has been endemic. The challenge for pharma-
cologists, biochemists, and parasitologists is separating the therapeutic properties of
8-aminoquinolines from hemolytic toxicity. This chapter will summarize knowledge
regarding mechanisms of therapeutic and toxic activities and point out areas where further
investigation may lead to advances in our understanding of these mechanisms.

The history of 8-aminoquinolines for malaria began over 100 yr ago when Paul Ehrlich,
the “father of chemotherapy,” observed selective uptake and staining of tissues by dyes
such as methylene blue (1,2). He hypothesized that such selectivity was the result of the
existence of specific receptors to which the dye binds and that one could affect parasites
residing within those tissues by targeting these receptors. Ehrlich discovered that methyl-
ene blue had antimalarial activity, leading to the development of the 8-aminoquinolines.
German synthetic chemists developed pamaquine (plasmochin, plasmoquine), the first
8-aminoquinoline for malaria, during the 1920s (Fig. 1). Pamaquine had less activity
against falciparum malaria and greater toxicity than expected, but it was effective in
preventing relapse caused by vivax malaria and as a transmission-blocking drug.
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Not until the second World War were efforts renewed to synthesize and systemati-
cally evaluate other 8-aminoquinolines. The malaria problem was recognized as a stra-
tegic threat to US forces deployed to some of the most malarious areas of the world (3).
Extensive research resulted in the discovery of primaquine (Fig. 1). This drug was
widely used by United Nations forces deployed to Korea beginning in 1950, where
endemic vivax malaria infected many thousands of troops.

Primaquine remains the standard by which other 8-aminoquinolines are compared.
Successfully used for the radical cure of vivax malaria since the late 1940s, primaquine
remains the only drug approved for this indication. However, like most drugs, it
presents disadvantages and limitations. Primaquine has a narrow therapeutic window
and can cause side effects at the higher doses sometimes needed to effect cure.
Therapeutic doses often produce gastrointestinal discomfort unless taken with food. More
importantly, primaquine induces acute intravascular hemolysis in people with an inborn
deficiency of G6PD. The relatively short half-life (4–6 h) of primaquine requires daily
administration for 14 d to achieve cure. This regimen often results in poor compliance
and therapeutic failure. Military conflicts engaging US forces in Korea and Vietnam

Fig. 1. Antimalarial 8-aminoquinolines and methylene blue. Primaquine has only a side-
chain modification from pamaquine, whereas tafenoquine retains the primaquine side chain,
but has ring substitutions.
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prompted reinvigoration of synthesis and screening efforts to develop a drug with the
therapeutic properties of primaquine but with a longer half-life and better safety margin.

The Vietnam War, in conjunction with the emergence of chloroquine-resistant Plas-
modium falciparum in Southeast Asia, provided a major impetus for antimalarial drug
development, including the effort to improve upon primaquine. The Walter Reed Army
Institute of Research (WRAIR), in collaboration with many other groups, led the effort
to synthesize and screen many thousands of 8-aminoquinolines to understand the struc-
ture–activity relationships driving the therapeutic and toxic properties among the
substituents on the core 8-aminoquinoline framework (4,5). It was found that an appro-
priate substituent at the 2-position resulted in a small improvement in efficacy with
decreased general systemic toxicity (Fig. 1). A methyl group at the 4-position increased
therapeutic activity, but at the expense of greater toxicity in multiple-dose studies. A
phenoxy group at the 5-position decreased toxicity while maintaining or improving
activity. Subsequent efforts then focused on synthesis of derivatives having combina-
tions of substitutions at these apparent key positions. It was anticipated that such a
derivative would have increased antimalarial activity and less toxicity.

This synthetic effort produced the compounds WR 225448 and tafenoquine (WR
238605) in 1975 and 1979, respectively. WR 225448 is like primaquine but with a
methyl group at the 4-position and a trifluoromethyl-phenoxy substituent at the 5-posi-
tion. Tafenoquine has an additional methoxy substituent at the 2-position (Fig. 1). In
addition to effects on activity and toxicity, the 5-position substituent probably provides
both an electron-withdrawing effect and hindrance to the oxidative metabolism of the
other substituents (W Ellis, personal communication). These features may explain the
relatively long elimination half-life of tafenoquine. Tafenoquine was ultimately
selected over WR 225448 on the weight of superior therapeutic activity in monkey
malaria models and because it produced less methemoglobinemia in dogs. It was hoped
that less hemoglobin oxidation would translate into less hemolytic activity.

Nonclinical pharmacology studies found tafenoquine to be generally less toxic than
primaquine (6), with a longer half-life (7). Target organs included the liver, blood, and
lungs, similar to other 8-aminoquinolines. However, the specific issue of relative
hemolytic toxicity in G6PD-deficient humans could not be assessed reliably in vitro or
by using animal models. The results of these nonclinical findings suggested therapeu-
tic utility and an exemption for an Investigational New Drug (IND) was filed with the
US Food and Drug Administration (FDA) in 1991. Clinical studies in humans began in
1992. Initial safety and pharmacokinetic studies in humans found that tafenoquine, like
most other 8-aminoquinolines, caused gastrointestinal disturbances (nausea, cramping,
and diarrhea) when administered fasting. These studies also confirmed that the drug
had a half-life of 2–3 wk, approximately 50 times longer than primaquine (6).

MECHANISMS OF ACTION AND TOXICITY

The mechanisms of therapeutic action and toxicity of 8-aminoquinolines remain
incompletely understood despite five decades of clinical experience with primaquine.
The 8-aminoquinolines, unlike other families of antimalarial compounds, seem to adversely
affect all stages of the malaria parasite. Hemolysis in G6PD-deficient individuals and
gastrointestinal intolerance are the principal toxicities of clinical importance. The full
potential of the 8-aminoquinolines, with their extraordinary therapeutic range and
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properties, has yet to be delivered. A safe and well-tolerated drug that attacks all parasite
stages at once would revolutionize the clinical management and control of malaria. The
8-aminoquinolines, more than any other known family of compounds, offer that promise.

Efficacy

Clinical malaria begins when merozoites burst from infected hepatocytes into the
bloodstream and invade red blood cells (Chapter 1, Fig. 3). In most instances of primary
infection, the merozoites originate from primary tissue schizonts. When the merozoites
come from secondary tissue schizonts originating from quiescent stages of P. vivax or
P. ovale called hypnozoites, the onset of parasitemia and clinical symptoms is called a
relapse. 8-Aminoquinolines kill tissue schizonts and hypnozoites and thus prevent clini-
cal malaria from either primary infection or relapse.

In the prevention and treatment of malaria, the timing of drug administration in rela-
tion to infection largely defines its application. Causal prophylactic drugs kill liver-
stage parasites and, thus, need only be taken during exposure to infective mosquitoes.
These tissue schizonticides prevent the development or release of merozoites from the
liver and, thus, block infection of erythrocytes. Drugs that kill parasites after invasion
of red blood cells are called blood schizonticides, and when taken during a period of
potential exposure, they are called suppressive prophylactics. Therapy with a tissue
schizonticide after a primary clinical episode is termed antirelapse therapy. Presump-
tive therapy with a tissue schizonticide after exposure is called terminal prophylaxis.
Drugs that kill the sexual blood stages (gametocytes) or prevent the development of
sporozoites in mosquitoes are termed transmission-blocking agents (gametocyctocidal
or sporontocidal therapies, respectively). Overall, the plasmodial life cycle presents
many potential targets for antimalarial drug activity.

8-Aminoquinolines exert activity against all stages of the parasite. Primaquine kills
blood stages of P. vivax (8,9). However, it is the metabolically inactive stages of
plasmodia (i.e., mature gametocytes of P. falciparum and hypnozoites of P. vivax) that
exhibit exquisite sensitivity to this compound. The mechanisms of action remain poorly
understood, but ultrastructural studies in a variety of microorganisms provide clues.
Ultrastructural observations suggest that membranes, especially of the inner mitochon-
drion, are targeted by 8-aminoquinolines (10–16). Primaquine-treated exoerythrocytic
schizonts, gametocytes, and blood-stage trophozoites exhibit membrane abnormalities.
The accumulation of radiolabeled primaquine in mitochondria temporally coincided with
the appearance of mitochondrial swelling in the tissue stages of P. fallax (17). Further-
more, mitochondrial proliferation in the face of exposure to primaquine appeared to
enhance survival of blood stages (18,19). In a yeast system, primaquine prevented growth
during developmental events that required functional mitochondria (20).

Metabolically senescent stages of plasmodia are especially sensitive to 8-amino-
quinolones. This stage specificity may correlate with the inability of mitochondria to
proliferate during particular developmental events. Alternatively, the lack of mecha-
nisms needed to eliminate primaquine or one of its metabolites, or stage-specific
inability to cope with oxidative stress may account for this specificity.

Other antimalarial drugs cause morphologic changes and physiologic alterations in
plasmodial mitochondria. Those reported to cause ultrastructural changes include
artemisinin derivatives (21,22), clindamycin (23), the napthoquinone menoctone (18),
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and a floxacrine analog (24). Atovaquone, another napthoquinone, acts on mitochon-
dria by inhibiting mitochondrial electron transport (25) and collapsing mitochondrial
membrane potential (26) (Chapter 11). The primary site of action of atovaquone was
identified as the cytochrome-bc1 complex (27). Mitochondrial protein synthesis inhibitors
(e.g., tetracycline, erythromycin) also have antimalarial activity (28,29) (Chapter 15).

Interactions between several antimalarial drugs affecting mitochondria have been
assessed. Mirincamycin, a compound related to clindamycin, enhanced the radical
curative activity of primaquine against P. cynomolgi in monkeys (24). Azithromycin was
synergistic with primaquine and tafenoquine against P. falciparum in vitro (C. Ohrt,
unpublished data). Napthoquinones have been reported to be synergistic with 8-amino-
quinolines against tissue, but not blood stages of malaria parasites (24). Interactions
between drugs with other mechanisms have also been reviewed (30).

The mitochondrial function of plasmodia is incompletely understood (31). Functional
mitochondria and an electron transport system are critical for parasite survival (32). Major
functions of electron transport in plasmodial mitochondria are believed to be involved in
dihydroorotate dehydrogenase, a critical enzyme in de novo pyrimidine biosynthesis (33),
and to generate potential across the inner mitochondrial membrane (26). Mitochondria
may have many other physiological roles, such as the metabolism of amino acids, lipids,
and heme, as well as intracellular Ca2+ homeostasis (34). Both mitochondrial and nuclear
genomes encode these functions.

Which, if any, mitochondrial processes of plasmodia are affected by the 8-amino-
quinolines remains to be elucidated. Based on structural features of Plasmodium
cytochrome-b, Vaidya and colleagues predicted that this would be the site of action of
8-aminoquinolines (35). However, unlike with atovaquone, dihydroorotate dehydroge-
nase was not affected by 8-aminoquinolines (36). Some evidence suggests that 8-amino-
quinolines may alter calcium homeostasis (37,38), and high concentrations of the drug
affect vesicular transport (39,40). Altered DNA binding, inhibition of ATP uptake by
RNA, and inhibition of proteolysis have also been cited as potential mechanisms of
action (41). Many of these effects occurred only at drug concentrations far above those
anticipated with a therapeutic dosing regimen. Importantly, the effect of putative meta-
bolites was usually not assessed.

8-Aminoquinolines may be acting on plasmodial mitochondria through the genera-
tion of toxic metabolites, by causing oxidative stress, or by both of these mechanisms.
8-Aminoquinolines appear to be metabolized in mitochondria (42,43). They form
substrates for monoamine oxidase (44), a mitochondrial flavoprotein (45), which yields
an aldehyde (44,46). The presence of alcohol or aldehyde dehydrogenases determines
the subsequent biotransformation of the aldehyde (see the subsection Contribution of
Metabolism) (46). Therefore, enzymes present in the cytosol and mitochondria of plas-
modia may affect the fate of primaquine and its metabolites. The biotransformation of
8-aminoquinolines by plasmodia has not been studied, nor has the activity of aldehyde
metabolites been assessed. However, a pentaquine aldehyde was identified as an active
anticoccidial metabolite of pentaquine (44).

8-Aminoquinolines and their hydroxylated metabolites apparently produce reactive
intermediates (superoxide anion radicals), similar to those of natural host defenses (Fig. 2).
The lethal activity of 8-aminoquinolines may mimic cell-mediated immunity against
malaria (49). Pro-oxidant drugs have also been noted to cause mitochondrial swelling
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(50), and reactive oxygen species can cause death in malaria parasites (49,51). On the
other hand, an exoerythrocytic P. berghei model revealed that superoxide generation
by 8-aminoquinolines correlated with methemoglobin formation, but not with antima-
larial activity (10). Assessment of the effect of antioxidants on the antimalarial activity
of 8-aminoquinolines may shed light on the relative importance of oxidizing radicals in
the mechanism of action of these compounds.

Managing oxidant stress is especially important for the survival of plasmodia during
specific developmental events. Through digestion of host hemoglobin during the
trophozoite and early schizont stages, the parasite and the infected red blood cells face
extraordinary oxidative stress. The digestion process generates superoxide, hydrogen

Fig. 2. Proposed pathways for free-radical and hydrogen peroxide production by 8-amino-
quinolines. After ring hydroxylation by cytochrome P450, hydroxylated derivatives can par-
ticipate in pathogenic redox cycling. NADPH is required to regenerate GSH from GSSG (see
Fig. 3). H2O2 = hydrogen peroxide; Hb = hemoglobin; MetHb = methemoglobin; GSH =
reduced glutathione; GSSG = oxidized glutathione. (Adapted from refs. 47 and 48.)
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peroxide, and hydroxyl radicals (52,53). Plasmodium species have G6PD (54) and
produce their own glutathione (55) to reduce oxidizing agents. A recently reported possible
mechanism of action of primaquine is inhibition of glutathione S-transferase activity (56).

Tafenoquine has blood stage activity against P. falciparum in vitro at concentrations
achieved clinically, whereas primaquine does not. Tafenoquine was recently shown to
inhibit hematin polymerization more potently than chloroquine, whereas primaquine
showed no activity (57). Tafenoquine-induced inhibition of this process may account
for its more potent blood schizonticidal activity.

The mode of action of methylene blue analogs, the antimalarials from which 8-amino-
quinolines were derived, has been reassessed (58). Methylene blue has a shared mechanism
of action with primaquine (i.e., direct stimulation of the erythrocytic hexose–mono-
phosphate shunt [HMS]), probably via NADPH oxidation. For methylene blue ana-
logs, the ability to complex with heme, but not HMS activation, correlated with
antimalarial activity.

A major constraint of studying the antiparasitic activity of 8-aminoquinolines against
tissue schizonts and hypnozoites has been the difficulty of establishing an in vitro
culture system for the exoerythrocytic stages of P. falciparum and P. vivax. In vitro
systems used to date do not accurately predict tissue schizonticidal activity. Data from
animals models are often difficult to interpret because of interspecies differences in
drug metabolism, as well as the inability to separate exoerythrocytic from blood-stage
activity of compounds with long half-lives. The developers of 8-aminoquinolines have
mostly relied upon P. cynomolgi in rhesus monkeys to ascertain antiparasitic activity
among drug candidates. Activity in this model has a good correlation with activity
against human P. vivax infection.

Toxicity

Hemolytic Anemia
The most important toxicity problem linked to 8-aminoquinolines is hemolysis in

G6PD-deficient individuals. The mechanism of 8-aminoquinoline-induced hemolysis
in these people is not understood. Conceptually, the separation of antimalarial activity
from hemolytic toxicity seems likely: if the site of the antimalarial action of 8-amino-
quinolines is mitochondria, then because erythrocytes lack mitochondria, the problem
of hemolysis would appear separable. Thus, it is critically important to understand the
molecular events that mediate the destruction of G6PD-deficient red blood cells by
8-aminoquinolines.

It has been long believed that free-radical production mediates hemolysis in G6PD-defi-
cient red blood cells. However, other mechanisms appear to be involved, and none are
established with certainty as the basis of toxicity. Many drugs and infections cause hemoly-
sis in G6PD-deficient individuals (59). Primaquine caused less hemolysis in normal red
blood cells than dapsone, but the converse was true in G6PD-deficient subjects (60). These
differences suggest the possibility of different mechanisms of drug-induced hemolysis, or
simply different dose-response characteristics in normal versus deficient cells.

Many disease states, from Alzheimer’s disease to malaria, include damage to
membranes and subcellular organelles by free radicals (61,62). A number of important
antioxidant systems require NADPH. In both the human erythrocyte and the malaria
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parasite, the HMS (Fig. 3) is required for detoxification of free radicals through the
production of NADPH (63). G6PD, the rate-limiting enzyme in this shunt, is the only
source of electrons for the reduction of NADP+ in erythrocytes. Glutathione peroxi-
dase and catalase have each been reported to detoxify about half of the generated hydro-
gen peroxide in erythrocytes (64). Both of these systems are NADPH dependent
(65,66). The erythrocytes of G6PD-deficient individuals produce less NADPH than
those of normal individuals and, therefore, may be more susceptible to injury from
oxidizing agents (67).

The oxidation of NADPH to reduce oxidized glutathione (via glutathione reduc-
tase), free radicals, or methylene blue diminishes the NADPH- to NADP+-ratio, and
this directly stimulates the HMS. Primaquine (and especially some of its metabolites)
accelerate the HMS through a methylene-blue-like mechanism (67–69). However,
methylene blue stimulates the HMS independently of glutathione by directly oxidizing
NADPH, whereas primaquine appears to act by both consumption of glutathione and
direct oxidation of NADPH (67,70,71).

Several authors have suggested that hemolysis induced by primaquine appears to be
mediated by activated oxygen (72,73). The fact that clinically relevant hemolysis follows
the administration of 8-aminoquinolines in individuals with genetic deficiencies affecting
the detoxification of reactive oxygen species (G6PD, 6-phosphogluconate dehydrogenase,
glutathione reductase, glutathione peroxidase, and glutathione synthetase; Fig. 3) (30,60,74)
supports this hypothesis. Each of these genetic defects affects pathways for the reduction of
glutathione or detoxification of oxygen radicals by glutathione.

Under some conditions, primaquine and its hydroxylated metabolites auto-oxidize,
generating H2O2, superoxide, and hydroxyl radicals (73,75–77). However, in some of
these reports, high concentrations of primaquine were used. The generation of super-
oxide by primaquine metabolites may be catalyzed by iron (10,75). In a characteriza-
tion of the intermediates and products during oxidation and redox cycling of three of
primaquine’s hydroxylated metabolites, formation of hydrogen peroxide, quinoneimine
products (Fig. 2), drug-derived radicals, and hydroxyl radicals were demonstrated.
Hydrogen peroxide was suggested to be the primary toxic product (76,78).

However, another series of experiments indicated that oxidative injury to the red
blood cell may not be the basis of primaquine-induced hemolysis in G6PD-deficient
red blood cells (68,69). The red blood cell possesses a proteolytic pathway that disas-
sembles proteins irreversibly damaged by oxidation (79). The activity of this proteolytic
pathway was used to gage oxidative injury in normal red blood cells treated with nitrite,
primaquine metabolites, or methylene blue in the context of HMS stimulation. Whereas
exceeding the saturation potential of HMS activity by nitrite activated the proteolytic
pathway, exerting the same stimulatory potential on the HMS using methylene blue or
primaquine metabolites failed to do so. There was no evidence of oxidative injury in
association with potent stimulation of the HMS by primaquine. Primaquine metabo-
lites or methylene blue had no direct inhibitory effect on the proteolytic pathway.
Stimulation of the HMS by highly reactive 5-hydroxy primaquine metabolites was not
associated with an oxidative challenge to erythrocyte protein. It was speculated that
NADPH-driven redox equilibrium between oxidized and reduced species of primaquine
metabolites in G6PD-deficient red blood cells would strongly favor the oxidized
species. Predominance of an oxidized species of a primaquine metabolite (i.e., a
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Fig. 3. Pathways for erythrocyte detoxification of hydrogen peroxide. Note NADPH and
therefore, G6PD dependence. The HMS or pentose phosphate pathway is below the dotted line.

quinoneimine; Fig. 2) might lead to specific hemolytic events unrelated to oxidative
injury (e.g., formation of a heme derivative that is driven from hemoglobin into
membranes), similar to the process of phenylhydrazine-induced hemolysis in rats
(80,81). This is also an attractive hypothesis for the primaquine-induced hemolysis
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because it explains the apparent paradox, reported by some investigators, of G6PD-
deficient people being less likely to exhibit methemoglobinemia. Limited redox recy-
cling of primaquine may limit the generation of oxygen radicals that generate
methemoglobin. Moreover, it largely disposes of the difficulty of explaining massive
oxidative injury to red blood cells in the face of the relatively small oxidizing potential
produced by a therapeutic dose of primaquine.

The effect of antioxidants on 8-aminoquinoline-induced toxicity has been studied. Tea
polyphenols protected erythrocytes from primaquine-induced lysis in vitro (82). They
also protected cells and membranes against H2O2-induced lipid peroxidation. A superox-
ide scavenger was shown to block primaquine-induced hemolysis in a dose-dependent
manner, but it enhanced the oxidation of oxyhemoglobin to methemoglobin (83). On the
other hand, the antioxidant rutin did not prevent primaquine-induced hemolysis but did
protect against hemoglobin oxidation (84). Three antioxidants from traditional Chinese
medicine were found to inhibit the oxidizing activity of 5,6-dihydroxy-8-aminoquinoline
in an in vitro model (85). Understanding the effects of antioxidants may lead to improved
understanding of the mechanisms of activity and toxicity of 8-aminoquinolines. Clinical
use of antioxidants might mitigate the hemolytic toxicity of primaquine, but such treat-
ments might alter antimalarial activity as well (86).

It has been shown that hemoglobin thiyl radicals, formed as a consequence of
dapsone hydroxylamine redox cycling, attack red blood cell membrane skeletal proteins
(87,88). A follow-up study illustrated that lipid peroxidation was not involved as an
underlying mechanism of dapsone-induced hemolytic anemia (89). However, some
evidence supports the role of lipid peroxidation associated with 8-aminoquinoline
toxicity (82,85,90,91).

Hemolysis may occur intravascularly (as a result of increased membrane fragility
and permeability) or extravascularly (through clearance of damaged cells by the reticu-
loendothelial system). Primaquine has been reported to both cause membrane fragility
(92,93) and altered membrane deformability in erythrocytes (94,95). The G6PD status
also affects erythrocyte deformability (96).

In vitro surrogate markers and in vivo animal models are often used to assess the
hemolytic toxicity of compounds. The problem with the use of such markers was exempli-
fied by a recent study (90). The (–) enantiomer of primaquine produced more methemoglo-
bin and a greater decrease in reduced glutathione than the (+) enantiomer, whereas the (+)
enantiomer caused a greater release of free hemoglobin. Reduced glutathione concentra-
tion, methemoglobin levels, Heinz body formation, and release of hemoglobin are often
used as correlates of hemolytic toxicity in vitro. However, it is unclear how well any of
these markers predict clinical toxicity. Furthermore, static in vitro systems often poorly
predict in vivo hemolytic potential of drugs (97). Moreover, because hemolysis in vivo
does not become apparent for 1–3 d following 8-aminoquinoline consumption (30),
prolonged in vitro incubations may be necessary to reproduce it. Finally, many drugs require
metabolic activation before they become hemolytic. Animal studies partially address this
problem but may be difficult to interpret because models of human G6PD deficiency are of
limited value and animals often metabolize drugs differently than do humans.

Attempts have been made to develop better models to identify the hemolytic poten-
tial of drugs (98). A test that incubates phenobarbital-induced microsomes with drugs
and G6PD-deficient red blood cells has been described (99–101). Using residual
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glutathione as a marker, all nonhemolytic compounds were correctly identified. Most,
but not all, hemolytic compounds were also correctly classified. This model may be
helpful in classifying a new drug candidate as potentially hemolytic, but it may not as
reliably identify nonhemolytic drugs. G6PD gene expression following exposure of
hepatocytes to new drug candidates might prove to be a more predictive and manage-
able model. Assessment of G6PD gene expression has been reported in a number of
studies (102–104).

Both enantiomers of primaquine (105) and tafenoquine (D. Kyle, unpublished observa-
tions) have been shown to have similar levels of antimalarial activity. It remains unknown
if hemolytic toxicity could be reduced through the development of a single enantiomer. In
in vitro and in animal models, the (+) and (–) enantiomers of primaquine appear to have
differential toxicity. However, depending on the end point, neither enantiomer is consis-
tently less toxic. Stereoselective elimination of primaquine has also been reported (43,106).
The enantiomers of tafenoquine have not yet been evaluated for toxicity.

Methemoglobinemia
8-Aminoquinolines cause methemoglobinemia, but this rarely causes symptoms. Meth-

emoglobin (ferrihemoglobin, hemiglobin) is formed when ferrous iron (Fe2+) of hemoglo-
bin is oxidized to the ferric (Fe3+) state. It is incapable of reversibly binding to oxygen.
Methemoglobinemia occurs when the capacity of the methemoglobin reducing system is
overwhelmed. NADH methemoglobin reductase has been reported to be responsible for
most methemoglobin reduction in red blood cells (107). Congenital deficiency of this
enzyme increases the risk for drug-induced methemoglobinemia (108). A second mecha-
nism of methemoglobin reduction is an NADPH-dependent process (45,107). It was
considered a reserve system (107), but it is now viewed as functional only in the presence of
an artificial carrier (e.g., methylene blue) (45). Glutathione and ascorbic acid are also
considered to be reserve systems for methemoglobin reduction (107).

Many drugs, including 8-aminoquinolines, cause methemoglobinemia (109). A good
correlation was found between primaquine metabolite-mediated superoxide generation
and methemoglobin production (10). Paradoxically, primaquine has been reported to
cause more methemoglobinemia in normal individuals than in those with G6PD defi-
ciency (110,111).

At high doses, methylene blue causes methemoglobinemia. However, at pharmaco-
logic doses, it is the treatment of choice for symptomatic methemoglobinemia. Methyl-
ene blue functions as a completely reversible redox catalyst. Because of the requirement
for NADPH, methylene blue for the treatment of methemoglobinemia is ineffective in
G6PD-deficient individuals (112).

Methemoglobin-forming agents may or may not be potent hemolytic agents. How-
ever, most drugs that produce hemolytic anemia in G6PD-deficient red blood cells also
produce some degree of methemoglobinemia in G6PD normal red blood cells (47).

Contribution of Metabolism
The putative metabolites of primaquine are more toxic than the parent compound.

Despite extensive research, no metabolite has been unequivocally linked to any spe-
cific toxic effect. The metabolism of 8-aminoquinolones is difficult to study because of
the instability of the intermediates and their amphoteric properties (113,114). Radiola-
beled drug in humans has been used to elucidate the metabolites generated in vivo.
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Recent work has shed new light on the P450-independent metabolism of this class of
compounds and suggests that G6PD-linked metabolism or detoxification may play a
role in toxicity.

Studies of the metabolism of 8-aminoquinolines in nonhuman systems have contrib-
uted to our understanding. As early as 1962, it was hypothesized that primaquine
toxicity was mediated by a hydroxylated metabolite forming a quinone capable of redox
cycling (76). Hydroxylated derivatives were identified in dog urine following the
administration of radioactive primaquine (115). The 5-hydroxy metabolite could form
a quinoneimine. In a follow-up study, a quinoneimine was isolated from mouse liver
microsomes in which the 8-amino side chain cyclized to produce a third ring system
(116). Hydroxylated metabolites were also identified in rats and rhesus monkeys (47).
Hydroxylation may be an essential step to hemolytic toxicity (117). Hydroxylated
metabolite(s) of primaquine probably contribute to hemolytic toxicity, but none have
yet been identified in humans (76,118). Metabolism to the relatively inert carboxylated
species of primaquine represents the only unambiguous metabolic pathway of
primaquine known in humans (119,120). A growing body of evidence suggests that
this metabolite is produced in erythrocytes.

Mihaly and colleagues first described the carboxylic acid derivative of primaquine
as the main metabolite (119). Following [14C]-primaquine administration to human
volunteers, primaquine accounted for only 2% of the total area under the curve (AUC),
whereas the carboxy metabolite accounted for 55%. Over 143 h, 64% of the radioactiv-
ity was recovered in the urine, almost all of it being in the form of unidentified metabo-
lites. Therefore, the carboxy metabolite probably undergoes further biotransformation.
The metabolism of primaquine is expected to be complex because it contains several
metabolically labile constituent groups. Likewise, the structure of tafenoquine suggests
that it will undergo even more complex metabolism than primaquine, and initial studies
bear this out.

Metabolism independent of cytochrome P450 apparently plays a role in primaquine
clearance. The side chain of primaquine undergoes biotransformation to primaquine–
aldehyde in cell-free media containing an oxidase (Fig. 4) (46). Primaquine–aldehyde is
then converted to carboxyprimaquine by an aldehyde dehydrogenase. Alternatively, alco-
hol dehydrogenase may convert primaquine to primaquine alcohol. 8-Aminoquinoline
oxidases exist in some cell types, but their range of distribution among eukaryotes is
poorly defined. These enzyme systems likely generate pentaquine–aldehyde from
pentaquine, which is active against coccidia (44). An extended incubation with hamster
liver microsomes revealed conversion of primaquine alcohol to carboxyprimaquine to a
lactam, all independent of cytochrome P450 (121). The same investigators found that
an NADPH-generating system (NADP, glucose-6-phosphate, and G6PD) diminished
the production of several metabolites and apparently inhibited the metabolism of
primaquine. These data suggest that the cellular location of alcohol and aldehyde dehy-
drogenases, as well as cofactors of the NADPH-generating system, may influence the
toxicity of 8-aminoquinolines.

Erythrocytes play an important role in the metabolism of some xenobiotics. Meta-
bolic degradation of primaquine in the erythrocyte had been proposed as early as 1966
(93). Primaquine-induced osmotic fragility required glucose. Paradoxically, primaquine
increased osmotic fragility in G6PD-deficient red blood cells much less than in normal
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cells. HMS shunt-mediated metabolism of primaquine within the red blood cell was
proposed. Human erythroleukemic cells metabolized primaquine predominately to
carboxyprimaquine (see the next section) (122). In monkeys, primaquine appeared to
be metabolized within erythrocytes: 40% of dosed radioactive primaquine appeared in
red blood cells within 4 h, mostly as metabolites (47). Cyclophosphamide may undergo
metabolism in erythrocytes through the same pathways as 8-aminoquinolines (123).
Although carboxyprimaquine forms in human liver microsomes and isolated mitochon-
dria (118,124) erythrocytes probably contribute an appreciable portion of the total mass
of carboxyprimaquine.

Accumulated evidence suggests that G6PD-deficient individuals exhibit restricted
extrahepatic metabolism of some xenobiotics (71,125–127). G6PD-deficient human
lymphocytes were less able than normal cells to metabolize benzopyrene to toxic
metabolites. G6PD deficiency restricted the metabolism of daunorubicin to its main
metabolite (daunorubicinol) in erythrocytes, thus revealing HMS dehydrogenase activ-
ity control of carbonyl-reductase-dependent biotransformation. Moreover, primaquine–
aldehyde competed with daunorubicin as a substrate for carbonyl reductase. In another
study, primaquine conversion to carboxyprimaquine by human erythroleukemic cells
was inhibited by the glutathione reductase inhibitor 1,3-bis-(2-chloroethyl)-nitrosourea
(BCNU) (122). This led to a progressive and striking accumulation of an unidentified
metabolite. It has been suggested that primaquine-induced hemolysis is caused by
NADPH-dependent drug elimination (70). Taken together, these findings suggest that
G6PD-deficiency-restricted metabolism may cause the accumulation of a toxic inter-
mediate of primaquine metabolism in erythrocytes.

Fig. 4. Proposed pathways for side-chain metabolism of primaquine. Carboxyprimaquine is
the main metabolite found in humans. Monoamine oxidase is located in mitochondria. Alde-
hydes are generally toxic. (Adapted from ref. 46).
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PROPHYLAXIS
Primaquine

Primaquine prevents malaria by killing parasites soon after they invade hepatocytes.
Although primaquine is not yet labeled for this indication, good prophylactic efficacy
and tolerance have both been demonstrated in experimental challenge and field trials
against P. falciparum and P. vivax (128–133). A single 30- or 45-mg dose (all doses
refer to the base) of primaquine taken the day before, the day of, or the day after experi-
mental challenge with sporozoites did not prevent falciparum malaria (128,132). How-
ever, when the same dose was taken 48–72 h after challenge, protection was complete
(128,132). When the dose was delayed to beyond 72 h after challenge, protection dis-
appeared. Thus, a dose of primaquine taken about 48 h after inoculation with sporozoi-
tes kills developing hepatocyte forms of the parasite, but the developing parasite is
only sensitive to the effects of the drug during a relatively narrow time frame. Under
conditions of natural exposure, the moment of inoculation is rarely known, so a daily
dosing regimen is necessary to prevent malaria. When a 30-mg dose was taken accord-
ing to a standard dosing regimen for the week before challenge, the day of challenge,
and the week following challenge, protection was complete against P. falciparum (n = 8)
and P. vivax (n = 10). Protection dropped to 67% and 80%, respectively, when 15 mg
was administered by this regimen. A daily regimen of 30 mg primaquine base taken by
43 nonimmune adults for 1 yr was 92% efficacious (90% against P. vivax and 94%
against P. falciparum) in a randomized, placebo-controlled trial in hyperendemic Irian
Jaya, Indonesia (131). An alternate-day regimen was only 80% efficacious in the same
region (74% against P. falciparum and 90% against P. vivax) (130). In Kenya, an alter-
nate-day regimen had no protective efficacy (133). These studies demonstrate the
necessity of a daily 30-mg dose for effective prophylaxis with primaquine. Although a
30-mg dose may cause gastrointestinal upset when taken on an empty stomach (134),
the regimen is well tolerated when taken with food (130,131,133,134). The duration of
postexposure dosing with primaquine for causal prophylaxis is not known, but the avail-
able data suggest that 1 or 2 d may suffice.

Tafenoquine

In vitro and in vivo animal efficacy testing demonstrated that tafenoquine had prom-
ising causal prophylactic activity. Moreover, tafenoquine had 5-fold to 15-fold better
in vitro blood schizonticidal activity against P. falciparum than primaquine. The in
vitro activity of tafenoquine against multidrug-resistant falciparum parasites was
severalfold greater than against sensitive parasites. This combination of causal and
blood-stage activity led to the investigation of tafenoquine for prophylaxis.

The first human efficacy study of tafenoquine found that a single 600-mg oral dose
could protect nonimmune volunteers from challenge with P. falciparum by infected
mosquitoes (135). This and subsequent studies led to a large-scale field study in semi-
immune individuals living in a holoendemic area of eastern Africa. Tafenoquine, when
given as a 3-d loading regimen followed by weekly administration of 200 or 400 mg
for 14 wk, successfully protected 95% of individuals (D. Shanks, unpublished data). In
the same study, a 3-d 400-mg loading regimen alone protected individuals for over 60 d
in this high-transmission area, where the infection rate in those receiving placebo was
over 80%. These regimens were well tolerated when taken with food, but the 400-mg
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regimen resulted in clinically significant hemolytic reactions in two G6PD-deficient
individuals who were inadvertently enrolled. If confirmed in nonimmune individuals,
the 3-d regimen can be effectively used as a short-term malaria “vaccine” for travelers
and military personnel deployed to endemic areas for 1–2 mo. The utility of a weekly
prophylactic regimen was further investigated in a dose-ranging study in Ghana, where
100 and 200 mg weekly also protected individuals living in a high-transmission area
(B. Hale, personal communication). Tafenoquine’s long half-life prompted an addi-
tional study in Thailand, where multidrug-resistant parasites are of particular concern.
In that study, 500 mg of tafenoquine was administered monthly and was found to be
protective (D. Walsh, personal communication).

Both tafenoquine and primaquine are efficacious for malaria prophylaxis, for radi-
cal cure of P. vivax, and, in theory, for malaria control. Each carries a unique set of
advantages and disadvantages. Both 8-aminoquinolines can result in hemolysis in
G6PD-deficient individuals. Primaquine is the only drug in clinical use that been clearly
shown to be causally prophylactic for malaria. As such, it is the only drug available that
does not require 4 wk of prophylaxis after leaving a malaria endemic area. This prop-
erty makes it ideal for travelers exposed for just a short time. The most important dis-
advantage of primaquine prophylaxis is the requirement for daily dosing. A single
missed dose at crucial time may lead to prophylaxis failure. Education and blister packs
or pillboxes could improve compliance and improve effectiveness. The US FDA label-
ing of primaquine for this indication is pending.

A tafenoquine loading dose followed by weekly dosing rapidly achieves and main-
tains an effective concentration for long periods of time. This enables weekly dosing
with relatively constant drug concentrations. It is not yet known if tafenoquine has
sufficient causal activity or a long enough half-life such that its use can be discontinued
upon leaving a transmission area. Additional studies, including phase III clinical trials
in nonimmune individuals, will begin soon.

ANTIRELAPSE THERAPY

Relapse may occur with infections by P. vivax or P. ovale. The risk and timing of
relapse with untreated P. vivax infection varies among strains. Relapse occurs more often
among tropical versus temperate strains. For example, among 54 patients infected in the
tropical Pacific, all relapsed within 3 mo (136). In contrast, only 32% of 1021 patients
infected by P. vivax in Korea relapsed during more than 4 mo of follow-up (137–139). In
subtropical India, 11% of 5750 patients relapsed within 12 mo of follow-up (140,141).

Primaquine

The killing of developing or quiescent liver stages with primaquine represents its
primary use over the past 50 yr. The standard regimen for antirelapse therapy, conceived
as the most convenient and well-tolerated means of delivering a total adult dose of 210 mg
base, is 15 mg daily for 14 d, but many variant regimens exist. Experiments in monkeys
conducted during the development of primaquine demonstrated that the total dose rather
than dosing regimen determined the efficacy of the drug (142). Sixty milligrams daily
for 7 d was as effective as 30 mg daily for 14 d (143). Likewise, 45 mg weekly for 8 wk
was as effective as 30 mg daily for 14 d (110). These regimens double the total dose of
the standard treatment regimen and either is recommended for the treatment of vivax
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malaria acquired in Southeast Asia or Oceania where failure of the standard 15-mg
primaquine regimen is common (144). The Chesson strain of P. vivax, acquired by an
American soldier in New Guinea during the Second World War and extensively evalu-
ated during early clinical trials of primaquine, often failed treatment with standard
therapy (approx 70% efficacy) (145). A total dose of 420 mg was 100% efficacious
against the Chesson strain (110,129,143). The 45-mg weekly dose for 8 wk has also
been recommended for treatment of vivax malaria in persons having the African A-
variant of G6PD deficiency (110). However, this regimen may not be safe for other,
more severe, variants (see the "Safety" section).

The frequency of relapse following treatment with 15 mg primaquine daily for
14 d varies by geographic origin of the infection. Relapse after supervised treat-
ment in 141 patients in Thailand was 18% (8,146), whereas fewer than 1% of 941
subjects infected in Korea relapsed (137,138). Patients who acquired vivax malaria
in New Guinea and were treated with unsupervised standard primaquine therapy
had an 11.7-fold higher risk of relapse compared to patients who acquired vivax
malaria elsewhere (147). Supervision of treatment dramatically improved thera-
peutic effectiveness of primaquine: relapse in 218 US soldiers repatriated from
Vietnam and given supervised treatment was just 4% (148), whereas 251 soldiers
given unsupervised treatment had an 18% relapse rate (149,150). Failure to comply
with prescribed primaquine treatment may be the most frequent cause of relapse.
Resistance to the standard primaquine treatment regimen has not been convinc-
ingly demonstrated (see the "Resistance" section).

Some governments in endemic areas recommend a treatment regimen of 15 mg
primaquine daily for just 5 d (e.g., India). Early studies documented substantial
declines in the number of clinical cases of malaria when the regimen was broadly
applied (151–153). However, no well-controlled trial has ever demonstrated this
regimen to be effective. Reports of low relapse rates in areas applying the 5-d regi-
men often fail to account for similarly low rates among patients in the same area
given no primaquine at all (i.e., the efficacy of the regimen is at most 50% and may
be close to 0%) (154). Experimental challenge trials using this regimen support
this conclusion (155,156).

Tafenoquine

Tafenoquine had substantial activity against the liver stage of vivax malaria in
initial animal models, and initially entered the WRAIR antimalarial drug develop-
ment program as the long-sought replacement for primaquine. Nonclinical studies
demonstrated activity that was sevenfold greater than primaquine in the rhesus
monkey. A drug with a shorter dosing regimen than primaquine may substantially
improve effectiveness by making compliance easier. Shorter treatment regimens of
tafenoquine (i.e., 300 mg daily for 1 wk, or even 500 mg as a single dose) have been
efficacious for the radical cure of P. vivax in Thailand (157). However, because of
tafenoquine’s long half-life and the lack of an in vitro liver-stage model for vivax
malaria, it is not possible to tell how much of its improved efficacy profile observed
in vivo is the result of a greater intrinsic potency versus a greater (or more consistent)
period of drug exposure.
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TERMINAL PROPHYLAXIS

Primaquine

Some health care providers prescribe a standard regimen of primaquine treatment
following possible exposure to P. vivax or P. ovale. “Terminal prophylaxis” presumably
eliminates liver stages, thus reducing the probability of relapse following 4 wk of
postexposure suppressive prophylaxis. One study in Thailand found a high risk of P. vivax
following treatment of falciparum malaria with a blood schizonticide (158). Thus, treat-
ment of patients who have falciparum malaria with standard primaquine antirelapse therapy,
in addition to their blood schizonticide therapy, may reduce the risk of relapse from vivax
or ovale malaria.

Tafenoquine

Rieckmann and colleagues are presently evaluating the use of a 3-d tafenoquine regi-
men (500 mg daily) in Papua New Guinea for terminal prophylaxis and comparing it to a
14-d primaquine eradication course (22.5 mg daily). Preliminary results indicate that the
3-d tafenoquine regimen is comparable to, but may not be superior to, primaquine in
eradicating primaquine-refractory hypnozoites of P. vivax. However, the acceptability of
the 3-d regimen is substantially greater than the 14-d primaquine regimen.

TRANSMISSION BLOCKING

Primaquine

Primaquine has gametocytocidal and sporontocidal properties after a single dose
when persons have circulating mature gametocytes (159–161). Although the effect of
primaquine on malaria control has not been rigorously evaluated, the World Health
Organization has recommended single-dose primaquine to sterilize gametocytes.
Specifically, this recommendation stated that primaquine may be considered at the
initiation of treatment of P. falciparum where reintroduction of the infection is a
concern for epidemic control (162). Weekly administration of primaquine in combina-
tion with a long-acting blood schizonticide should block malaria transmission (2).

Tafenoquine

Tafenoquine has activity against sporozoites and gametocytes, also making it a candi-
date as a transmission-blocking drug (D. Kyle, personal communication). There have been
no clinical studies conducted to evaluate the transmission-blocking potential of tafenoquine,
although nonclinical work suggests that it may be possible to impact transmission within
defined areas. Because of its long half-life, tafenoquine has enormous potential as an agent
of malaria control. Because humans are the reservoir for this disease, if an isolated popula-
tion were to be treated, the impact upon malaria transmission should be immediate and
dramatic. Before this approach can be implemented, however, a regimen tolerable to people
with G6PD deficiency needs to be developed. Alternatively, measures to minimize any
potential errors in identification of G6PD-deficient individuals would need to be used.

RESISTANCE

A complex, multifactorial interaction among the parasite, the environment, and the
host contribute to resistance to antimalarials. These factors include genetic mutation(s)
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required by the parasite to confer resistance, the stability of the mutation(s), the drug’s
mechanism of action and pharmacokinetics, the transmission intensity, whether
combination treatment is used, the host’s immunity, and drug misuse/noncompliance
issues. Induced resistance of blood-stage P. vivax parasites to primaquine was
unequivocally demonstrated in experimentally infected humans (9). However, resis-
tance to primaquine in liver-stage parasites has not been demonstrated in any animal
model, and no compelling demonstration of therapeutic failure has been reported. The
mechanisms of resistance to 8-aminoquinolines by blood-stage parasites are not under-
stood. Mitochondrial proliferation has been observed in blood-stage parasites resistant
to the lethal effects of 8-aminoquinolines in animal models (13).

Primaquine

Clinical resistance to primaquine has not been documented, even though it has been
the only drug available for antirelapse therapy for the past 50 yr (163). Several studies
from Thailand have documented failure of the standard regimen of primaquine, but
these infections may represent Chesson-strain-like tolerance (rather than an emerging
resistance problem). Although many reports described instances of relapse following
primaquine treatment, none adequately addressed potential confounding by either rein-
fection or, more often, failure to comply with prescribed therapy. Another confounding
factor is resistance to chloroquine by blood stages of P. vivax (164,165). A recurrence
of parasitemia after treatment with chloroquine and primaquine may represent inad-
equate compliance to the treatment regimen, poor absorption, abnormal metabolism of
drug, reinfection, recrudescence of a chloroquine-resistant strain, or relapse of a
primaquine-resistant strain. The practical and technical difficulties of sorting out these
confounding factors may explain the lack of confirmed reports of resistance. On the
other hand, resistance to primaquine in liver stages may not exist.

The most common flaw among published reports of primaquine resistance is the
failure to directly observe therapy. Another important confounder in assessing the
possibility of resistance is chloroquine therapy. Chloroquine has a long half-life, which
can suppress relapse of chloroquine-sensitive strains for 4–5 wk. The use of quinine,
rather than chloroquine, for blood schizonticidal therapy may radically improve
the sensitivity of studies intended to assess potential resistance to primaquine. This
approach solves two important problems: (1) avoiding suppression of relapse by
primaquine-resistant but chloroquine-sensitive strains during the critical first month
following treatment and (2) precluding confounding of the evaluation by recrudes-
cence of chloroquine-resistant strains. When subjects are infected with the blood stage
of the Chesson and other strains of P. vivax, where relapse by hypnozoites is not
possible, quinine was found to have blood schizoiticidal activity (166). However,
among 333 subjects infected in the tropical Pacific, 59% relapsed during the month
following treatment with quinine alone (165). The median day of relapse was d 23 after
initiating quinine therapy of the primary parasitemia. In contrast, among 256 subjects
in parallel studies treated with chloroquine, none relapsed before d 35, and most still
had not relapsed by d 60. Chloroquine eliminates parasitemia originating from relapse
for a period of approx 1 mo (165). Ideally, primaquine should be administered simul-
taneously with quinine or chloroquine because these drugs dramatically improve the
tissue schizonticidal activity of primaquine (167).
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Tafenoquine

Tafenoquine, with its long half-life, theoretically has the risk of inducing resis-
tance to both P. vivax and P. falciparum blood stages, as well as to P. vivax
hypnozoites. The rapid demise of Fansidar® (sulfadoxine-pyrimethamine) and
mefloquine in areas of widespread use may have been related to their long half-lives.
If tafenoquine is used in endemic areas to radically cure P. vivax infection, patients
will be exposed subsequently to P. falciparum and P. vivax reinfections while par-
tially suppressive drug concentrations are present. This could result in the develop-
ment of resistance to tafenoquine and, potentially to primaquine as well. Factors
relating to the development of resistance to 8-aminoquinolines should be determined
and must be considered when tafenoquine is used. Of note, tafenoquine is more active
in vitro against multidrug-resistant P. falciparum patient isolates (W. Milhous,
unpublished observations), suggesting that it is not cross-resistant with drugs such as
halofantrine and mefloquine. This phenomenon may prove helpful to understanding
the mechanisms of multiple-drug resistance in malaria.

The use of active drug combinations reduces the likelihood of emergence of resis-
tant isolates. In addition, 8-aminoquinolines kill gametocytes. However, the gameto-
cytes present at the time of initial treatment are not those of greatest concern for
preventing the spread of drug-resistant malaria. It is the gametocytes that arise from
late treatment failures that are the likely pool for transmission of drug-resistant malaria.
These gametocytes usually develop between 14 and 60 d following treatment. It is
unknown if tafenoquine, even with its long half-life, would prevent the emergence and
spread of drug resistance if coadministered with P. falciparum treatment regimens. A
concern with this approach would be induction of parasite resistance to 8-amino-
quinolines. If tafenoquine is to be coadministered with other drugs, carefully conducted
trials of its safety and effectiveness will be indicated, as well as rigorous monitoring
for the development of resistance.

SAFETY

Common side effects of 8-aminoquinolines are gastrointestinal. However, with
primaquine prophylaxis, the need to withdraw patients for gastrointestinal symptoms
appears to be <2% (131,168). Nausea, vomiting, anorexia and diarrhea occur with an
incidence of <5%. Tafenoquine has similar gastrointestinal side effects. These effects
are greatly decreased when the 8-aminoquinoloines are given with food.

The potentially life-threatening adverse effects from this class of compounds are
hemolysis in G6PD-deficient individuals and, very rarely, methemoglobinemia in indi-
viduals deficient in methemoglobin reductase. G6PD deficiency, which affects about
400 million people worldwide, is the most common human enzymopathy (58,169).
This condition was discovered in the 1950s as the explanation for why certain indi-
viduals developed hemolysis following the administration of primaquine (170). In the
African phenotype (GdA–), only erythrocytes (and possibly hepatocytes) have lowered
G6PD enzyme activity (71). This is not the case for the more severe deficiencies, where
the enzyme activity is decreased in all tissues. In areas where malaria has been preva-
lent, G6PD deficient alleles have reached high frequencies (1–50%) (171), suggesting
a selective advantage against malaria infection (172). The frequency of G6PD defi-
ciency varies by geographic region and by ethnic group. Reported frequencies of this
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deficiency are as follows: 2–16% in southern China, 1–7% in southern Italy, 26% in parts
of Africa, and 70% among Kurdish Jews (169). A sporadic X-linked form of G6PD defi-
ciency occurs at very low frequencies anywhere in the world. This form usually presents
with a more severe phenotype: chronic nonspherocytic hemolytic anemia.

The risk of hemolysis with primaquine has been well established. Studies in humans
with mild forms of G6PD deficiency are difficult to conduct. Although few deaths have
been reported from primaquine-induced hemolysis, there are many reports of severe
adverse events (173–177). The only data currently available for tafenoquine is from
two A– Kenyan women who accidentally received 400 mg daily for 3 d (D. Shanks,
unpublished data). One study subject required transfusion, and both showed a greater
hemolytic response than that seen with 30 mg of daily primaquine in A– African-Ameri-
can males (110). Despite tafenoquine’s long-half life and the continued presence of
drug in the blood for weeks, spontaneous recovery occurred in the nontransfused indi-
vidual. Similar recoveries were seen with continued dosing of primaquine in prior stud-
ies (110). This recovery reflects a vigorous reticulocyte response following the loss of
older red blood cells, which are more deficient in G6PD and more prone to hemolysis.

The risk of complications with G6PD deficiency can be reduced through patient
education and screening. If using these compounds for malaria prophylaxis, screen-
ing is essential and starting drug dosing several days before departure would allow
the detection of any adverse events while the individual is still close to readily
available medical care. Although the sensitivity and specificity of currently avail-
able G6PD screens is high in hemizygous males and homozygous females, they are
less sensitive for heterozygous women. Hemolytic events should not be fatal in
such individuals. However, G6PD-deficient people missed due to test failure,
human error, or failure to screen could lead to mortality. A point-of-care G6PD test
(dipstick) could be developed that would assist care providers in prescribing these
drugs more safely.

Methemoglobinemia does not cause symptoms at levels below 15% of total hemoglobin
(108). Higher methemoglobin levels have not been seen with the doses of primaquine or
tafenoquine used clinically. However, administering an 8-aminoquinoline to an individual
with a very rare mutation of the methemoglobin reductase gene could cause symptomatic
methemoglobinemia.

CONCLUSION: THE FUTURE OF 8-AMINOQUINOLINES

Primaquine has been and will continue to be important for the treatment and preven-
tion of malaria for the foreseeable future. Tafenoquine will hopefully undergo phase III
clinical studies leading to FDA approval and marketing within the next few years. The
immediate hope is that it will offer safer, more convenient, and effective protection
against malaria in travelers, and it may ultimately have an important role in therapy as
well. A single-dosing regimen providing complete protection for short-term exposure
would revolutionize malaria chemotherapy for travelers. The brightest hope for this
family of drugs is their spectrum of activity across the developmental stages of plasmo-
dia. This property may be exploited to develop intervention strategies that arrest
epidemic malaria and break the cycle of transmission within defined foci. The future of
8-aminoquinolines depends in part on whether parasite resistance to this class of drugs
develops and on whether an 8-aminoquinoline analog can be developed that retains
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broad-spectrum activity, yet has less propensity for hemolysis in G6PD-deficient indi-
viduals. This will require better methods to evaluate the hemolytic potential of drugs, a
better understanding of the metabolism and mechanisms of action of 8-amino-
quinolines, and collaboration between biochemists, synthetic chemists, computational
chemists, parasitologists, pharmacologists, and clinicians.
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INTRODUCTION

For decades, the 4-aminoquinoline chloroquine (CQ) was the mainstay for the
prevention and treatment of malaria because of its low cost, safety, and efficacy. How-
ever, CQ-resistant Plasmodium falciparum has now been reported from almost every
malaria endemic country, and this drug can no longer be considered appropriate for the
treatment of malaria in many areas (1). Reports of CQ-resistant P. vivax also have
begun to emerge from Asia and South America (2). In response to the problem of CQ
resistance, the quinolinemethanol mefloquine has been widely deployed and used for
the prevention and treatment of malaria in areas where CQ is no longer effective.
However, resistance to this drug has emerged in many malarious regions (3–8). Al-
though the older quinolinemethanols quinine and quinidine remain useful in areas of
CQ and mefloquine resistance, these drugs have been losing efficacy, and cases of
cross-resistance among the different quinolines have been described (9–16).

The impact of resistance to CQ and other quinoline antimalarials is measured not
only by the reduction in their efficacy but also by the increasing necessity to rely on the
more expensive and more toxic current alternatives. Strains of P. falciparum from
Cambodia and Thailand exist that are resistant to all available antimalarials except the
artemisinin compounds (1). Given the great success of the quinolines prior to the emer-
gence of resistance, strategies to develop new antimalarials should include new agents
that act upon the target of these drugs as well as chemosensitizers that can reverse the
resistance phenotype. A better understanding of underlying mechanisms of quinoline
resistance should assist these strategies. This chapter reviews current understanding
and controversies regarding the mechanisms of resistance to the quinoline antimalarials,
with a focus on P. falciparum and the most widely used drugs of this class.

MECHANISM(S) OF CHLOROQUINE RESISTANCE

Introduction

Despite massive drug pressure following its introduction in the 1940s, the resistance
of P. falciparum to CQ was not recognized until the late 1950s, when treatment failures
were reported from distinct foci in Southeast Asia and South America (17). Resistance
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has steadily spread from these two foci and now is established in almost all malarious
areas around the world (1). The emergence of CQ resistance only after many years of
widespread CQ use suggests that multiple mutations are required to produce the CQ
resistance phenotype (18). It is now generally agreed that CQ acts by disrupting the
detoxification of heme in the parasite food vacuole (see Chapter 6). The mechanism of
resistance to CQ is more controversial. From a biochemical standpoint, CQ-resistant
parasites have been found to accumulate less CQ compared to CQ-sensitive parasites
(19–23). This difference can be modified by a number of chemosensitizing agents such
as the Ca+ channel blocker verapamil (24). Recent work has attempted to investigate
the problem from a genetic standpoint, with the goal of identifying genes that encode
proteins that play a role in CQ resistance (25–27).

Chloroquine Resistance and Drug Accumulation

It has been suggested that the accumulation of CQ in the P. falciparum food vacu-
ole, which underlies the action of the drug, is related to the binding of CQ to free heme
(Chapter 6). Once in the food vacuole, CQ appears to form complexes with heme in its
hematin (µ-oxodimer) form and interrupt the normal polymerization of heme as it is
released upon hemoglobin digestion. These CQ-hematin complexes are thought to
engender parasite toxicity (Chapter 6).

Mechanisms of CQ resistance among different Plasmodium species may vary. In
murine parasites, such as P. berghei, CQ resistance is associated with a decrease in the
formation of hemozoin (pigment), which consists of polymerized (and thus detoxified)
heme particles (28). However, there are no clear differences in the quantity of hemozoin
in CQ-resistant and CQ-sensitive P. falciparum (29).

A number of hypotheses have been proposed to explain differences in CQ accumu-
lation between resistant and sensitive parasites. One theory is that decreased accumula-
tion is the result of increased CQ efflux from CQ-resistant parasites, which actively
remove the drug from its site of action (22,30). This theory was supported by data
suggesting that CQ-resistant parasites released preaccumulated CQ almost 50 times
faster than CQ-sensitive isolates (30,31). These results were considered consistent with
the finding that verapamil partially reversed resistance and reduced the apparent rate of
drug efflux from CQ-resistant parasites (30,32). CQ resistance was therefore proposed
to involve a mechanism analogous to that mediated by P-glycoprotein molecules in
mammalian tumor cells (discussed in more detail below) (32). More recent reports,
however, found that CQ efflux rates in CQ-resistant and CQ-sensitive strains are simi-
lar and that the decreased steady-state levels of CQ in resistant strains are the result of
a diminished level of accumulation rather than a drug export mechanism (23,33–35).

Several hypotheses incorporate the concept that decreased CQ accumulation can be
the result of diminished drug accumulation. The uptake of diprotic CQ in acid food
vacuoles because of a weak-base ion-trapping mechanism is predicted by the
Henderson–Hasselbach equation (21,36,37). Increases in vacuolar pH could thus explain
decreased accumulation of CQ in resistant parasites (34,38). An increase in vacuolar
pH of 0.5 pH units was proposed to be sufficient to decrease CQ accumulation by
10-fold (35). Reports of increased vacuolar pH have been explained by a weakened
proton pump, which was thought to be consistent with results showing CQ-resistant
parasites to be more susceptible than CQ-sensitive parasites to the proton-pump inhibi-
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tor bafilomycin A1 (23). Other studies that used populations of parasites for pH
measurements did not detect differences in vacuolar pH between CQ-sensitive and
CQ-resistant parasites, however (37). Also, the genes for two of the subunits of the
plasmodial (H+) ATPase have been sequenced and no mutations were found to account
for CQ resistance (39,40).

The recent development of sensitive pH-calibrated methods on individual parasitized
erythrocytes now indicate that the food vacuole pH is actually decreased in CQ-resistant
parasites by 0.3–0.5 pH units relative to CQ-sensitive parasites. This was determined
using sensitive “thin layer” single-cell photometric analysis of parasites maintained in
O2/CO2-balanced physiological conditions and using dyes that selectively localize to
the cytoplasmic or vacuolar compartments (41). These results appear paradoxical if
vacuolar CQ accumulation were explained only by weak-base trapping. However, CQ
accumulation in the food vacuole is known to be additionally driven by binding to
soluble heme (19,42). Given that there is a steep effect of pH on the conversion of
soluble heme to insoluble hemozoin and that the formation of hemozoin is much
more efficient at the lower food vacuole pH values of CQ-resistant parasites, then
vacuolar acidification would leave significantly less free heme available for the
formation of toxic complexes with CQ (41). The result would be reduced CQ accumu-
lation in CQ-resistant parasites, consistent with experimental data showing a reduction
in high-affinity drug receptor sites (19,41,42).

Some reports of CQ uptake and activity have suggested that differences in drug
accumulation between CQ-sensitive and CQ-resistant parasites are proportionally less
than differences in drug susceptibility (9). For instance, parasites demonstrating a
fourfold to fivefold difference in CQ accumulation were found to exhibit a 10-fold to
20-fold difference in susceptibility (9). These data provide evidence that, in addition to
the alterations in drug accumulation, CQ resistance may be mediated by a reduction in
target-site sensitivity or accessibility. Reduced accumulation and activity of CQ in
resistant parasites could therefore be the result of alterations in the binding of CQ to
heme within the parasite food vacuole, in addition to changes in the transport of CQ
across the parasite plasma membrane. In kinetic studies (42), the major difference
between susceptible and resistant strains was in the Kd for saturable CQ binding, and
the saturable component of CQ accumulation was found to be responsible for the anti-
malarial activity of the drug. Furthermore, protease inhibitors that blocked hemoglobin
digestion and heme release inhibited this saturable component of CQ accumulation, so
that the specific activity of CQ was attributed to CQ–heme binding (42). As CQ resis-
tance was associated with a reduced apparent affinity of CQ–heme binding rather than
changes in the capacity for CQ to bind heme, it was proposed that the underlying
mechanism of resistance is the result of a reduction in the accessibility of free heme.

Alternative explanations for the decreased concentration of CQ in resistant parasites
involve loss or alteration of a protein involved in CQ uptake (43) or loss or alteration of
an intracellular “receptor” (42,44,45). It has been suggested that CQ uptake could be
facilitated by a Na+/H+ exchanger and that alterations in this exchanger may mediate
CQ resistance (46). This proposal was based on the observation that inhibitors of Na+/
H+ exchange competitively inhibited CQ uptake and that the kinetics of uptake differed
between resistant and sensitive strains (46). The Na+/H+ proposal invoked kinetics that
were measured using intact parasites and, therefore, could have reflected binding of
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CQ to another receptor (47). Recent evidence that the specific CQ accumulation phe-
notypes of CQ-resistant and CQ-sensitive parasites were preserved in sodium-free
medium argue against direct involvement of an Na+/H+ exchanger in drug transport
and CQ resistance (42). In addition, the suggestion that the cg2 gene, which is associ-
ated with CQ resistance (see the next subsection), might encode a Na+/H+ exchanger
(48) was not consistent with analysis of the predicted sequence of CG2 (49). However,
available data do not rule out the possibility that an Na+/H+ exchanger is indirectly
involved in modulating CQ accumulation through alterations in the pH gradient across
parasite membranes (24).

The Reversal of CQ Resistance by Chemosensitizing Agents

The activity of CQ against resistant parasites can be enhanced by a number of
compounds, including verapamil, desipramine, and chlorpheniramine (32,50,51). The
mechanisms of action of these chemosensitizing (CQ resistance “reversal”) agents are
unclear, although many of these compounds appear to work by enhancing the accumu-
lation of CQ (52). Studies using radiolabeled drug have shown that verapamil signifi-
cantly increases the steady-state accumulation of CQ in CQ-resistant parasites
(30,33,53–55). This CQ accumulation in resistant parasites in the presence of verapamil
is still substantially lower than that in susceptible parasites with or without verapamil
(30,33,35,51,53). In addition, the effect of verapamil on CQ accumulation at therapeu-
tic concentrations is very small relative to the drug’s effect on parasite sensitivity to
CQ (33). The lack of a unifying hypothesis to account for both CQ resistance and
resistance reversal has led to the proposal that these phenomena may be the result of
more than one mechanism (33,35,46). Recent work suggesting that CQ resistance is
the result of alterations in the binding of CQ to heme offers evidence that the reversing
effect of verapamil is caused by an increase in the apparent affinity of CQ–heme bind-
ing (42). Thus, verapamil may reverse CQ resistance by altering CQ–heme affinity and
affecting CQ accumulation. Whether other chemosensitizing agents reverse CQ resis-
tance by mechanisms other than the inhibition of CQ accumulation is uncertain.

Evaluation of the Proposed Role for a P-Glycoprotein
in Chloroquine Resistance

The observations that CQ-resistant parasites accumulate less CQ than sensitive parasites
and that verapamil can modulate this process suggested similarities with the multidrug-
resistant (MDR) phenotype of mammalian tumor cells (32). MDR is thought to be caused
by the overexpression of an ATP-dependent drug transporter known as P-glycoprotein (56),
which is postulated to confer resistance by promoting the efflux of a wide range of cyto-
toxic drugs out of tumor cells (57). Two MDR gene homologs, designated pfmdr-1 (58,59)
and pfmdr-2 (60,61) have been identified in P. falciparum. The pfmdr-1 gene product,
P-glycoprotein homolog-1 (Pgh-1), has a structure shared by many members of the MDR
family, with 12 transmembrane regions and 2 nucleotide binding sites (62). The pfmdr-2
gene predicts a protein more closely related to a mediator of cadmium resistance in yeast
(60,61), and little evidence exists to suggests that it plays a role in CQ resistance.

Pgh-1 is localized on the membrane of the parasite food vacuole and has been
suggested to have a role in drug transport (62). Although initial studies attempted to
correlate the CQ resistance phenotype with pfmdr-1 gene amplification or mutations
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(63), analysis of a genetic cross between CQ-resistant and CQ-sensitive clones of P.
falciparum showed that this gene did not map with the CQ-resistance determinant and
thus could not account for resistance (25). Recent data have also shown that amplifica-
tion of the pfmdr-1 gene is not associated with CQ resistance (15,64). In fact,
deamplification has been associated with increased CQ resistance in vitro (65–67). In
population surveys of CQ-resistant strains, different pfmdr-1 haplotypes were identi-
fied from Old and New World malarious regions, including an allele with an Asn to
Tyr codon change at position 86 (N86Y; K1 allele) and alleles with codon changes at
positions 184, 1034, 1042, and 1246 (7G8 allele) (63). Subsequent studies using field
isolates identified some associations between pfmdr-1 point mutations and in vivo or in
vitro CQ resistance, but many exceptions, in which CQ resistance could not be attrib-
uted to pfmdr-1 mutations, were also seen (Table 1) (15,68–76). Thus, alterations in
pfmdr-1 copy number or sequence have not generally predicted resistance or sensitiv-
ity in field isolates.

Most investigators now believe that alterations in the pfmdr-1 gene are not primarily
responsible for the CQ-resistance phenotype. However, it remains possible that pfmdr-1
may act as a modulator of CQ resistance or as a factor that affects the fitness of physi-
ologically altered CQ-resistant parasites. Studies in Chinese hamster ovary cells trans-
fected with pfmdr-1 demonstrated incorporation of Pgh-1 into lysosomes, a decrease in
lysosomal pH, and an increased sensitivity to CQ (78,79). Furthermore, when cells
were transfected with a pfmdr-1 gene with mutations previously linked to CQ resis-
tance, the lysosomal pH was not increased and there was no change in CQ sensitivity
(78). The extracellular CQ concentrations that affect lysosomal pH in CHO cells, how-
ever, are much higher than those that affect heme polymerization in P. falciparum.
Nevertheless, these data have been taken to suggest that pfmdr-1 can indirectly enhance
CQ accumulation by modulating food vacuole pH, perhaps via an effect on chloride
transport, as has been demonstrated for other members of the P-glycoprotein family
(80). Transfection of a CQ-sensitive parasite line with pfmdr-1 from CQ-resistant para-
sites containing three point mutations had no effect on parasite sensitivity to CQ. How-
ever, mutations in Pgh-1 can modulate the response of P. falciparum already resistant
to CQ (81). Recent studies provided evidence that replacement of the mutant pfmdr-1
with the wild-type sequence in resistant parasites decreased the CQ median inhibitory
concentration (IC50) from high (350 nM) to moderate (204 nM) levels. This replace-
ment was associated with a proportional increase in saturable, steady-state accumula-
tion of CQ and with blunting of the CQ resistance reversal effect of verapamil.

A Genetic Approach to Understanding CQ Resistance

A laboratory cross between CQ-resistant (Dd2, Indochina) and CQ-sensitive (HB3,
Honduras) parasites was employed as an alternative approach to understanding the
mechanism of CQ resistance (25). Linkage analysis showed that the CQ-resistance
determinant in progeny clones mapped to a single locus within a 36-kilobase (kb) region
of chromosome 7 that did not contain the pfmdr-1 gene (26,82). No intermediate drug
sensitivity was seen in any of the progenies, arguing against independent effects of
polymorphisms in two or more unlinked genes contributing to the inheritance of CQ
resistance (26). Additionally, no other chromosome segments mapped perfectly with
CQ resistance in a comprehensive search of a detailed genetic map constructed from 35



158
D

orsey et al.

Table 1
Field Studies of pfmdr-1 Mutations and Chloroquine Resistance

Study site Patient pfmdr-1 Phenotypic
(ref.) population (n) Mutations correlatea Results

Sudan 1992 (76) Unspecified (13) N86Y, D1246Y In vitro test No association
Thailand 1993 (15) Unspecified (11) N86Y, N1042D, D1246Y In vitro test No association
France 1995 (75) Travelers from Africa (51) N86Y, N1042D, D1246Y In vitro test Positive association

  (86Y mutation only)
Cambodia 1996 (74) Symptomatic malaria (10) N86Y, N1042D, D1246Y In vitro test No association
Cameroon 1997 (73) Uncomplicated malaria (40) N86Y 14-d in vivo test, No association

RI–RIII vs S
Gambia 1997 (71) Uncomplicated N86Y 28-d in vivo test, Positive association

  malaria (children) (40) (RII–RIII vs RI)
Gambia 1997 (68) Uncomplicated N86Y In vitro test Positive association

  malaria (children) (31)
Gabon 1998 (69) Uncomplicated N86Y, D1246Y In vitro test No association

  malaria (children) (15)
Cameroon 1998 (72) Uncomplicated N86Y In vitro test No association

  malaria (children) (102)
Thailand 1999 (77) Unspecified (11) N86Y, Y184F, N1042D, In vitro test No association

  D1246Y
Irian Jaya 1999 (70) Asymptomatic N86Y, D1246Y 28-d in vivo test, Positive association

  volunteers (124)   RI–RIII vs S   for both mutations
a In vivo drug responses are described by standard WHO terminology for sensitivity (S) and resistance (RI–RIII), based on the persistence of parasitemia

after treatment.
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independent recombinant progenies (83). Sequence analysis of the 36-kb segment
initially identified eight potential genes, and one of these genes, cg2, contained a com-
plex set of polymorphisms that strongly correlated with the CQ resistance phenotype in
Old World parasite lines. Twenty CQ-resistant parasite clones from Asia and Africa
contained an identical set of polymorphisms of the Dd2-type, and 21 CQ-sensitive
clones were highly heterogeneous. However, an exception was found with the Sudan
106/1 clone that contained the Dd2-type cg2 sequence and yet was CQ sensitive (26).
Subsequent evaluations of field isolates also found strong association of cg2 polymor-
phisms with CQ resistance; however, additional exceptions were identified (Table 2)
(84–87). Recently, genetic modification of the cg2 sequence in CQ-resistant parasites,
leading to introduction of polymorphisms associated with CQ sensitivity, did not result
in any change in the verapamil-reversible CQ-resistance phenotype. These data
provided conclusive evidence that the Dd2 set of mutations present in cg2 was not
necessary for CQ resistance (88).

Further investigation of the 36-kb segment that segregated with CQ resistance in
the genetic cross revealed the presence of a cryptic gene, pfcrt, whose coding
sequence was contained within 13 exons (27). The 424-amino-acid-translated prod-
uct, PfCRT, contains 10 predicted transmembrane domains and has been localized to
the food vacuole. Sequence comparisons revealed eight codons that differed between
the CQ-resistant and CQ-sensitive clones in the genetic cross. These amino acid
substitutions occur within or near predicted transmembrane segments, and six involve
changes in charge or hydrophilicity. Sequence analysis of laboratory-adapted Old
World isolates demonstrated a clear association between pfcrt mutations and CQ
resistance. CQ-Resistant isolates from Asia and Africa consistently showed seven of
the mutations found in codons of the Dd2 allele (M74I, N75E, K76T, A220S, Q271E,
N326S, and R371I) with or without the eighth Dd2 mutation, I356T. Although the
sets of mutations in the Old and New World alleles could be clearly distinguished, all
shared two mutations (K76T and A220S) that likely underpin a common molecular
mechanism of CQ resistance. Episomal transformation of CQ-sensitive parasites with
constructs expressing CQ-resistant forms of PfCRT resulted in the transfected lines
tolerating CQ concentrations that are lethal to CQ-sensitive parasites and exhibiting
verapamil-reversible IC90 values only observed in naturally CQ-resistant lines. The
dose-response curves were unusually flat, however—an effect that presumably
resulted at least in part from the coexpression of the episomal and endogenous chro-
mosomal forms of the pfcrt gene. These experiments represent the first successful
production of a CQ-resistant line from a CQ-sensitive line in the laboratory, with the
verapamil-reversible phenotype directly attributable to the presence of the episomes
expressing CQ-resistant forms of PfCRT.

One of the recipients used in these episomal transformation experiments was the Sudan
106/1 line, which had proved to be an exception to the association between the preliminary
candidate gene cg2 and CQ resistance (26). This line is categorically of the CQ-sensitive
phenotype not chemosensitized by the presence of verapamil. The pfcrt allele in 106/1
carries all of the pfcrt mutations associated with Old World CQ resistance except for
the K76T codon change, consistent with a central role for this codon in CQ resistance.
During transformation experiments with 106/1, a mutant line was selected that lost the
episomes but had nevertheless acquired a highly CQ-resistant phenotype. This line
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Table 2
Field Studies of cg2 Polymorphisms and Chloroquine Resistance

Study site Patient Phenotypic
(ref.) population (n) cg2 Polymorphisms correlate Results

Nigeria 1999 (87) Asymptomatic malaria G281A,  repeat In vivo and in vitro Positive correlation both
  (children) (39)   alone and in combination

Cameroon 1999 (85) Asymptomatic malaria 12-point mutations, In vivo and in vitro Positive correlation
  (children) (24) , , and poly-N repeats   for 12-point mutations,

 and  repeats
France 1999 (84) Travelers, mostly  and  repeats In vitro Positive correlation for

  from Africa (99)   both repeats
Cameroon 1999 (86) Asymptomatic malaria (75)  repeats In vivo and in vitro Positive correlation
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was found to have a new mutation, K76I, in the 106/1 pfcrt allele already harboring
the other mutations associated with CQ resistance. Association between CQ resis-
tance and the K76I mutation was confirmed by episomal transformation experi-
ments (27).

Whereas genetic studies indicate a primary role for the identified pfcrt mutations in
CQ resistance as measured in vitro, the role of these mutations in clinical CQ resistance
remains under evaluation. In studies in Mali, the baseline prevalence of the PfCRT K76T
mutation was 39%, and this mutation was seen in all infections that occurred within 2 wk
following CQ treatment (89). Mutations in pfmdr-1 showed a lower degree of selection
by CQ treatment and were less strongly associated with clinical resistance. In a study in
Uganda, all CQ-resistant infections were caused by isolates containing the pfcrt K76T
mutation (G Dorsey, unpublished data). In both Mali and Uganda, some infections
that cleared with CQ treatment also carried the K76T mutation, indicating an in
vitro CQ-resistant phenotype. Indeed, in Uganda, where the incidence of malaria and the
prevalence of CQ resistance are both higher than in Mali, the K76T pfcrt mutation was
found in all of 114 tested isolates that caused infections with a range of in vivo CQ
sensitivity (36% showing complete clearance after CQ treatment in a 14-d clinical study).
For none of the eight identified pfcrt mutations or two pfmdr-1 mutations (N86Y,
D1246Y) did the presence or absence of mutations predict whether an infection would
clear after CQ treatment. Thus, it appears that, at least in highly malarious areas, where
individuals have significant antimalarial immunity, key pfcrt mutations are likely neces-
sary for clinical CQ resistance, but other factors are also involved in CQ treatment out-
comes. These results point to the importance of host immunity as well as the parasite
drug-resistance phenotype in the response of malaria infections to treatment (68).

MECHANISMS OF RESISTANCE TO OTHER 4-AMINOQUINOLINES

The 4-aminoquinoline amodiaquine (AQ) has close structural similarity to CQ (see Chap-
ter 13). In vitro and in vivo cross-resistance between these two drugs has been documented
in some studies (90–92), whereas other studies did not show consistent cross-resistance
(93). In a meta-analysis of clinical trials comparing the two drugs, AQ had significantly
better efficacy, even in areas with a high incidence of CQ resistance (94).

Kinetic studies have suggested that AQ may be subject to the same resistance mecha-
nism as CQ, as certain CQ-resistant parasites displayed significantly reduced accumu-
lation of AQ (9). The reduction of drug accumulation in CQ-resistant parasites was less
pronounced for AQ than for CQ (9). Differences in the accumulation and antimalarial
efficacy of CQ and AQ may be the result of physiochemical differences between the
compounds, including the greater lipophilicity of AQ (95). Similarly, other close ana-
logs of CQ with alterations in side-chain length retained activity against CQ-resistant
P. falciparum (96,97). Chemosensitizing agents such as verapamil and desipramine
failed to enhance the activity of these CQ analogs against CQ-resistant parasites
(96,97). These data suggest that the mechanism of CQ resistance may be highly depen-
dent on drug structure, consistent with the involvement of a specific transporter/per-
mease or a specific food vacuole target such as drug–heme binding (47). Further work
into the structure–activity relationships of CQ analogs should aid in elaborating the
mechanism of CQ resistance and the biochemical basis of circumventing resistance
(see Chapter 13).
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IN VIVO EFFICACY OF CHLOROQUINE RESISTANCE
REVERSAL AGENTS

Given the observation that a number of agents can reverse resistance to CQ in vitro,
several studies have investigated the potential of combining these agents with CQ for the
treatment of malaria. This strategy could provide a means of extending the utility of CQ
in areas where resistance has emerged while avoiding the use of more expensive and
potentially toxic antimalarials. Although verapamil has been the CQ resistance reversal
agent most widely studied in vitro, concerns about toxicity have precluded its investiga-
tion in vivo (98). Early in vivo studies combining CQ with the tricyclic antidepressant
desipramine and the antihistamine cyproheptadine failed to show any treatment benefit
(99,100). With desipramine, this lack of effect may have been the result of extensive
binding to plasma proteins (101). In the first in vivo study to document the efficacy of
reversal agents, investigators reported the clearance of CQ-resistant P. falciparum in an
Aotus monkey treated with CQ combined with chlorpromazine or prochlorperazine (102).

Recently, investigators in Nigeria have reported a number of studies examining the
efficacy of CQ plus chlorpheniramine, a histamine H1 receptor antagonist. Chlorphen-
iramine is relatively inexpensive, has limited toxicity, and has been widely used to
treat CQ-induced pruritus in Africans, although its efficacy for this symptom is debat-
able (103). When administered to children with uncomplicated malaria, the combina-
tion of CQ plus chlorpheniramine was more efficacious than either CQ alone or
sulfadoxine–pyrimethamine, as efficacious as halofantrine, and almost as efficacious
as mefloquine (Table 3) (104–108). In these studies, 81–98% of patients treated with
CQ/chlorpheniramine cleared their parasitemia after 14 d. In addition, the combination
was found to be safe and well tolerated, although chlorpheniramine must be given three
times a day over a 7-d period. The mechanism by which chlorpheniramine enhances
the activity of CQ remains unclear (106). In a recent detailed pharmacokinetic study,
peak whole-blood CQ concentrations and the area under the first-moment drug con-
centration–time curve were significantly increased by chlorpheniramine (109). This
result suggests that increasing the uptake and/or concentration of CQ enhances CQ
efficacy. Studies of CQ/CQ-resistance reversal agent combinations are needed in other
patient populations to further test the potential of this approach to the treatment of
uncomplicated malaria.

MECHANISMS OF RESISTANCE TO MEFLOQUINE, QUININE,
AND HALOFANTRINE
Introduction

The quinolinemethanol antimalarials, quinine and mefloquine, and halofantrine, a
related phenanthrene methanol, are important drugs for the prevention and treatment of
malaria in areas of CQ resistance. Although these drugs remain effective in most parts
of the world, their efficacy has begun to diminish in some areas and resistance is now
widespread in parts of Southeast Asia. In contrast to the relatively slow emergence of
CQ resistance, mefloquine resistance was reported within a few years after its intro-
duction (3). Over 50% of clinical infections are now resistant in parts of Southeast
Asia, where this drug has been widely used to treat CQ-resistant malaria (110,111).
Decreased sensitivity to quinine was reported as early as 1910 (112), but this drug
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Table 3
In vivo Studies of Chloroquine Plus Chlorpheniramine

In vivo results

CQ plus Comparison
      Patient population Study design chlorpheniramine group

Uncomplicated malaria CQ/chlorpheniramine (n = 48) vs 85% S, 4% RI, 76% S, 2% RI,
  (children) (104)   CQ alone (n = 49); 14 d   10% RII   18% RII, 4% RIII
Uncomplicated malaria CQ/chlorpheniramine (n = 48) vs 98% S, 2% RI 69% S, 21% RI,
  (children) (106)   CQ alone (n = 48); 14 d   4% RII, 6% RIII
Children with parasitological CQ/chlorpheniramine (n = 21) vs 81% S, 19% RI 100% S
  failure after CQ treatment (105)   mefloquine (n = 20); 14 d
Uncomplicated malaria CQ/chlorpheniramine (n = 50) vs 96% S, 4% RI 60% S, 18% RI,
  (children) (107)   pyrimethamine/sulfadoxine   (100% S in patients   16% RII, 6% RIII

  (n = 50); 14 d   failing SP)
Uncomplicated malaria CQ/chlorpheniramine (n = 50) vs 96% S, 4% RI 96% S, 4% RI
  (children) (108)   halofantrine (n = 50); 14 d

Note: Drug responses are described by standard WHO terminology for sensitivity (S) and resistance (RI–RIII), based on the persistence of parasitemia
after treatment.
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retained efficacy in the field for many years. Presently, as with mefloquine, over 50%
of P. falciparum infections demonstrate some resistance to quinine in areas of South-
east Asia (113). The reports of cross-resistance among mefloquine, quinine, and
halofantrine suggest a common mechanism of resistance. Indeed, intrinsic resistance to
mefloquine (seen prior to its introduction) and rapidly emerging resistance to this drug
have been observed in areas with pre-existing quinine resistance (3,114,115).

P-Glycoprotein, PfCRT and Mefloquine, Quinine, and Halofantrine Resistance

Following the identification of the MDR gene homolog, pfmdr-1, a number of stud-
ies have investigated its role in resistance to the quinolinemethanol-related compounds.
Similar to the mechanism of MDR in tumor cells, resistance to mefloquine, halo-
fantrine, and, to a lesser extent, quinine, may in certain cases be associated with gene
amplification and overexpression of Pgh-1. In experiments with P. falciparum, stepwise
selection for increased mefloquine resistance resulted in amplification and over-
expression of pfmdr-1 (59,65–67). Concomitant increases in halofantrine and quinine
resistance developed in vitro with the increase in mefloquine resistance (65,67). These
results suggested an MDR phenotype for the quinolinemethanol-related compounds.
Some studies with field isolates have also demonstrated an association between pfmdr-1
gene amplification and mefloquine resistance (15,74,75,77,116,117). However, this
association was not absolute, suggesting that additional mechanisms for mefloquine
resistance must exist (Table 4). That mechanisms other than overexpression of pfmdr-1 are
involved in resistance to quinolinemethanol-related compounds is supported by examples
of the selection of parasites with increased resistance to mefloquine and halofantrine that do
not have increases in the pfmdr-1 copy number or expression (118,119).

Studies of pfmdr-1 sequence polymorphisms and resistance to quinolinemethanol-re-
lated compounds have produced mixed results. Parasite lines selected for increased resis-
tance to mefloquine and halofantrine did not show changes in the sequence of pfmdr-1
(65,67,118,119). Several field studies have failed to find a clear association between
pfmdr-1 allelic variation and susceptibility to mefloquine, halofantrine, and quinine
(15,74,75,77,116). In one study of Thai field isolates, the presence of the wild-type N86
allele was, in fact, associated with higher mefloquine IC50’s (117). This result suggests a
discordance between resistance to mefloquine and CQ, as the mutant Y86 allele is, in
some cases, associated with CQ resistance (63). Recently, investigators used plasmid
constructs containing allelic variants of the pfmdr-1 gene to directly measure the effect of
introduction or removal of mutations on drug susceptibility in selected CQ-sensitive
(wild-type) and CQ-resistant (mutant) parasites. Replacement of the wild-type pfmdr-1
with an allele containing three point mutations (C1034, D1042, Y1246) decreased the in
vitro quinine susceptibility of a quinine-sensitive isolate (81). Removal of the same
mutations from the mutant allele resulted in reversion of the quinine response to the more
sensitive level. Conversely, insertion of these mutations resulted in increased sensitivity
to mefloquine and halofantrine, whereas removal of the mutations decreased sensitivity.
These data suggest an additional level of complexity in the role of pfmdr-1 in mediating
resistance to the quinolinemethanol-related compounds.

The mechanism by which Pgh-1 may affect response to the quinolinemethanol-
related compounds remains unclear. In some isolates, resistance to mefloquine can be
reversed by penfluridol, but not by compounds that reverse resistance to CQ (120,121).
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Efflux studies in P. falciparum with mefloquine, halofantrine, and quinine have been
hampered by the lipophilic nature of these compounds (15). Mefloquine has been
reported to interact with high affinity with human P-glycoprotein, supporting its role
as a substrate for Pgh-1-mediated drug transport (57). As the binding site of Pgh-1 is
predicted to be located on the interior of the food vacuole membrane, genetic changes
leading to enhanced activity (e.g., overexpression or mutations) might be expected to
increase rather than decrease the concentration of drug in the food vacuole. Thus, the
site of quinolinemethanol action may be outside the food vacuole or in the food vacu-
ole membrane (24). It is also possible that Pgh-1 itself is a target of action of the
quinolinemethanol compounds or in an indirect way affects the accumulation of drug
within the food vacuole (65).

Altered susceptibilities to multiple drugs were also detected in the mutant 106/1 line
that was selected for CQ resistance and had undergone the K76I mutation in pfcrt. This
line displayed a 10-fold reduction in its quinine IC50 and a twofold to threefold reduc-
tion in the mefloquine and halofantrine IC50 values, relative to the parental 106/1 line.
An increased susceptibility was also observed for artemisinin, contrasting with a decreased
sensitivity to AQ and quinacrine. Thus, it is possible that pfcrt mutations can directly
or indirectly affect parasite susceptibility to a spectrum of heme-binding antimalarial
drugs. This is plausible, given that CQ-resistant parasites harboring mutations in pfcrt
appear by single-cell photometric analysis to have a more acidic food vacuole with an
altered membrane potential (27). Changes in these two parameters could conceivably
have very different outcomes in terms of accumulation of different antimalarial drugs
and their interactions with heme in the food vacuole. Another interpretation of the find-
ings with the pfcrt mutant line is that the altered response to quinine and other drugs is
related to changes in expression of other genes in the transformed parasite lines.

Table 4
Field Studies of pfmdr-1 Copy Number and Mefloquine Resistance

Study site (ref.) In vitro sensitivity testinga Results

Thailand 1993 (15) 10 of 11 isolates resistant All 10 resistant isolates had gene
  to mefloquine   amplification; one sensitive isolate

  had single gene copy
Africa 1995 (75) 5 of 15 isolates resistant No association between gene

  to mefloquine   amplification and drug susceptibility
Cambodia 1996 (74) 2 of 10 isolates resistant No evidence of gene amplification

  to mefloquine   in any of the isolates
Brazil 1998 (116) 26 isolates all sensitive 11 of 26 sensitive isolates were analyzed

  to mefloquine  and contained only one gene copy
Thailand 1999 (77) 64 isolates all resistant Among isolates with moderate to high

  to mefloquine   mefloquine resistance; 40 of 62 had
  gene amplification

Thailand 1999 (117) 54 isolates: median Increased copy number correlated
  IC50 = 41 ng/mL   significantly  with increased
  (5–183)   mefloquine IC50 (p = 0.006)

aStudies differ in methodology for drug susceptibility.
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SUMMARY

Although our understanding of the mechanisms of resistance to quinoline anti-
malarials remains incomplete, good progress has been made from both biochemical
and genetic standpoints. It now appears that resistance to CQ involves a diminished
level of drug uptake into the parasite food vacuole, although enhancement of drug
efflux may also play a role. The CQ-resistance phenotype appears to have a high degree
of structural specificity, as some CQ analogs offer much improved potency over the
parent compound against resistant parasites. These observations are consistent with a
role in CQ resistance for specific molecular interactions in drug flux across the food
vacuole membrane and/or in heme binding. These interactions may lead to changes in
food vacuolar ion conductance and a pH-dependent reduction in the concentration of a
soluble receptor for CQ that is most likely free heme.

Recent studies point to a principal role for pfcrt mutations in CQ resistance. Although
not required, mutations in pfmdr-1 may be advantageous to parasites already mutated
in the pfcrt gene and possessing the CQ-resistant phenotype. It is known that in individu-
als with antimalarial immunity, infections by parasites with the in vitro CQ-resistance
phenotype often clear following CQ treatment, so the presence of pfcrt mutations alone
cannot predict CQ response in vivo. Clearly, acquired immunity and, likely, other host
traits that affect susceptibility to malaria are additional factors that affect the outcome
of drug treatment. Whether additional mutations in other parasite genes may also con-
tribute to clinical CQ resistance is unknown.

In contrast to the case with CQ, resistance to mefloquine, quinine, and halofantrine
is less well characterized. In some cases, there is good evidence for mediation by
amplification and/or polymorphisms in the pfmdr-1 gene. However, the association
between pfmdr-1 and resistance is incomplete, suggesting roles for other genetic
factors, including pfcrt.

Quinoline antimalarials have been the mainstay of antimalarial chemotherapy from
the time the activity of cinchona bark extracts was first recognized. The spread of resis-
tance threatens the utility of all of the drugs in this class. A better understanding of the
mechanisms of resistance to the quinolines may provide insight into the development
of novel antimalarials or drug combinations that are able to circumvent resistance.
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Folate Antagonists and Mechanisms of Resistance

Christopher V. Plowe

INTRODUCTION

The antifolates were once thought to be a nearly ideal class of antimalarial agent (1).
Antifolate drugs interfere differentially with folate metabolism, an essential parasite path-
way that includes enzymes with no human counterparts. They are effective both as prophy-
lactic and therapeutic agents against malaria. However, the antifolates are notoriously quick
to fall prey to resistant parasites, and resistance to the commercially available antifolates is
now widespread. The most popular formulation, sulfadoxine–pyrimethamine, is no longer
recommended for general prophylaxis because of rare but serious cutaneous drug reac-
tions. Are the antifolates a class of antimalarials whose time has come and gone? Most
emphatically not, for the following reasons: First, sulfadoxine–pyrimethamine is
currently the first-line antimalarial drug in several sub-Saharan African countries where
chloroquine resistance is widespread and where other drugs remain far too expensive
for general use. Second, several promising new combinations of antifolates that may
be less susceptible to parasite resistance and less toxic are in development. Finally,
new metabolic pathways that can be targeted with drugs that may behave synergisti-
cally with the antifolates have recently been identified in Plasmodium species (e.g., the
shikimate pathway) (2), and many such discoveries can be anticipated as the malaria-
genome-sequencing project proceeds. The antifolate antimalarials will remain in wide-
spread use for the foreseeable future because of a lack of affordable alternatives and
will remain one of the major classes of new drugs under development because of their
high therapeutic index and their synergy with each other and with other drugs.

This chapter will briefly review the mechanisms of the antifolate antimalarial drugs
(dihydrofolate reductase inhibitors, sulfonamides, and sulfones) and will discuss
mechanisms of malaria parasite resistance to the individual drugs and drug combina-
tions in use and under development. Distinctions will be made between what is known
about mechanisms of in vitro resistance to the individual drugs and what is known, and
not known, about the determinants of in vivo resistance to the antifolate drug combina-
tions used for malaria therapy. Despite an increasingly detailed understanding of the
molecular basis of resistance to the dihydrofolate reductase inhibitors and sulfa drugs
under in vitro conditions, much remains to be learned about the mechanisms of thera-
peutic failure of antifolate combinations under different epidemiological and immuno-
logical conditions in the field.
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THE FOLATE BIOSYNTHETIC PATHWAY IN PLASMODIA

Empiric use of antifolates against malaria long predates the demonstration of the
folate metabolism pathway in Plasmodium species. Sulfonamides were found to be
active against primate and bird malarias in the early 1940s (3,4) and this activity was
found to be reversed by p-aminobenzoic acid (pABA) (5), a substrate for dihydro-
pteroate synthase, the enzyme two steps before dihydrofolate reductase in the folate
pathway. De novo synthesis of folate by malaria parasites was demonstrated over 20 yr
ago (6), although subsequent studies have suggested that at least some parasites have
the capacity to salvage folate or folate metabolites to supplement de novo synthesis (7),
a feature that appears to contribute to resistance to the sulfa drugs (8,9). Several recent
reviews and an Internet site describe the plasmodial folate pathway in detail and the
reader is referred to these comprehensive sources for depictions of the de novo and
salvage pathways for folate (10–12). Although not all of the enzymes involved in folate
metabolism have been identified in plasmodia, this is likely to change as the malaria
genome project proceeds. The genes encoding the enzymes in the folate pathway
targeted by existing antifolate drugs, dihydrofolate reductase (13) and dihydropteroate
synthase (14,15), have both been cloned and sequenced, and mutations in these genes
have been determined to play a role in resistance to the antifolate drugs.

INHIBITORS OF DIHYDROFOLATE REDUCTASE

The most productive period of antimalarial drug research and development came
during World War II, when the Allied Forces found their supply of quinine cut off and
mounted an intense effort to identify and design new antimalarial compounds. Among
these were the biguanides, including proguanil, and the structurally related pyrimidine
derivatives, which were modified to yield pyrimethamine (Fig. 1). Proguanil is cyclized
to cycloguanil in the liver, and the mechanism of action of both cycloguanil and pyri-
methamine was presumed to be through inhibition of the folate pathway, based on their
similar structure to the pyrimidine derivatives and the observation that folate antago-
nizes their action in vitro. The direct action of these two compounds on malarial
dihydrofolate reductase was subsequently demonstrated (16–18).

Discovery of antimalarial activity of the dihydrofolate reductase inhibitors in
animal models was quickly followed by human studies, and both proguanil and
pyrimethamine were soon used widely for malaria chemoprophylaxis. Unfortunately,
resistance arose extremely rapidly in settings where these drugs were widely deployed.
Clyde and Shute describe starting monthly pyrimethamine prophylaxis schemes in Tan-
zanian villages and observing rates of in vivo Plasmodium falciparum resistance rise
from 0% to 37% in just 5 mo (19). When they moved to a weekly prophylaxis regimen,
resistance rose more slowly, but still reached levels of 50–60% within 2 yr. These high
rates of resistance were limited to the villages participating in the prophylaxis scheme
and those located within 1–2 miles of the prophylaxis villages, but villages more
than 2 miles away maintained resistance levels of 0–7%. This very focal and rapid
development of antifolate resistance in areas directly under drug pressure led to early
suspicions that resistance must be the result of a simple mechanism, such as point
mutations in the drug target. Subsequent animal studies showing rapid selection of
increasing levels of pyrimethamine resistance (20,21) in an apparent stepwise fashion
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heightened this suspicion, which was finally confirmed after the gene for dihydrofolate
reductase was cloned and sequenced (13). Point mutations conferring specific amino
acid alterations in the presumed active-site cavity of dihydrofolate reductase were
shown in established culture-adapted parasite lines to be associated with differential
resistance to cycloguanil and pyrimethamine (22–25). In contrast to antifolate resis-
tance in bacteria and human cancers, gene amplification does not appear to be a mecha-
nism for such resistance in malaria (22,23).

Plasmodium falciparum dihydrofolate reductase is encoded by a single-copy gene
on chromosome 4 that also encodes thymidylate synthase, and the two enzymes form a
bifunctional protein (26,27). Although the crystal structure of the P. falciparum
dihydrofolate reductase has yet to be solved, valuable inferences have been drawn from
the derived structures of the enzyme in Toxoplasma gondii (28) and Leishmania major
(29) (Fig. 2), as well as by indirect molecular modeling schemes (30). These infer-
ences, in combination with enzyme kinetic assays of wild-type and mutant malaria

Fig. 1. Natural substrates and drugs inhibiting dihydropteroate synthase and dihydrofolate
reductase in P. falciparum. Sulfadoxine and dapsone compete with p-aminobenzoic acid (pABA)
to inhibit dihydropteroate synthase. Pyrimethamine, trimethoprim, cycloguanil (cyclized in the
host liver from proguanil), and WR99210 (metabolized from the pro-drug PS-15) inhibit
dihydrofolate reductase by competing with dihydrofolic acid.
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dihydrofolate reductase, support the view that nucleotide substitutions found in resis-
tant genotypes alter the enzyme’s active-site cavity and result in differential binding
affinities for different drugs. These resistance-conferring mutations occur in a stepwise,
sequential fashion, with higher levels of in vitro resistance occurring in the presence of
multiple mutations. Primary mutations are required for subsequent mutations to be
maintained while still preserving enzyme function. Definitive proof that point muta-
tions in dihydrofolate reductase confer resistance to pyrimethamine came from trans-
fection experiments in P. falciparum, in which a pyrimethamine-sensitive clone was
transformed with mutant dihydrofolate reductase, and the mutant transformants exhib-
ited the predicted levels of pyrimethamine resistance (31,32).

Table 1 summarizes the in vitro resistance of P. falciparum dihydrofolate reductase
genotypes to pyrimethamine and cycloguanil as well as to two other dihydrofolate
reductase inhibitors under development, chlorcycloguanil (the active metabolite of
chlorproguanil) and WR99210 (the active metabolite of PS-15). The data shown in
Table 1 are from experiments in which naturally occurring and genetically engineered
dihydrofolate reductase constructs are used to transform Saccharomyces cerevisiae
lacking dihydrofolate reductase. This assay in yeast yields relative susceptibilities

Fig. 2. Ribbon diagram of active site of P. falciparum dihydrofolate reductase, showing
bound methotrexate (MTX) and NADP, resistance-conferring mutations at labeled amino acids,
and the Bolivia repeat mutation. (From ref. 30.)
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Table 1
Naturally Occurring Genotypes of P. falciparum Dihydrofolate Reductase and Relative Level of Resistance
(IC50, 50% inhibitory concentration) Against Dihydrofolate Reductase Inhibitors as Determined in a Yeast Modela

Amino acid position Relative IC50 Predominant
Strain source 16 BR 50 51 59 108 164 PYR CG CCG WR distribution

3D7 (Wild type) ala — cys asn cys ser ile 1 1 1 1 W Africa
HB3 ala — cys asn cys ASN ile 331 25 26 0.3 W Africa
FCR3 VAL — cys asn cys THR ile 1.2 829 180 0.8b Rare in nature
It.D12 ala — cys ILE cys ASN ile 755 146 87 .07 Africa
K1 ala — cys asn ARG ASN ile 1048 290 108 1.0b Africa
Dd2 ala — cys ILE ARG ASN ile 2371 137 86 1.0b E Africa, SE Asia
Bolivia1 ala — cys ILE cys ASN LEU 9960 1957 596 2.7 S America
Cs1-2 ala — cys asn ARG ASN LEU 6212 ND 1008 ND S America, SE Asia
V1/S ala — cys ILE ARG ASN LEU 22477 1709 206 1.3 S America, SE Asia
Bolivia2 ala — ARG ILE cys ASN ile 2637 601 325 0.8 S America
Bolivia3 ala — ARG ILE cys ASN LEU 20206 6908 722 5.5 S America
Bolivia4 ala BR cys ILE cys ASN LEU 6210 622 136 0.7b S America

BR = Bolivia repeat; PYR = pyrimethamine; CG = cycloguanil; CCG = chlorcycloguanil; WR = WR99210.
Mutations are indicated by bold capitals. ND = not done.
a The known predominant geographic distribution for each genotype is indicated in the last column.
b No significant difference in IC50 from wildtype.
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similar to those seen in standard in vitro testing in P. falciparum and permits the rapid
comparison of a wide variety of dihydrofolate reductase genotypes using a large panel
of drugs (33,34).

A single point mutation causing a serine to asparagine change at position 108 is
linked to pyrimethamine resistance with only a moderate loss of susceptibility to
cycloguanil and chlorcycloguanil. The addition of asparagine to isoleucine at codon 51
and/or cysteine to arginine at codon 59 results in higher levels of pyrimethamine resis-
tance, again with only modest effects on cycloguanil and chlorcycloguanil. A serine to
threonine mutation at position 108 coupled with an alanine to valine change at position
16 confers resistance to cycloguanil and chlorcycloguanil, with only a moderate loss of
susceptibility to pyrimethamine. Finally, an isoleucine to leucine change at position
164 combined with Asn-108 and Ile-51 and/or Arg-59 confers high-level resistance to
both pyrimethamine and cycloguanil, with a more modest effect on chlorcycloguanil
(22–25,35). An analogous array of point mutations in P. vivax dihydrofolate reductase
has recently been described (36).

Recombinant P. falciparum dihydrofolate reductase enzyme has been expressed in
Escherichia coli for biochemical and enzyme kinetics studies (37,38). These studies
provide a rationale for the specific sequence of accumulation of mutations, based on
their effects on drug resistance and enzyme function. Asn-108 occurs first, conferring
moderate pyrimethamine resistance at a relatively low cost to enzyme function as
measured by kcat/Km ratios for dihydrofolate. Subsequent mutations at codons 51, 59,
and 164 result in lowered binding affinities for pyrimethamine, but come at a cost of up
to 40-fold reductions in kcat/Km ratios for dihydrofolate, suggesting that parasites
containing the more highly mutated forms of dihydrofolate reductase might be selected
against in the absence of drug pressure.

No dihydrofolate reductase mutations other than these five first discovered to be
associated with in vitro resistance were identified in isolates from a wide variety of
geographic areas in the approximately 10 yr after the gene was first sequenced in
P. falciparum (23–25,39,40). Recently, however, single reports of rare mutations
have been made (41,42) and two new dihydrofolate reductase mutations were dis-
covered in an area of widespread sulfadoxine–pyrimethamine resistance in Bolivia
and found to be common in South America: A cysteine to arginine mutation at
codon 50 and a five-amino acid repeat insertion between codons 30 and 31, termed
the Bolivia repeat (29,43).

The roles of these newly discovered mutations in antifolate resistance are not yet
firmly established, although transfection studies in yeast indicate that the Arg-50 muta-
tion does confer resistance to pyrimethamine and other dihydrofolate reductase inhibi-
tors, whereas the Bolivia repeat does not (34). The association of the Bolivia repeat
with other dihyrofolate reductase mutations and its location in the active-site cavity, as
well as its high prevalence in a region of the world where clinical pyrimethamine resis-
tance is almost complete and absence in Africa where antifolate resistance is less
common (29), argue against the Bolivia repeat being merely a silent mutation. Because
the resistance-conferring dihydrofolate reductase mutations diminish dihydrofolate
reductase enzyme activity (38), it is plausible that the Bolivia repeat is a compensatory
mutation, restoring the efficiency of mutant dihydrofolate reductases. This hypothesis
could be tested in enzyme kinetics studies such as those described above.
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As shown in Table 1, analysis of all the known dihydrofolate reductase genotypes
against a panel of dihydrofolate reductase inhibitors confirms that different specific
genotypes are resistant to different drugs. The triple mutant Asn-108/Ile-51/Arg-59,
which has emerged in areas in Africa where sulfadoxine-pyrimethamine has begun to
fail, has moderate to high-level resistance to pyrimethamine but confers only moderate
levels of resistance to both cycloguanil and chlorcycloguanil and no resistance to
WR99210. This is consistent with the observation that infections that fail to clear with
sulfadoxine–pyrimethamine treatment and harbor this triple mutant can be cleared by a
combination of chlorproguanil and dapsone. The addition of the Leu-164 mutation
gives rise to a high level of resistance to cycloguanil and chlorcycloguanil as well as
pyrimethamine, suggesting that antifolate combinations relying on these drugs may not
work in parts of Southeast Asia and South America, where Leu-164 is common
(29,42,43) and that the arrival of Leu-164 in Africa would signal the end of the utility
of proguanil and chlorproguanil there, at least as dihydrofolate reductase inhibitors.

Recent evidence has shown that proguanil does not act solely through metabolism to
cycloguanil and inhibition of dihydrofolate reductase, and it is unknown whether the
same is true of chlorproguanil. Fidock et al. found that P. falciparum transformed with
human dihydrofolate reductase was rendered resistant to WR99210 and to cycloguanil,
but that susceptibility to proguanil was not affected, implying that proguanil has a site
of activity other than dihydrofolate reductase (44). This is consistent with studies show-
ing that the combination of atovaquone and proguanil is active against parasites from
areas with high rates of resistance to antifolates (45) and that synergy between atovaquone
and proguanil relies on the direct action of proguanil at a site other than dihydrofolate
reductase (46). These findings illustrate the importance of validating in vivo what
we learn about mechanisms of drug resistance in the laboratory. Had it been accepted
that proguanil would not work in an area where high rates of the dihydrofolate reduc-
tase mutation Leu-164 render cycloguanil useless, a promising new antimalarial com-
bination might never have been found to be highly efficacious in an area of multidrug
resistance. The success of clinical trials with atovaquone and proguanil led to renewed
efforts to elucidate previously unknown mechanisms of action, providing a good
example of research feedback loops between the laboratory and the field.

SULFONAMIDES AND SULFONES

The sulfa drugs were developed and used extensively in the mid-20th century as
antibacterial agents, although their antimalarial potential was quickly noted and evalu-
ated (3,4). Development of resistance and relatively poor clinical efficacy as single
agents led to the abandonment of sulfas as antimalarials until sulfadoxine was combined
with pyrimethamine to form a synergistic antifolate drug combination widely known
as Fansidar® (Hoffman-La Roche, Basel) but also manufactured and sold in a variety
of other commercial and generic forms. The ability of pABA to antagonize sulfa drugs
in vivo (5,47) and in vitro (48) supported the supposition that they act as pABA analogs,
inhibiting dihydropteroate synthase in the parasite folate pathway.

The role of dihydropteroate synthase in sulfa resistance was elucidated following
the same pattern described earlier for dihydrofolate reductase, with the cloning of the
gene, the identification of point mutations associated with in vitro drug resistance, and
detailed characterization of the heterologously expressed wild-type and mutant enzymes.
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Like dihydrofolate reductase, dihydropteroate synthase is part of a bifunctional polypep-
tide, encoded by a gene also encoding dihydro-hydroxymethylpterin pyrophosphokinase,
another constitutient of the folate metabolic pathway (14,15). Sequence analysis of the
coding regions of dihydropteroate synthase from established parasite cell lines identified
a limited number of point mutations, all associated with in vitro resistance to sulfa drugs.
The interpretation of in vitro studies of P. falciparum resistance to sulfa drugs has been
complicated by the need to perform the assays under rigorously standardized, near-zero
folate conditions to obtain reproducible results. Under these conditions, the following
mutations in dihydropteroate synthase were associated with resistance to sulfadoxine:
serine to alanine at codon 436, alanine to glycine at codon 437, lysine to glutamate at
codon 540, alanine to glycine at codon 581, and serine to phenylalanine at codon 436
coupled with alanine to either threonine or serine at codon 613 (8,15).

The dihydropteroate synthase mutations were subsequently proven to confer resis-
tance to sulfonamides and sulfones through transfection studies in P. falciparum (49).
The Phe-436, Gly-437, Ser-613 triple mutant was the most highly resistant genotype
analyzed, with nearly a 1000-fold increase in the median inhibitory concentration (IC50)
for sulfadoxine relative to wildtype. This genotype, however, is rare in nature, and the
Gly-437, Glu-540, Ala-581 genotype that is prevalent in areas of widespread
sulfadoxine–pyrimethamine failure (29,43) has not yet been examined in in vitro stud-
ies, transfection studies, or enzyme kinetics studies.

The entire dihydro-hydroxymethylpterin pyrophosphokinase–dihydropteroate syn-
thase protein was expressed in E. coli, and enzyme kinetics studies performed to inves-
tigate the effects of the mutations on enzyme function and on affinity for sulfa drugs
(50). The Gly-437 mutation, which is common in epidemiological surveys even in areas
of low antifolate resistance (29,51), often as the sole mutation, has little effect on
enzyme function. These observations are consistent with Gly-437 being the first
dihydropteroate synthase mutation to occur, and then being followed by additional
mutations conferring higher levels of resistance, much like the dihydrofolate reductase
mutation Asn-108 precedes additional mutations. The measure of catalytic efficiency
for the pABA, the kcat/Km ratio, was found to vary up to ninefold among the enzymes
tested, with the wild-type and least mutated enzymes having the best catalytic activity
and the enzymes with the lowest binding affinity for the sulfa drugs (i.e., most resis-
tance) having the lowest catalytic activity. This suggests that the mutations in
dihydropteroate synthase that confer resistance to the sulfa drugs come at a cost to
enzyme function and might be selected against in the absence of drug pressure. The
same set of studies showed that the binding-affinity curves for the different enzymes
were identical for sulfadoxine, sulfamethoxazole, and dapsone, implying that complete
cross-resistance exists among the commonly used sulfonamides and sulfones.

DETERMINANTS OF IN VIVO RESISTANCE TO SULFA–
DIHYDROFOLATE REDUCTASE INHIBITOR COMBINATIONS

The above-described studies have provided a detailed understanding of the molecular
and biochemical mechanisms of in vitro resistance to the individual dihydrofolate reduc-
tase inhibitors and sulfa drugs. Although it seems probable that some degree of resistance
to both sulfadoxine and pyrimethamine is necessary for in vivo resistance to both drugs
when used in combination, the relative importance of intrinsic parasite resistance to
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sulfadoxine versus pyrimethamine in causing in vivo sulfadoxine–pyrimethamine failure
has not been clearly resolved. Some studies have observed therapeutic success of
sulfadoxine–pyrimethamine in the face of in vitro resistance to pyrimethamine, suggest-
ing that sulfadoxine resistance is key to sulfadoxine–pyrimethamine failure, but others
have found similar sulfadoxine inhibitory concentrations and differential pyrimethamine
susceptibilities among isolates with in vivo sensitive versus resistant phenotypes, sug-
gesting that pyrimethamine resistance is paramount (52,53). In vitro pharmacokinetic
studies of the synergistic action of pyrimethamine and sulfadoxine done under physi-
ologic folate and pABA conditions suggested that the in vivo response to sulfadoxine–
pyrimethamine may be determined primarily by parasite sensitivity to pyrimethamine
(54). However, in vitro experiments under nonphysiological conditions with single drugs
may not reflect how parasites respond to drug combinations in human hosts under vary-
ing nutritional, pharmacokinetic, and immunological conditions (55,56). The hypothesis
that sulfadoxine–pyrimethamine failure is the result of pyrimethamine resistance is there-
fore not necessarily inconsistent with the in vitro susceptibility, enzyme kinetics, and
transfection studies described earlier that clearly demonstrate a role for dihydropteroate
synthase mutations in resistance to sulfonamides and sulfones.

It has long been known that folate and pABA antagonize the action of the individual
antifolate drugs (5,24,47,48,57,58). When all other conditions are carefully controlled,
the addition of low concentrations of folate to in vitro sulfa susceptibility assays has
profound antagonistic effects against the sulfa drugs for some but not all parasite iso-
lates (8). This phenomenon, termed the “folate effect,” was thought to be of potential
importance in resistance to sulfa drugs and sulfa–dihydrofolate reductase inhibitor com-
binations. The folate effect did not segregate with dihydropteroate synthase genotypes
in a genetic cross. Although it was linked to the dihydrofolate reductase gene in the
cross progeny, it was not linked with dihydrofolate reductase sequence in other, unre-
lated parasite lines, suggesting that a gene responsible for the folate effect is located
near but not at the dihydrofolate reductase locus on chromosome 4. The exact mecha-
nism or genetic basis of the folate effect is not known at this time, nor is the prevalence
of this effect in natural parasite populations. Subsequent studies showed that the folate
effect could be completely abolished by the addition of pyrimethamine to assay cul-
tures at concentrations substantially lower than those needed to inhibit dihydrofolate
reductase (9). Thus, although the folate effect does appear to affect the action of sulfa
drugs as single agents on malaria parasites, it appears to play no role in the acute clini-
cal failure of sulfadoxine–pyrimethamine, the antifolate combination of most public
health significance today.

The role of mutations in dihydropteroate synthase for in vivo sulfadoxine–pyri-
methamine resistance has been debated in the literature (59). A set of experiments
controlling concentrations of sulfadoxine, pyrimethamine, folate, and pABA and using
several P. falciparum isolates with known dihydrofolate reductase and dihydropteroate
synthase genotypes has helped to illuminate this topic (9). Taking into account host
differences in elimination times for the two drugs, these experiments support a sce-
nario in which parasites with fewer than the three common dihydrofolate reductase
mutations Asn-108, Ile-51, and Arg-59, would be likely to be cleared by sulfadoxine–
pyrimethamine irrespective of dihydropteroate synthase genotype. In the presence of the
dihydrofolate reductase triple-mutant form, the treatment outcome would depend on
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the dihydropteroate synthase genotype as well as on other factors such as host plasma folate
levels and immunity. This model is most consistent with the clinical and epidemiological
studies that show an association between the prevalence of mutations in both enzymes with
sulfadoxine–pyrimethamine failure rates, and selection for mutations in both enzymes under
direct pressure from sulfadoxine–pyrimethamine treatment (29,42,43,60).

Figures 3 and 4 illustrate the order of accumulation of mutations in dihydrofolate reduc-
tase and dihydropteroate synthase, respectively, under drug pressure and the predominant
geographic distribution of mutant genotypes. The weight of all of the available data from in
vitro and epidemiological studies supports the view that in South America, where immu-
nity levels are lower, clinical failure of sulfadoxine–pyrimethamine can be attributed to a
genotype comprised of the dihydrofolate reductase mutations Asn-108, with or with-
out Ile-51, accompanied by either Arg-50 or Arg 59, and including Leu-164; and the
dihydropteroate synthase mutations Gly-437, Glu-540 and Gly-581. Whether this constel-
lation of mutations results in RI-, RII-, or RIII-level resistance appears to depend on factors
other than dihydrofolate reductase and dihydropteroate synthase genotype (43). A “quin-

Fig. 3. Natural progression of mutations in P. falciparum dihydrofolate reductase with the
predominant geographical distribution of mutant genotypes. Single-letter amino acid abbrevia-
tions are used throughout, with the exception of “BR” for the Bolivia repeat, a five-amino-acid
repetitive insert between codons 30 and 31. Wild type is indicated by an amino acid to the left
of the codon number and a mutation by an amino acid to the right of the codon number (e.g.,
wild-type S108 and mutant 108N). New mutations arising in successive genotypes are indi-
cated by bold italics. Gray boxes indicate the mutations that arise most commonly under drug
pressure in vivo.
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tuple mutant” with the dihydrofolate reductase mutations Asn-108, Ile-51, and Arg-59 and
dihydropteroate synthase mutations Gly-437 and Glu-540 is probably responsible for the
relatively low-level in vivo resistance to sulfadoxine pyrimethamine that is increasingly
common in east and central Africa. It is important to note that in Africa, the prevalence of
these resistant genotypes exceeds the prevalence of in vivo resistance, indicating that other
factors permit many individuals to clear these relatively resistant genotypes, as discussed in
the following section.

The dihydrofolate reductase Leu-164 mutation is absent in Africa at the present time,
and the dihydropteroate synthase Gly-581 mutation is very rare there, despite several
years of widespread pyrimethamine-sulfadoxine use in eastern and southern African
countries. Should these two mutations arise and be maintained in the parasite popula-
tion, high-level resistance to sulfadoxine–pyrimethamine can be expected. The higher
level of immunity in most of Africa results in a high proportion of chronic and asymp-
tomatic and, therefore, untreated infections. If the two mutations associated with the
highest levels of resistance are sufficiently deleterious to enzyme function, they will be
selected against in the absence of drug pressure. It is possible that the amount of drug
pressure applied to the total parasite population will be insufficient to permit these
particular mutations to arise or persist in Africa. If this hypothesis is correct, antifolates
may have a longer useful life in Africa than they have elsewhere.

Relatively little is known about the molecular basis of in vivo resistance to antifolate
combinations other than sulfadoxine–pyrimethamine. Both in vitro and clinical studies
indicate that chlorproguanil–dapsone is active against the genotypes of sulfadoxine–

Fig. 4. Natural progression of mutations in P. falciparum dihydropteroate synthase with the
predominant geographical distribution of mutant genotypes. Single-letter amino acid abbrevia-
tions are used throughout. Wild type is indicated by an amino acid to the left of the codon
number and a mutation by an amino acid to the right of the codon number (e.g., wild-type A437
and mutant 437G). New mutations arising in successive genotypes are indicated by bold italics.
Gray boxes indicate the mutations that arise most commonly under drug pressure in vivo.
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pyrimethamine-resistant P. falciparum found in Africa (34,61). (W Watkins, personal
communication), probably because of chlorcycloguanil’s relative ability to inhibit para-
sites with the pyrimethamine-resistant Asn-108/Ile-51/Arg-59 dihydrofolate reductase
genotype common in Africa.

Trimethoprim–sulfamethoxazole, used primarily as an antibacterial agent, has been
recommended as empiric treatment for febrile illness in children in areas where malaria
is endemic (62–64), and daily prophylaxis with this combination was recently found to
reduce morbidity and mortality among HIV-infected persons in an African city (65,66).
Pyrimethamine is generally more active against malaria than trimethoprim is, and in
vitro studies have found cross-resistance between pyrimethamine, trimethoprim, and
related compounds (67,68) although cross-resistance between trimethoprim and pyri-
methamine may not be complete (69). These earlier studies did not include analysis of
the dihydrofolate reductase genotypes of the parasite lines tested, but analysis of
dihydrofolate reductase genotypes in yeast suggest that trimethoprim resistance and
pyrimethamine resistance are caused by the same sets of mutations (unpublished data).
Sulfadoxine and sulfamethoxazole inhibit several dihydropteroate synthase genotypes
equally with a Ki correlation coefficient of 1.0, indicating complete cross-resistance
between these two drugs (50).

One report found that trimethoprim–sulfamethoxazole had a poor efficacy as a treat-
ment for malaria in Uganda and was selected for an unusual dihydrofolate reductase
genotype consisting of wild-type Ser-108 with mutant Ile-51 and Arg-59 (70).
However, this genotype has not been found in several large surveys, including in
adjacent African countries and areas where trimethoprim–sulfamethoxazole is widely
used for bacterial infections (29,40,42), nor has the existence of the Ser-108/Ile-51/
Arg-59 genotype been demonstrated by DNA sequencing. Before instituting policies
of widespread trimethoprim–sulfamethoxazole prophylaxis in areas where HIV infection
and malaria are both highly prevalent, it will be important to have a clear understanding of
the molecular mechanisms of resistance to trimethoprim–sulfamethoxazole in P. falciparum
and to assess the potential for daily prophylaxis with this combination to select for parasites
highly resistant to sulfadoxine–pyrimethamine and other antifolate combinations. On the
population level, widespread trimethoprim–sulfamethoxazole prophylaxis could shorten
the useful life-span of sulfadoxine–pyrimethamine in areas where it is already in use and
introduce antifolate resistance in areas where they are currently being held in reserve. On
the individual level, HIV-infected persons receiving daily trimethoprim–sulfamethoxazole
prophylaxis who are or become infected with P. falciparum may be more likely to fail
sulfadoxine–pyrimethamine treatment, with an increased risk of progression to severe
disease and death.

OTHER FACTORS CONTRIBUTING TO IN VIVO
ANTIFOLATE RESISTANCE

Factors other than decreased affinity of drugs for target enzymes are certain to
contribute to the in vivo response to sulfadoxine–pyrimethamine and the other
antifolate combinations. As described earlier, folate and pABA antagonize the
antifolate drugs in P. falciparum cultures (58), and some parasites can use exogenous
folate to antagonize the sulfa drugs (7–9). The effects of folate and pABA levels in host
serum on the in vivo response to sulfadoxine–pyrimethamine are relatively unstudied,
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but a higher rate of sulfadoxine–pyrimethamine treatment failures among persons
receiving folic acid supplements has been reported (71). Plasma folate determinations
in studies of the molecular basis of antifolate resistance in vivo may clarify the role of
host folate levels in therapeutic efficacy of the antifolates.

Partial immunity to malaria certainly must contribute to the therapeutic efficacy of all
antimalarial drugs, including the antifolates. In areas where malaria is highly endemic, as in
much of sub-Saharan Africa, individuals gradually develop partial immunity to malaria
disease, although they continue to become infected by the parasite (72). Semi-immune
older children or adults can clear low-level resistant infections that immunologically naive
infants or young children cannot clear. One small study has shown a strong association
between longer histories of exposure to malaria and increased efficacy of sulfadoxine–
pyrimethamine (73). Mutations in target enzymes that determine intrinsic resistance will be
more tightly correlated with clinical antifolate failure in settings where there is less immu-
nity, such as Southeast Asia and South America, than in Africa (43,74).

Finally, host differences in the ability to absorb or metabolize drugs may contribute
to therapeutic efficacy of antifolates. For example, differences in the ability to metabo-
lize the antifolate drug proguanil into its active form, cycloguanil, contribute to the
prophylactic efficacy of proguanil (75), and individual differences in the pharmacoki-
netics of sulfonamides have been suggested to account for some cases sulfadoxine–
pyrimethamine failure (76).

SUMMARY AND CONCLUSIONS

The antifolate antimalarial drugs are the only line of defense against chloroquine-resis-
tant malaria in most of the malaria endemic world. Sulfadoxine–pyrimethamine is still used
as the first- or second-line drug in much of South America and nearly all of sub-Saharan
Africa, where the cost of newer antimalarial drugs precludes their widespread use. Several
African countries now rely on sulfadoxine–pyrimethamine as the first-line drug, and when
it fails, as it will, there are no affordable alternatives ready to replace it. Several new
antifolate drugs and drug combinations are now in development, including atovaquone–
proguanil (Malarone®) (77), chlorproguanil (Lapudrine®)–dapsone (LapDap) (78), and
PS-15–sulfa combinations (79). Chlorproguanil–dapsone appears to be active against the
forms of sulfadoxine–pyrimethamine-resistant P. falciparum found in East Africa and is in
the late stages of development as an inexpensive alternative to sulfadoxine–pyrimethamine.
This antifolate combination also has a short elimination time, which may result in slower
selection of resistant genotypes (80). Perhaps even more promising in the long run is the
dihydrofolate reductase inhibitor PS-15, the active metabolite of which, WR99210, is
effective against even the most highly resistant forms of P. falciparum (34,79). Thus, even
if sulfadoxine–pyrimethemine is eventually abandoned because of resistance, understand-
ing the mechanisms of resistance to the antifolate class of antimalarial drugs will be impor-
tant for developing strategies for deterring the development and slowing the spread of
resistance. Continued surveillance for new mutations and assessment of their roles in
conferring resistance will be important both for validating molecular methods for surveil-
lance of resistance and for the development of new antifolate drugs and drug combinations
designed to overcome antifolate resistance. Close cooperation between field and laboratory
researchers will be key to success in these endeavors.
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New and not yet fully understood mechanisms of action and resistance have recently
been discovered for the antifolate antimalarial drugs (9,44,46), as have new biochemi-
cal pathways that provide folate precursors (2). With the malaria genome project well
underway (81) and renewed efforts to develop new antimalarial drugs in progress
(82,83), we can expect that mechanisms of action and mechanisms of resistance of the
antifolate antimalarial drugs will continue to be a rapidly evolving field with direct
relevance to global public health.
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Artemisinin and Its Derivatives

Steven R. Meshnick

INTRODUCTION

Artemisinin and its derivatives are endoperoxide-containing natural products that
are being used widely as antimalarials in many parts of the world. The most commonly
used artemisinin derivatives are artesunate, artemether, arteether, and dihydro-
artemisinin (Fig. 1). Artelinic acid (Fig. 1) (1) is currently in preclinical development.
A variety of newer artemisinin derivatives have been synthesized and tested; these are
reviewed in Chapter 16. This chapter will review recent progress in understanding the
pharmacology and mechanisms of action of the artemisinin derivatives that are cur-
rently in clinical use. The reader is referred to an excellent recent supplement to Medi-
cine Tropicale (Vol. 58, Supplement 3, 1998) for a collection of detailed review articles
on all aspects of these drugs.

Artemisia annua—sweet wormwood or qinghao—has been used by Chinese herbal
medicine practitioners for about 2000 yr to treat hemorrhoids and fever. Patients were
told to “take a handful of sweet wormwood, soak it in a sheng (approx 1 L) of water,
squeeze out the juice and drink it all” (2). The active ingredient of this herb—artemisinin
(qinghaosu)—was discovered in 1972 by a group of Chinese scientists (3). A series of
articles published in 1982 presented a large body of in vitro, animal, and clinical data on
artemisinin as well as artemether and artesunate (4–9).

Artemisinin derivatives were used widely in China by the 1980s. Western interest in
these agents began to grow as multidrug-resistant Plasmodium falciparum strains began
to spread, especially in Southeast Asia. By the early 1990s, artemisinin derivatives were
being widely used in Thailand, Burma, and Vietnam. Several artemisinin derivatives are
now being developed and/or marketed by Western pharmaceutical companies, including
Rhone-Poulenc (artemether) (10), Novartis (artemether plus benflumetol) (11), and
Sanofi Winthrop (artesunate) (12). The results of all clinical studies using artemisinin
derivatives to treat both complicated and uncomplicated malaria have been compiled
into two reviews in the Cochrane Library (13,14)

MECHANISM OF ACTION OF ARTEMISININ

The mechanism of action of artemisinin has recently been reviewed (15–18). There
is a general consensus that the killing action of artemisinin involves an iron-catalyzed
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decomposition of artemisinin into free radicals (Fig. 2). There are a number of pieces
of evidence for this:

1. The endoperoxide bridge is essential for antimalarial activity (19). Derivatives with a single
oxygen instead of two, such as deoxartemisinin (Fig. 1), are inactive. Endoperoxides are known
to be unstable, especially in the presence of iron, and to breakdown to form free radicals.

2. The malaria parasite is rich in heme-iron, derived from breaking down host cell hemoglo-
bin (20). This could explain why artemisinin is selectively toxic to parasites.

3. Free-radical scavengers inhibit artemisinin’s antimalarial activity, whereas other free radi-
cal generators promote it (21–23).

4. Artemisinin treatment of membranes and infected and uninfected erythrocytes generates
typical free-radical-damage end products such as thiobarbituric-reacting substances and
oxidized thiols (21–28).

5. Iron catalysis of the irreversible decomposition of artemisinin has been demonstrated by
cyclic voltammetry (29), and iron-catalyzed artemisinin-derived free radicals have been
detected by electron paramagnetic resonance spectroscopy (25,30).

6. Iron chelators antagonize the antimalarial and acute toxic effects of the drug (25).
7. Structure–activity relationship studies showed a high correlation between antimalarial

activities and heme binding (31), and that the predicted pharmacophore (drug receptor)
resembles heme (32).

8. Artemisinin and its derivatives are inactive against the RC strain of Plasmodium berghei
(33) and the related intraerthrocytic apicomplexan parasite, Babesia microti (34), which
lack hemozoin.

Recently, an alternate mechanism for activation of artemisinin was proposed which
is not free radical dependent (35).

Artemisinin does not act like a typical oxidant drug (29). First, unlike most other
oxidant drugs, artemisinin cannot be cyclically oxidized and reduced. Therefore, only
one free radical can result from one drug molecule. Second, all of the oxidant end

Fig. 1. Structures of artemisinin and derivatives.
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products observed experimentally, were only observed at very high drug concentra-
tions (>100 µM), but the drug is effective at concentrations at least 1000-fold lower.
Accordingly, it was suggested that the artemisinin-derived free radical may damage
specific targets, rather than cause promiscuous damage like other oxidant drugs (36).

But what are the specific targets of artemisinin-derived free radicals? One possibility is
heme. Artemisinin forms covalent bonds with heme when incubated in a cell-free solution
and these same artemisinin–heme adducts appear to form in artemisinin-treated parasites
(37). The structure of an artemisinin–porphyrin adduct has recently been elucidated (38) as
has an artemisinin-induced oxidation product of the porphyrin ring (39).

The modification of heme by artemisinin could kill the parasite in several ways. First,
artemisinin or its heme adduct might be able to inhibit hemozoin biosynthesis or cause
hemozoin degradation. At high micromolar concentrations, artemisinin inhibits hemoglobin
digestion by malaria parasites and inhibits hemozoin formation in cell-free conditions (40).
However, artemisinin treatment caused no change in the hemozoin content of P. falciparum
cultures (41), suggesting that heme metabolism might not be the major intracellular target.

Artemisinin also forms covalent adducts with protein, but not with DNA (42,43).
Protein alkylation is heme-dependent, and covalent bonds form with protein preferen-
tially to heme. This was demonstrated by analyzing the reaction products of dihydro-
artemisinin plus hemoglobin and of dihydroartemisinin plus globin (the protein portion
of hemoglobin). Dihydroartemisinin reacted rapidly with hemoglobin but not with
globin. When the heme and globin moieties of the modified hemoglobin were sepa-
rated, 80% of the dihydroartemisinin was attached to the protein (globin) portion and
only a small amount was attached to the heme (43). Thus, heme is necessary for the
activation of artemisinin into an alkylating agent which preferentially attacks proteins.

Unlike classical oxidant drugs that involve oxygen free radicals, artemisinin’s
mechanism depends on the formation of carbon-centered free radicals. Posner and
colleagues (44) first showed that the iron-mediated decomposition of artemisinin in
solution involved the formation of a carbon-centered free radical that was necessary
for antimalarial activity; this was later confirmed by other laboratories (45–47). Robert
and Meunier (38) showed that the alkylation of porphyrins was also depended on the
formation of a carbon-centered free radical.

Fig. 2. Postulated mechanism of action of artemisinin.
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The alkylation of specific malaria proteins by artemisinin has been demonstrated (48).
When P. falciparum-infected erythrocytes were incubated with radiolabeled artemisinin
derivatives, six specific malaria proteins were labeled. These are not highly abundant
proteins, suggesting that they react selectively with the drug. Protein alkylation could
mediate the killing action of artemisinin derivatives because it occurred at therapeutic
concentrations of drug and because the same proteins were alkylated by three different
active derivatives. Furthermore, no proteins were alkylated in uninfected red cells or in
infected red cells exposed to a 20-fold excess of radiolabeled inactive deoxyarteether.

One of the major alkylation targets is the malarial translationally controlled tumor
protein (TCTP) (49), a protein whose function is unknown. Recently, recombinant TCTP
has been found to bind heme (49). Also, immunofluorescence and immunoelectron
microscopy studies show that some of the malarial TCTP is present in the food vacuole
membranes, where it is in proximity to the heme-rich food vacuole (50). Thus, it is likely
that the reaction between artemisinin and TCTP occurs because of an association between
TCTP and heme. However, the reaction between artemisinin and TCTP or other malaria
proteins may be adventitious and not mediate the killing action of the drug.

Another reason for the selective toxicity of artemisinin derivatives to malaria parasites
is that the parasites accumulate far more drug than host cells (25,51,52). Artemisinin
appears to get into the malaria parasite through a tubovesicular network that connects the
membrane surrounding the parasite to the periphery of the red cell (53).

TOXICITY

Adverse effects are rare in patients treated with artemisinin derivatives. In a prospec-
tive study of over 3500 patients in Thailand, there was no evidence for serious adverse
effects (54). Artemisinin derivatives also appear to be safe for pregnant women (55).

In several animal studies however, artemisinin derivatives have been clearly shown to
cause neurotoxicity at high doses (reviewed in ref. 56; see also ref. 57). There have been
two case reports of patients suffering neurological problems after receiving artemisinin
treatments (58,59). However, the neurological problems in these two isolated cases may
have been unrelated to their treatment. In light of the very large number of patients treated
safely with artemisinin, neurotoxic adverse effects, if they occur, are quite rare (60).

In vitro, artemisinin is toxic to neuronal cells by a mechanism that may be similar
to its antimalarial mechanism. Heme potentiates the toxicity of artemisinin deriva-
tives to neuronal cells in vitro (61). There is also evidence that the drug binds to
protein in these cells (62,63).

DRUG RESISTANCE

There have been no clinical reports of artemisinin resistance. Recently, two P. falci-
parum-infected patients were found to fail supervised artesunate therapy, but parasites
from these patients appear to be sensitive to artemisinin in vitro (64). One reason for
absence of resistance might be that the drug has a gametocytocidal effect in vivo
(65,66). Thus, parasites in patients treated with artemisinin derivatives might be much
less likely to infect mosquitoes and be spread to other patients. Second, artemisinin
derivatives are now frequently used in combination with other antimalarials such as
mefloquine (67) or benflumetol (lumefantrine) (68–70). Combination chemotherapy
tends to delay the onset of resistance.
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Artemisinin-resistant strains of P. falciparum (71) and P. yoelii (72) have been
obtained in the laboratory. Various clinical isolates and lab strains of P. falciparum
have been found to vary in sensitivities to artemisinin in vitro (reviewed in ref. 73;
see also refs. 74 and 75). There is no evidence that this variation in sensitivity is
associated with clinical resistance. Interestingly, strains that are resistant to
mefloquine tend to be less sensitive to artemisinin, suggesting some overlap in
mechanisms (73,75). This may somehow be related to the observation that these
two drugs are synergistic (76,77).

We have recently undertaken studies to determine the mechanism of resistance of
the artemisinin-resistant strain of P. yoelli (78). The resistant strain (ART) is fourfold
resistant compared to the wild-type (NS) strain and reverts back to sensitive unless it is
kept under drug pressure. We investigated whether resistance was the result of dimin-
ished drug accumulation or to alteration in the drug target TCTP. ART strains accumu-
lated about half as much drug as the NS strain. In addition, the ART strain expressed
2.5 times as much TCTP as the NS strain. Whereas the increased expression of TCTP
lends credence to the possibility that it is involved in the drug’s mechanism of action,
artemisinin resistance appears to be multifactorial.

PHARMACOLOGY

Artemisinin derivatives are administered by various routes (reviewed in refs. 79 and
80). Artemisinin, dihydroartemisinin, artesunate, and artemether can be administered
orally. Artemether and arteether can be administered intramuscularly in oil. Supposi-
tory formulations of artemisinin and artesunate have also been used. For severe malaria
intravenous artesunate is used. Artesunate, artemether, and arteether are metabolized
in vivo into dihydroartemisinin, which appears to be the main biologically active form
of the drugs.

It is technically quite challenging to measure serum levels of artemisinin deriva-
tives. The best method is high-performance liquid-chromatography (HPLC) electro-
chemical detection (81). A much simpler way to measure serum levels is by bioassay,
but this method does not distinguish between active metabolites (82,83). Artemisinin
derivatives, in general, have relatively short half-lives ranging from under 1 h to 11 h
(reviewed in ref. 84).

Artemisinin derivatives have shorter parasite clearance times than any other antima-
larial (reviewed in refs. 13 and 14). Artemisinin derivatives are most effective against
late ring to early trophozoite stages (85). Because multiple stages may coexist within a
single host and because artemisinin derivatives have such short half-lives, short treat-
ment regimens with artemisinin derivatives will not clear all the parasites. This explains
why artemisinin monotherapy protocols have high recrudescence rates unless the drug
is given for 7 d or more. For this reason, it is currently recommended that artemisinin
derivatives be used in conjunction with other antimalarials with longer half-lives such
as mefloquine or beflumetol (86). In most of these protocols, artemisinin derivatives
are administered in the first day or two and cause a rapid decrease in parasite biomass.
Mefloquine or benflumitol are coadministered because they maintain therapeutic blood
concentrations for several days and can destroy the few remaining parasites that escaped
killing by the artemisinin derivative. A second advantage of combining artemisinin
with other antimalarials is that it will delay the appearance of resistance.
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CLINICAL STUDIES

Although there have been a number of studies evaluating artemisinin derivatives
used alone in the treatment of malaria (reviewed in ref. 15), monotherapy has been
generally associated with unacceptably high recrudescence rates. Thus, a consensus
has developed that artemisinin derivatives are most appropriately used in combinations
with other drugs.

Artemisinin derivatives are most clearly valuable in the treatment of severe malaria.
Their efficacy in severe malaria may be a result of their rapid action; patients treated
with these drugs rapidly defervesce, clear parasitemias, and recover from coma (87,88).
Intramuscular injections of artemether or artesunate, intravenous injections of
artesunate, and artesunate rectal suppositories have all proven to be effective (14,15).
In a meta-analysis of studies comparing artemisinin derivatives and quinine, the
artemisinin derivatives (especially artesunate) were more effective at preventing mor-
tality (14). Thus, artemisinin derivatives are recommended for the treatment of severe
malaria in areas of quinine resistance and may be useful in other areas as well.

The use of artemisinin derivatives in the treatment of uncomplicated malaria is some-
what more controversial. Combinations of artesunate plus mefloquine or artemether plus
benflumitol are effective and particularly useful in Southeast Asia, where there is wide-
spread resistance to chloroquine and antifolates, and partial resistance to mefloquine (69).
Conversely, other drugs, such as sulfadoxine/pyrimethamine, are still effective in
subsaharan Africa. It has been suggested that the introduction of artemisinin derivatives
here should be delayed, because there are still questions about toxicity and because the
early and unnecessary introduction of artemisinin derivatives in Africa might lead to
earlier development of artemisinin resistance (89). However, current evidence suggests
that antifolate resistance will soon be a major problem in Africa and that there is a need to
develop artemisinin combinations which will be effective in this region (90).

CONCLUSION

Over the past decade, we have learned a great deal about the mechanisms of action
of, and resistance to, classical antimalarials such as chloroquine, mefloquine, and
Fansidar. Unfortunately, many of these insights have occurred after the drugs have
started to lose efficacy because of drug resistance. With the artemisinin derivatives, we
have the opportunity to obtain these insights while the drugs are still quite active, and
thus, perhaps, use this information to prolong their effective life-spans.
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INTRODUCTION

Development of an atovaquone–proguanil combination, trademarked Malarone,
during the 1990s has been a major step in addressing the need for antimalarial drugs
with targets different from those of agents for which resistance is already rampant in
the field (1). Atovaquone affects parasite mitochondrial functions in a selective man-
ner (2,3) and, thus, constitutes an entirely new class of antimicrobial agents. While
atovaquone as a single agent has been used for treating Pneumocystis carinii pneumo-
nia and toxoplasmosis in immunodeficient patients (4,5), it met with unacceptable rates
of treatment failure when used against malaria (6,7). The inclusion of proguanil as a
synergistic agent with atovaquone appears to have overcome the high rate of treatment
failure, and the resulting drug, Malarone, has been approved for treatment of falciparum
malaria in more than 30 countries. This chapter aims to provide a perspective on the
development of this new drug and its clinical efficacy. Furthermore, recent studies on
mechanisms of action as well as resistance to this drug will be discussed. It is important
to note that the atovaquone–proguanil combination may be one of the few antimalarials
for which significant details of drug action and resistance are available before its wide-
spread introduction. This information may prove useful in devising strategies for drug
usage as well as in the development of the next generation of antimalarials with mito-
chondrion-specific modes of action.

DEVELOPMENT OF ATOVAQUONE

Atovaquone is a naphthoquinone belonging to a family of compounds that have
been investigated as antimalarials for over 50 yr. Early investigations on naphtho-
quinones as antimalarials have been previously reviewed in some detail elsewhere (8,9).
Hooker (10) was the first to recognize the presence of naphthoquinones in plant extracts
and to synthesize lapachol, a 2-alkylnaphthoquinone, in 1936. Efforts to find substi-
tutes for quinine during World War II included investigations on naphthoquinones, and
hydrolapachol (see Fig. 1 for structures) was found to have antimalarial activity. This
led to collaborative efforts between academic and industrial scientists, resulting in
synthesis of hundreds of hydrolapachol analogs and their testing as antimalarials in a
duck malaria model (11). The most promising compound to emerge from this early
study, lapinone, was found to be effective in treating vivax malaria but needed to be
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given parenterally in large doses (12). The advent of chloroquine as an inexpensive
orally available antimalarial at about the same time diminished interest in develop-
ing hydroxynaphthoquinones as antimalarials. In the 1960s, coinciding with the emer-
gence of chloroquine resistance, there was a renewed interest in naphthoquinones as
antimalarials (8,13,14). One compound, menoctone, was chosen for clinical testing
but proved to be disappointing against malaria (15). Menoctone, however, was effec-
tive against Theileria parva infection in cattle (16), which then led to extensive struc-
ture–activity studies. Parvaquone was identified as an effective and economic
antitheilerial agent from these investigations with about a 90% cure rate in field stud-
ies (17). Modifications of the cyclohexyl moiety of parvaquone were extensively
investigated and found to have broad-spectrum antiparasitic activities (18). One such
compound, BW58C80, was tested in humans but found to be rapidly converted to an
inactive red-colored metabolite that was secreted in the urine and, thus, was dropped
from further development (1). Modification of the 4'-position of the cyclohexyl ring
by a chlorophenyl moiety resulted in compound 566C80, which was metabolically
stable and had broad-spectrum activity against a number of eukaryotic pathogens,
including malaria parasites (1). The compound 566C80 was named atovaquone and
has been registered as Mepron.

ATOVAQUONE AS AN ANTIMALARIAL

Cultured Plasmodium falciparum isolates from different parts of the world were
inhibited by atovaquone at low nanomolar concentrations (median inhibitory concen-
tration [IC50] 0.7–4.3 nM) regardless of the relative resistance of the isolates to other
antimalarials (1). Oral doses of the drug to Aotus monkeys infected with P. falciparum
and mice infected with P. yoelii and P. berghei were highly effective in curing malaria
infection (1). Following a phase I evaluation of toxicity, a single dose of 500 mg
atovaquone was given to patients with P. falciparum malaria in the United Kingdom
and was found to give prompt clinical response with removal of asexual parasites from
the blood smears (6). Most of these patients, however, developed recrudescent malaria
(6). In larger studies done in Thailand (7) as well as in Zambia (reviewed in ref. 19),
atovaquone was tested as a single agent in varying doses for its ability to cure uncom-

Fig. 1. Structure of hydroxynaphthoquinones investigated as antimalarials.
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plicated P. falciparum malaria. Although the drug resulted in rapid parasite and fever
clearance, the overall cure rate (66%) was disappointingly inadequate (7,19). Paired
parasites from several recrudescing patients were cultured to assess sensitivity to
atovaquone (7). Although all of the parasites isolated upon admission of the patients
were sensitive to atovaquone with an IC50 of about 3.3 ng/mL, the paired recrudescent
parasites showed high levels of resistance (IC50 of >3000 ng/mL). These observations
suggested rapid emergence of atovaquone-resistant parasites in about one-third of the
patients given atovaquone as a single agent. Clearly, atovaquone as a stand-alone anti-
malarial drug was judged unacceptable. In this regard, it is of interest to note that the
drug failure in P. carinii pneumonia treated with atovaquone alone does not appear to
be as high as in case of malaria.

It was also noted that atovaquone-resistant P. falciparum readily arose in parasite
cultures even when treated at doses up to 100 nM (20). Rathod et al. (21), in a seminal
observation, subsequently showed that P. falciparum isolates from certain parts of the
world (especially from Southeast Asia) developed atovaquone resistance at 1000-fold
higher frequency than parasites from some other areas (e.g., Central America). The bio-
logical basis for such differences is not understood but clearly has far-reaching impli-
cations for strategies to control malaria. Rathod et al. (21) also examined the frequency of
resistance emergence against an unrelated antimalarial compound, 5-fluoroorotate, and
found that one strain (3D7) had a high-frequency drug-resistance phenotype against
atovaquone but not against 5-fluoroorotate. This suggests that more than one mecha-
nism for the high-frequency drug-resistance phenotype may be operational among the
parasite populations. Possible explanations for the high frequency of atovaquone resis-
tance emergence will be described in a later section of this chapter.

IN VITRO SYNERGY BETWEEN ATOVAQUONE AND PROGUANIL

The problem of rapid resistance development to atovaquone when used as a single
agent necessitated a search for a partner drug that could synergize with atovaquone and
reduce the chances of resistance development. Because existing antimalarials could be
investigated and deployed more easily, the focus of a detailed in vitro study was on
such compounds (22). As can be expected, certain drugs had additive effects, whereas
others had antagonistic effects (22). A few drugs had clear synergistic activity, and the
highest synergistic action was seen with proguanil when tested against three different
P. falciparum isolates (22). Proguanil has been used as an antimalarial for almost 50 yr,
has a very favorable safety record, and can be produced inexpensively. It has been
known for a long time that proguanil needs to be metabolized to an active compound,
cycloguanil, for its antimalarial action (23,24); proguanil on its own has antimalarial
activity in vitro at 10,000-fold higher concentrations than cycloguanil (25), concentra-
tions that cannot be achieved in vivo. Cycloguanil inhibits parasite dihydrofolate reduc-
tase (DHFR) preferentially and interferes with the folate-dependent metabolism of the
parasites, particularly thymidine synthesis. When cycloguanil was tested with
atovaquone, it failed to synergize in any significant manner (22). Furthermore, other
parasite DHFR inhibitors, pyrimethamine and WR99210, also failed to have synergy
with atovaquone (22). It is also of interest to note that as part of a clinical study to
evaluate atovaquone in combination with other antimalarials, proguanil alone was also
tested in 18 patients from Thailand (7) in doses as high as 1 g/d for 3 d; in more than
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90% of the patients, proguanil alone failed to clear the parasites. The failure of
proguanil as a single agent in Thailand was likely the result of a widespread presence
of cycloguanil-resistant parasites, although direct testing for drug resistance in this
cohort of patients was not conducted. Thus, the remarkable synergy by proguanil was
apparently independent of its antifolate activity. A mechanism explaining this synergy
has recently been proposed (26) and will be described in a later section.

CLINICAL STUDIES WITH THE ATOVAQUONE–PROGUANIL
COMBINATION

Between 1990 and 1996, a total of 12 clinical studies were conducted to evaluate
atovaquone alone or in combination with other antimalarials, mainly proguanil (6,7,27–35).
These studies have been extensively reviewed (19,27). Although the studies focused
almost exclusively on uncomplicated falciparum malaria, enrolling 1395 patients, a few
non-falciparum-malaria patients were also included. In a series of uncontrolled dose-
ranging studies done in Thailand, tetracycline, doxycycline, pyrimethamine, and
proguanil were investigated in combination with atovaquone (7). Atovaquone plus pyri-
methamine gave a cure rate of 75% and thus was inadequate for treating falciparum
malaria in Thailand. Tetracycline and doxycycline in combination with atovaquone
gave 100% and 91% cure rates, respectively, and could be considered adequate.
However, these antibiotics are not recommended for use in children. Proguanil in
combination with atovaquone gave an acceptably high rate of cure even at the lower
doses tested (7). The optimal dose for adults was 1000 mg atovaquone combined with
400 mg proguanil given daily for 5 d. The cure rate with this dose was 100%.

Based on the above-cited dose-searching trials, the atovaquone–proguanil
combination was investigated in several randomized controlled trials with or without
comparator drugs (7,19,27–35). The atovaquone–proguanil combination had highly
favorable effects in these trials. For example, in four such controlled studies,
atovaquone–proguanil had cure rates ranging from 98% to 100% compared to 8% or
30% for chloroquine alone, 87% for chloroquine combined with pyrimethamine–
sulfadoxine, 86% for mefloquine, and 81% for amodiaquine. Overall, 521 patients
were treated with the atovaquone–proguanil combination in these trials and com-
pared with 474 patients treated with the comparator drugs (19). Seven of the
atovaquone–proguanil-treated patients and 64 of the comparator-drug-treated patients
developed recrudescent malaria. Most of the apparent recrudescent cases in
atovaquone–proguanil-treated cohorts were believed to be the result of reinfections
and not true treatment failures. Thus, atovaquone–proguanil is an effective therapy
for multidrug-resistant falciparum malaria in all parts of the world where clinical
trials have been conducted.

A limited number of clinical studies have also examined the efficacy of the
atovaquone–proguanil combination for the treatment of non-falciparum malaria (19). The
results show that the combination works well for vivax malaria and for a limited number
of P. malariae and P. ovale infections as well. Although the atovaquone–proguanil
combination appears to be effective against gametocytes, recurrence of vivax malaria in
a large proportion of patients suggests that the drug is not effective against the hypnozoites
of these parasites (19). A recent study combining atovaquone–proguanil with primaquine
shows favorable outcome in treating recurrent vivax malaria (36).
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The atovaquone–proguanil combination was also evaluated in clinical studies for
prophylaxis of malaria (37,38). In placebo-controlled trials, 250 mg atovaquone and
100 mg proguanil were administered daily for 10–12 wk to examine their efficacy as
causal prophylactics against falciparum malaria. The combination was 98% effective
in preventing parasitemia compared to the placebo. In a study involving volunteers
challenged with infected mosquito bites, atovaquone by itself was also found to have
activity against the liver stages of P. falciparum (39). These studies support a fixed-
dose combination of atovaquone and proguanil for a highly effective prophylaxis regi-
men against falciparum malaria.

MECHANISM OF ATOVAQUONE ACTION

Studies conducted as early as the 1940s suggested that hydroxynaphthoquinones
inhibited mitochondrial respiration (40,41). These investigations, however, were done
in heterologous mitochondria from yeast or mammalian tissues. Thus, the results,
although suggestive of mitochondria as targets for hydroxynaphthoquinones, could not
explain the apparent selective toxicity and therapeutic value of these compounds. Fry
and Beesley (42) were the first to report successful isolation of malaria parasite mito-
chondria for biochemical studies in 1991; although, these mitochondria did not seem to
be well-coupled (42). Using the isolated organelles from P. falciparum and P. yoelii,
Fry and Pudney (2) showed that atovaquone inhibited the bc1 complex with IC50 of
approx 10–9 M, whereas the mammalian bc1 complex was inhibited with the IC50 of
approx 5 × 10–7 M. These results for the first time suggested that the selective toxicity
of an antimalarial hydroxynaphthoquinone was the result of the preferential inhibition
of the parasite mitochondrial electron transfer chain.

Mitochondrial functions in malaria parasites were shrouded in a bit of mystery for many
years. Lack of a complete citric acid cycle and an acristate morphology of the blood-stage
mitochondria seemed to diminish their significance in many investigators’ views.
Gutteridge et al. (43), however, pointed out early that at least one critical enzyme in the
obligatory pyrimidine biosynthesis pathway, dihydroorotate dehydrogenase (DHOD),
required functional mitochondrial electron transport chain for disposing the electrons gen-
erated in the process. As reviewed elsewhere (44), in addition to DHOD, many critical
physiological processes are also likely to be relegated to the parasite mitochondria.
Because the 6-kb mitochondrial genome in malaria parasites is the smallest such mol-
ecule known—encoding only three proteins (45–48)—hundreds of other mitochon-
drial proteins required to maintain functional mitochondria will need to be encoded in
the nucleus, translated by the cytoplasmic ribosomes, and imported into mitochondria.
In addition to the proteins, malarial mitochondrial will also need to import the entire
set of tRNAs necessary for translation of the three essential electron transport proteins
encoded by the mitochondrial genome. An extensive system of metabolite transport
molecules will also be necessary for mitochondrial functioning in malaria parasites. A
continuing survey of the released genomic sequences from the Malaria Genome Project
consortium clearly supports this view; at this early stage at least 100 putative
mitochondrially targeted proteins can be surmised by sequence analysis (A. Vaidya,
unpublished data). However, isolation of biochemically active mitochondria from
malaria parasites in sufficient quantity and quality remains a major challenge.
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The difficulties associated with isolating biochemically active mitochondria from
malarial parasites necessitated alternative approaches to investigate mitochondrial
physiology. The key function of mitochondria is to generate an electrochemical gradi-
ent across the inner membrane, which is then used as an energy source for the myriad
of synthetic and transport activities associated with mitochondria. Thus, the electropo-
tential across the mitochondrial inner membrane, called m, is an excellent surrogate
for assessing the general physiological state of mitochondria. For this purpose, a flow
cytometric assay to measure m in intact, live malaria parasites was developed (3).
This assay uses very low concentrations (2 nM) of a lipophilic cationic fluorescent dye,
3,3'-dihexyloxacarbocyanine iodide (DiOC6), as a probe in conjunction with flow
cytometry to assess m. At 2 nM concentration, DiOC6 rapidly partitions into
energized mitochondria within the live parasites without perturbing the parasite mito-
chondrial physiology and remains partitioned in the mitochondria for an extended
period. The partitioning is dependent on the maintenance of m because inclusion of
carbonyl cyanide m-chlorophenyl hydrazine (CCCP), a protonophore, abolishes the
probe accumulation (3). Thus, this assay permitted analysis of the effect of various
compounds on the mitochondrial physiology of live, intact parasites. The usual mito-
chondrial electron transfer chain inhibitors, myxothiazol, antimycin, and cyanide, collapsed
the parasite m in a dose-dependent manner (3). Rotenone, a complex I inhibitor,
did not affect m as expected because of the absence of this complex in the parasite
mitochondria. Atovaquone collapsed m in a dose-dependent manner with an EC50 of
about 15 nM (3). Inhibition of mitochondrial electron transport by these compounds, as
judged by parasite respiration, correlated with their effects on m. Other antimalarial
drugs, such as chloroquine and tetracycline, did not affect parasite mitochondrial
physiology under these conditions. Atovaquone did not have any significant effect on
the m of mammalian cells, again confirming its selective activity against parasite
mitochondria (3).

In multicellular organisms collapsed the m has profound effects on cellular physi-
ology. The collapsed m could be a cause or a consequence of mitochondrial perme-
ability transition, in which a large pore forms within the mitochondrial inner membrane,
resulting in the release of solutes up to 1500 Daltons in size from the mitochondrial
matrix (reviewed in refs. 49–52). In mammalian cells, this also leads to the release of
proteins present within the intermembrane space, most notably the cytochrome-c (53),
which participate in triggering the caspases cascade that leads to apoptosis. Thus, a
large body of evidence accumulated over the last few years shows that mitochondrial
permeability transition is a central step in the activation of the programmed cell death
pathway (51). Although analogous apoptosis pathways have not been detected in uni-
cellular organisms, programmed cell death has been hinted at in some species (54–58).
It is conceivable that a programmed cell death pathway would be evolutionarily selected
for in unicellular organisms inasmuch as it may provide a measure of protection for the
neighboring members of the species when a cell undergoes death. It clearly would be
of interest to investigate such pathways especially in parasitic pathogens.

As for the malaria parasites with atovaquone-mediated m collapse, the demise
may occur through the disruption of several processes. Lack of pyrimidine synthesis
because of inhibition of dihydroorotate dehydrogenase, a critical enzyme in the essen-
tial de novo pyrimidine biosynthesis, is one such process (43,59). In addition, all meta-
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bolite and protein transport across the inner membrane will cease in parasites with
collapsed m, the net result being a major disruption of the parasite metabolism. Para-
site death, thus, could ensue because of such disruption; the form of death, however,
remains unclear. Do parasites lyse, being unable maintain homeostasis, in a manner
similar to necrotic cell death? Or, do they undergo an ordered dismantling of their
macromolecular organization in a manner similar to apoptosis? Although we do not
have much information about these processes, morphological observations of “crisis
forms” of parasites are suggestive of an orderly demise. If correct, an understanding of
the death process could prove quite useful.

A MECHANISM FOR ATOVAQUONE–PROGUANIL SYNERGY

The success of proguanil as a synergistic agent was somewhat surprising because
resistance to proguanil alone was quite common in parts of the world where the combi-
nation was tested in clinical trials (7). Further, the antimalarial activity of proguanil is
mediated by cycloguanil, a parasite DHFR inhibitor that is a metabolite of cytochrome
P450-mediated cyclization of proguanil (23,24,60). Although approx 20–30% of the
Asian and African population are deficient for the P450 isoform believed to carry out
this metabolic activation (61,62), the atovaquone–proguanil combination was quite
effective in these populations. Thus, there was a suspicion that proguanil acted as the
pro-drug to provide synergy to atovaquone rather than as its metabolite cycloguanil.

To assess its effect on mitochondrial physiology, proguanil was tested alone and in
combination with atovaquone for its effect on parasite m as well as on electron trans-
port (26). At pharmacologically relevant concentrations, proguanil by itself had no
appreciable effect on parasite m or respiration (26). However, it significantly
enhanced atovaquone-mediated m collapse at micromolar concentrations (26). This
enhancing effect was mediated by the pro-drug itself because neither cycloguanil nor
pyrimethamine (another parasite DHFR inhibitor) were able to affect atovaquone-
mediated m collapse (26). Proguanil-mediated enhancement was specific for
atovaquone because effects of other inhibitors of mitochondrial electron transport such
as myxothiazol and antimycin were not altered by inclusion of proguanil. It was rather
surprising that proguanil did not enhance the ability of atovaquone to inhibit parasite
electron transport (26). Thus, the synergy between atovaquone and proguanil appears to
be mediated by the enhancement of m collapse at a lower concentration of atovaquone.

It appears quite clear that proguanil acts to enhance the atovaquone effect as a
biguanide, rather than as its metabolite cycloguanil (26). Biguanides have a long history
of being used as agents that affect cellular physiology (63). Drugs such as metformin are
currently used as hypoglycemic agents for the treatment of insulin-independent diabetes
(64). It was initially suggested that these compounds are uncouplers of oxidative phos-
phorylation (65); however, the uncoupling effect is seen at millimolar concentrations,
which are pharmacologically not relevant. Pharmacokinetic studies have shown that
proguanil concentrations required for the enhancement of atovaquone activity are
achieved in an adult within 3.5 h after an oral dose of 200 mg (66,67). Hence, the dose of
the atovaquone–proguanil combination recommended for treating adults (1000 mg
atovaquone and 400 mg proguanil per day for 3 d) should be sufficient to achieve the
effective concentrations in plasma for its optimal antimalarial activity.
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The molecular basis for the proguanil enhancement is unclear. The fact that proguanil
did not enhance the atovaquone-mediated electron transport inhibition suggests that
the mitochondrial depolarization activity of atovaquone could be uncoupled from its
electron transport inhibition effect. Some in vitro studies have suggested that proguanil
may have intrinsic activity independent of its metabolic activation and DHFR inhibi-
tion (25,68). Indeed, at concentrations higher than 12 µM, proguanil does seem to have
an effect on m in malaria parasites (26), although specificity of this effect is unclear
because a number of compounds can affect mitochondrial physiology at high concen-
trations. The concentrations of proguanil used in studies suggesting intrinsic activity
(68) were significantly higher (IC50 of 50–75 µM) than those achieved in vivo. Thus,
the relevance of the intrinsic in vitro activity of proguanil to the clinical situation
remains unclear. In contrast, the synergistic activity of proguanil in experiments
described by Srivastava and Vaidya (26) was observed at pharmacologically achiev-
able drug concentrations. Nevertheless, it would be important to determine whether
similar mechanisms apply to both the intrinsic in vitro activity and the atovaquone
synergy shown by proguanil.

RESISTANT MUTANTS DEFINE THE ATOVAQUONE-BINDING REGION

When atovaquone is used as a single agent, resistant malaria parasites arose quickly,
as described earlier. A study of such mutants could give insights into the molecular
basis for drug action. Based on sequence analyses of the mitochondrially encoded cyto-
chrome-b of malaria parasites, it was suggested previously that certain unique struc-
tural features of the parasite protein may underlie the remarkably selective antiparasite
activity of the effective hydroxynaphthoquinones (46). To examine this further, a series
of atovaquone-resistant P. yoelii parasites were derived by suboptimal treatment of
infected mice with atovaquone (69). Resistance in this rodent malaria system arose in a
single step and quite readily, consistent with the observation of 30% recrudescence
during the clinical trials when atovaquone was used as a single agent. A total of nine
independent mutants were derived through this regimen (69).

The atovaquone-resistant malaria parasites were also resistant to the collapse of m as
well as respiration inhibition by atovaquone (69). The IC50 ranged approx 1000-fold higher
than that for the parental parasites, ranging from 10,000 to 25,000 nM compared to about
15 nM for the parental parasites. Thus, development of atovaquone resistance in malaria
parasites is accompanied by concomitant resistance to atovaquone-mediated m collapse
and electron transport inhibition. The m in the resistant parasites in the presence of
myxothiazol, a standard cytochrome-bc1 complex inhibitor, was also examined. The EC50
for myxothiazol in the parental parasites is about 180 nM, and in the resistant parasites the
EC50 values increased only twofold to fourfold. Hence, the level of cross-resistance for this
inhibitor appeared to be at a much lower level than for atovaquone (69).

It was of interest to see if proguanil could continue to have synergism even in atovaquone-
resistant parasites. For atovaquone-resistant parasites, inclusion of proguanil did not affect
the m collapse profile for atovaquone (69). This suggests that inclusion of proguanil will
have no synergism with atovaquone once atovaquone resistance has emerged.

The foregoing observations strongly suggest the possibility of structural changes
within the atovaquone-binding site in malaria parasites. In a number of different organ-
isms, essentially all naturally arising mutants resistant to inhibitors of the cytochrome-
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bc1 complex carry mutations in the cytochrome-b gene (70). Hence, the cytochrome-b
genes of the 6-kb mitochondrial genome from each of the nine independent atovaquone-
resistant P. yoelii lines were examined. Mutations leading to amino acid changes were
seen to cluster around a region of the ubiquinol oxidation (Qo) site. As summarized in
Fig. 2, three independent atovaquone-resistant lines had identical two-base-pair changes
resulting in L271V and K272R mutations. Three others had identical one-base-pair
changes resulting in a I258M mutation; two lines had a one-base-pair change giving a
Y268C mutation; and one had a single change resulting in a F267I mutation. For one of
the atovaquone-resistant lines, the entire mtDNA was cloned and completely sequenced.
This sequence revealed total identity with the parental mtDNA except for the two base-
pair mutations in the cytochrome-b gene noted (69). Mutations in the vicinity of the Qo
site of cytochrome-b have also been reported in clinical isolates of P. carinii from two
out of four patients who failed atovaquone prophylaxis (71), as well as in P. berghei
subjected to an in vivo atovaquone escalation regimen (72). Although no biochemical
studies on mitochondrial functions in these apparently atovaquone-resistant organisms
were carried out (71,72), the location of the mutations are consistent with the findings in
P. yoelii described here (69).

Inhibitors of the cytochrome-bc1 complex are believed to act mainly as ubiquinone–
ubiquinol antagonists by interfering with ubiquinol oxidation or ubiquinone reduction
steps of the proton-motive Q cycle (73). Crystallographic evidence has now localized
myxothiazol, stigmatellin, and antimycin to sites that correspond very well with the loca-
tions of the mutations, providing resistance in various systems (74–77). Atovaquone-
resistance mutations also localized to the general vicinity of the ubiquinol oxidation
region of cytochrome-b. They mapped within a highly conserved 15-amino-acid region
within the e–f loop of this subunit (69), which contains the universal PEWY sequence
found in all cytochrome-b. Of the five amino acid changes conferring atovaquone resis-
tance, three (I258, Y268, and L271) involved residues that are absolutely conserved in all
cytochrome-b, whereas the other two (F267 and K272) involved residues that differed
between the parasite and vertebrate proteins.

In the cavity defined by the atovaquone-resistance-associated mutations, two amino
acid residues that bear different side chains in the parasite and vertebrate cytochrome-

Fig. 2. Alignment of the e–f loop of the cytochrome b from eight different organisms. Amino
acids conserved in 50% or more of the organisms are shaded in negative contrast for identity and in
gray for conservative changes. Positions of conserved residues in which alterations are known to
confer resistance to atovaquone in P. yoelii (AtqR ) are indicated. Concurrent mutations required for
AtqR in Plasmodium are marked with an overline. Numbers in the first line indicate the frequency of
each amino acid changes in nine independent resistant parasite lines (69).
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b seem to acquire a special significance as to the selectivity of atovaquone binding.
These are F267 and K272 in malaria parasites corresponding to A278 and R283 in the
chicken and human. These positions are also conserved in Toxoplasma and Theileria
cytochrome-b (in Toxoplasma, there is a tyrosine instead of phenylalanine at position
267). Hence, it can be suggested that an aromatic side chain at position 267 in combi-
nation with lysine at 272 is required for sensitivity to atovaquone. If so, then in the
vertebrate cytochrome-b, alanine at position 278 in combination with the larger argin-
ine at position 283 would appear to be responsible for resistance to atovaquone. This
would then explain the selective toxicity of atovaquone toward parasites without affect-
ing the vertebrate mitochondrial functions. Consistent with this proposal is the obser-
vation that other atovaquone-resistance-associated amino acid changes also alter subtly
the hydrophobicity or volume of this cavity at absolutely conserved positions (69).
These changes may greatly diminish the accessibility and/or affinity of atovaquone for
this cavity without significantly affecting that of ubiquinol and effective electron transfer
to the iron–sulfur protein. For efficient electron transport, ubiquinone has to move in
and out of the catalytic sites of the bc1 complex. The flexible polyisoprenyl side chain
at the 2-carbon position could aid this movement, whereas the relatively inflexible
cyclohexyl–chlorophenyl side chain at the 2 position in atovaquone may hinder it by
possibly interacting directly with the resistance-associated residues of cytochrome-b.

INVOLVEMENT OF ATOVAQUONE IN RESISTANCE EMERGENCE:
A HYPOTHESIS

The rapid emergence of atovaquone-resistant parasites through mutations within
the parasite mtDNA appears quite paradoxical at first: The 6-kb mtDNA is extremely
well conserved. Among mtDNA from five divergent Plasmodium species that have
been sequenced, there is about 90% sequence identity. The remarkable conservation
of the sequence can be exemplified by the observation that two geographically distant
P. falciparum isolates differ at only one nucleotide position out of 5966 bases (78).
Yet, the resistance mutations arise quickly and spread through the entire parasite
population in an individual. I wish to propose that the mechanism of atovaquone
action is closely tied to the mechanism of rapid resistance emergence and that inclu-
sion of proguanil is able to mitigate this situation. The hypothesis is schematically
summarized in Fig. 3.

The mode of mtDNA replication in malaria parasites requires extensive gene con-
version and recombination among the multiple copies present in each mitochondrion
(79). This mode of replication, which is dramatically different from host mtDNA
replication, results in extensive copy correction of the genome and in the high degree
of sequence conservation. Atovaquone as a single agent inhibits electron transport and
collapses mitochondrial membrane potential at similar concentrations (3). This leads to
the formation of reactive oxygen species (ROS), which act as locally active mutagens.
Advantageous mutations will be selected and spread through the population by the copy-

Fig. 3. A hypothesis to explain the rapid emergence of atovaquone resistance in malaria
parasites. (A) A model for mitochondrial DNA replication as proposed by Preiser et al. (79).
The 6-kb mtDNA in malaria parasites is tandemly arrayed (80), and electron microscopic as
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(Fig. 3. continued) well as gel mobility data (79) suggest that a unit-length mtDNA is likely
released from the tandem array through intrastrand recombination and is circularized. The
unit-length circle replicated through the rolling circle mode, generating the tandem arrays. The
tandem arrays appear to undergo extensive interstrand gene conversion and recombination.
This would result in copy correction such that a “master copy” sequence will prevail in the
parasite population. Any advantageous mutation in the mtDNA will similarly be propagated
through the population because the mutated sequence will be preferred as the “master copy.”
(B) Mitochondrial membrane potential in the presence of atovaquone alone or in combination
with proguanil. Atovaquone alone will inhibit electron transport at the cytochrome-bc1 complex
level, generating semiquinone, which will give rise to reactive oxygen species. These will act
as local DNA damaging agents causing mtDNA mutations. Continued exposure to the subopti-
mal atovaquone concentrations will select for those mutations imparting atovaquone resistance.
In contrast, when proguanil is included with atovaquone, the m collapse precedes electron
transport inhibition. Thus, the possibility of ROS-mediated DNA damage is reduced, yet the
mitochondrial physiology is severely compromised. Under this condition, parasite demise will
occur before accumulation of mtDNA mutations that can provide selective advantage for growth
in the presence of atovaquone.
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correction mechanism. Proguanil lowers the concentrations at which atovaquone
collapses membrane potential without affecting its electron transport inhibition profile
(26). Because mitochondrial DNA replication is inhibited in the absence of membrane
transport (dependent on m), mutations cannot arise even in the presence of higher
levels of ROS. Thus, inclusion of proguanil will also reduce the chances of mutations
arising in mtDNA. Thus, m collapse is likely to have a more dire consequence for
the parasite compared to electron transport inhibition, and that mtDNA mutations
emerge as a consequence of atovaquone mediated ROS accumulation. This proposal
would suggest that mtDNA replication and repair are likely to be closely linked to the
drug-resistance mechanism.

CONCLUDING REMARKS

Development of the atovaquone–proguanil combination for malaria treatment and
prophylaxis has been a major event during the last decade. It is quite likely that this
drug will assume an increasingly important role in treating multidrug-resistant malaria
and as a causal prophylactic. Although it is the first antimalarial to be developed by
the pharmaceutical industry in decades, its general deployment in the field is likely to
be guided by caution. The rapidity with which resistance developed against atovaquone
when used as a single agent would argue for controlled release of the drug for therapeu-
tic purposes. It is unclear, however, whether such caution is also warranted when
considering the atovaquone–proguanil combination. Clinical trials so far have failed to
report resistance emergence following the recommended regimen of the combination.
Mechanistic studies also seem to suggest a mode of drug action that would limit rapid
resistance emergence. The industry’s position appears to advance the atovaquone–
proguanil combination as a prophylactic with treatment doses to be made available for
drug-resistant malaria through a donation program (81). It will be important to have an
active postrelease surveillance program to monitor resistance emergence. As mentioned
at the beginning of this chapter, this drug is unique because its mode of action and
resistance are reasonably well understood before its widespread release.

It should be mentioned that the cost of atovaquone–proguanil at present is very high;
this is the major factor for its limited use. It would be important to search for means to
bring the cost down. Another area that would require further development concerns
formulations of the atovaquone–proguanil combination suitable for patients who are
unable to take the medication orally. Parenteral and/or suppository formulations could
be highly valuable to treat severe multidrug-resistant malaria. It is tempting to end on a
note of hope that the success of this selectively antimitochondrial drug will kindle
further interest in research and development involving other compounds with similar
mode of action.
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The Antimalarial Drug Portfolio

and Research Pipeline

Piero L. Olliaro and Wilbur K. Milhous

INTRODUCTION

Drugs are the mainstay of malaria case management and prevention and this situation
is unlikely to change in the foreseeable future. This chapter intends to give the following:

• A brief overview of the antimalarial drug pipeline, ranging from promising lead compounds
to compounds in current use that are still undergoing research.

• A review of 7 specific drugs or drug classes.
• A discussion of the implications of drug discovery and development in view of the needs of

malaria treatment and prevention. The broad research agenda should, in principle, investi-
gate both opportunities leading to the next generation of antimalarial drugs (unrelated to
existing ones, thus undamaged from cross-resistance) and how the antimalarial drugs we
have already developed can be protected from resistance.

There is an ongoing debate as to whether the meager resources allocated for malaria
should be used to develop new drugs or to improve access to existing drugs. The problem
is that both are needed and are intimately linked. Until and unless drug deployment and
use are improved, drugs will not reach the people in need of treatment, or when they do,
irrational use and misuse will continue to erode the drugs’ potential and create resistance.
New drugs are needed, but the prospects are unpromising, mainly because malaria is not
considered a profitable market for the pharmaceutical industry. Even when new drugs do
become available, they are thrown in the same system that will curtail their life-span.

Antimalarial drug output of the 20th century is summarized in Table 1. Treatment
and prevention of malaria still depend mostly on drugs discovered in the first half of
the twentieth century or even earlier, as is the case for quinine.

The current portfolio of antimalarial drugs at various stages of research, develop-
ment, and deployment for treatment and prophylaxis of malaria is summarized in Table
2. Traditional antimalarial drugs in current use are omitted. At first look, the pipeline
would seem fairly rich and overall well balanced, with compounds at various stages of
development. It is important though at this point to compare what R&D offers or intends
to deliver to the essential needs for antimalarial chemotherapy. These are as follows:

• Uncomplicated falciparum malaria. Overreliance on the quinoline-type and folate inhibitor
families of antimalarials has largely been the cause of the emergence and spread of cross-
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resistance among members of the same family. In general, the problem has been, and continues
to be, that deployment is uncontrolled (a drug is put on the market as it becomes available) and
exploited to—and sometimes beyond, as is the case for chloroquine—the point that it becomes
ineffective. This problem is also compounded with lack of compliance to the prescribed regimen,
which is often related to drug cost and inconvenient drug regimens (see also Chapter 5).
Protecting current and future drugs against resistance must be the primary objective.
New drugs with novel mechanisms of action to avoid cross-resistance are needed.
These regimens must be affordable and adapted to the conditions of use. For instance, we
must consider differences between areas such as Africa and Southeast Asia in terms of
specific problems (multidrug resistance in areas of Southeast Asia) and affordable costs.

• Severe malaria. Falciparum malaria evolves almost invariably to severe disease if left untreated.
The patient eventually develops severe complications and dies if appropriate diagnosis and
treatment is not established in time. Treatment is administered parenterally at least until the
patient regains consciousness. Quinine and injectable artemisinin derivatives are currently
used. A meta-analysis of studies comparing quinine to artemether showed that the two drugs
are equivalent in preventing mortality and sequelae (1,2). However, quinine efficacy is fad-
ing in Thailand.

These and other studies confirm that mortality depends primarily on the delay in
establishing the correct therapy; mortality and neurological sequelae are, in practice, rela-
tively frequent despite the establishment of otherwise effective antimalarial therapy.

Thus, the current priority is not a new injectable drug, but rather to develop and imple-
ment alternative approaches to prevent progression to severe malaria. Research is also
needed to better understand the pathogenesis of severe malaria in view of identifying adjunct
treatments (in combination with antimalarial drugs).

HALOFANTRINE AND DESBUTYLHALOFANTRINE

The current formulation of halofantrine hydrochloride is poorly bioavailable (8–12%)
and has highly variable pharmacokinetics. Potentially fatal cardiotoxicity has been
reported. The two problems are related. Halofantrine produces EKG abnormalities
(QTc prolongation) at the currently recommended dose in fasted individuals. Because
of variable absorption, the currently recommended treatment probably overdoses the
majority of patients to effectively treat all cases. Also, absorption can be improved by

Table 1
Antimalarial Drug Output in the 20th Century

Drug Approximate year in use

Quinine, pamaquine 1830–1930
Mepacrine, chloroquine 1930s
Proguanil, amodiaquine 1940s
Pyrimethamine, primaquine 1950s
Pyrimethamine–sulfa combinations 1960s
Artemisinin 1970s
Artesunate, artemether, pyronaridine, Mefloquine, halofantrine 1980s
Atovaquone–proguanil, artemether–lumefantrine, arteether 1990s

Note: Approximate dates at which drugs were registered or came into use. Registration in the country of
origin does not imply wider availability. In the case of artemisinin-type compounds, use was limited to China
for a long time; as of today, none of those products has been granted unrestricted marketing authorization by
Western drug regulatory agencies, except arteether injectable. Pyronaridine is still registered in China only.
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using fatty food, but then serum levels are unpredictable and often unacceptably high.
High levels carry an increased risk of QTc changes and toxicity. Recent studies
suggested that the second dose may be more toxic (3), and confirmed an interaction
between halofantrine and mefloquine (4).

Thus, the problem that could not be resolved with halofantrine base has been to
improve bioavailability in a predictable manner, limit interindividual and intraindi-
vidual variability, and reduce the absolute and total dose given, all to reduce the risk of
cardiac adverse events without compromising efficacy. The proposed new formula-
tions that have been identified would increase costs significantly, despite reduction in
the cost of active substance (J. Horton, personal communication). A micronized for-
mulation was tested and proved promising but was not further developed (5).

Although cardiac toxicity is apparent with the parent drug, studies performed on
isolated perfused animal hearts suggest that the desbutyl metabolite has minimal effect
on QTc when compared with halofantrine or quinidine (6). Halofantrine and desbutyl-
halofantrine have similar intrinsic activities in vitro (7). Pending the outcome of phase I
studies, the metabolite could be a candidate replacement drug for halofantrine for treat-
ment as well as prophylaxis alone or in combination with other drugs.

PYRONARIDINE

Pyronaridine (2-methoxy-7-chloro-10–[3',5'-bis-(pyrrolidinyl-1-methyl)-4'-hydroxy
anilino] benzo-[b]-1,5-naphthyridine) is a Mannich-base antimalarial that has been syn-
thesized and developed by the Institute of Parasitic Diseases, Academy of Preventive
Medicine, Shanghai, China, and has been registered in that country since the 1980s (8).
However, none of the formulations studied (enteric-coated [EC] tablet [containing 175 mg
of pyronaridine phosphate, corresponding to 100 mg of pyronaridine base]; capsules
[100 and 50 mg of pyronaridine base]; and injection [80 mg base in 2 mL]) are regis-
tered outside China because of the failure to meet international regulatory standards.
Moreover, the high cost-of-goods and the poor bioavailability of the Chinese oral for-
mulations result in treatment costs (reportedly US$ 3–4) that make this drug
unaffordable in most of the malarious areas of the world. In the mid-1990s a project
was started by the UNDP/WB/WHO Special Programme for Research and Training in
Tropical Diseases (TDR) that included a new capsule formulation and the upgrade of
the dossier. After initial formulation studies and phase I and IIa trials, the project has
not progressed, mostly because of the lack of a commercial partner and GMP material
for regulatory studies (8a).

Pyronaridine appears to be the most active compound of the Mannich-base family.
An analysis of in vitro data on 798 isolates from various sources showed the following
(P. Olliaro and J. Le Bras, unpublished data): (1) insignificant differences in the in
vitro responses of parasite strains from Thailand and various African locations; (2) a
moderate correlation between the median inhibitory concentrations (IC50’s) to chloro-
quine and pyronaridine (r2 ranging from 0.001 to 0.476). The correlation with
mefloquine has not been characterized yet.

Pyronaridine is a blood schizontocide; gametocytocidal activity has been reported in
vitro but not in vivo (9). Its mechanism of action remains unclear. It is possible that
pyronaridine acts via a common mechanism with other 4-aminoquinolines, by interfer-
ing with heme metabolism, probably by blocking hemozoin formation. Electron micro-
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Table 2
Summary of Antimalarial Drugs in Development

Compounds Route Phase Intended objective Approach

Chemical modification, optimization of existing compounds
Artemisinin derivatives

Newer peroxide-bridge Improve efficacy; reduce cost-of-goods Total synthesis
  compounds
Artelinic acid po Phase I Improve bioavailability Protection against metabolism
Arteether im Registration A product for Western regulatory authorization GMP production

Chloroquine analogs po Predevelopment Restore activity against resistant strains Modified alkyl side chain of
  to phase I   chloroquine; bisquinolines

Proguanil analogues po Activity against mutants, better therapeutic index Synthesis of biguanide pro-drug
Primaquine analogs

Tafenoquine, CDRI 80/53, po Predevelopment Improve therapeutic index of primaquine; Longer t1/2, improved activity;
  newer 8-aminoquinolines   to registration   optimize dosing schedule   lower toxicity
Desbutylhalofantrine po Avoid halofantrine toxicity; Synthesise halofantrine metabolite

  improve bioavailability
Mannich base

Pyronaridine po Improve activity against A Mannich-base
  quinoline-resistant strains

Antifolates
Chlorproguanil+dapsone po Activity against pyrimethamine– Short-lived compounds; relatively

  sulfa resistant strains   non-cross-resistant



A
ntim

alarial D
rug P

ortfolio and R
esearch P

ipeline
223

223

New Drug Classes
Atovaquone (plus proguanil) po A new target; overcome cross-resistance A metabolically stable

  naphthoquinone
Inhibitors of phospholipid po A new target; overcome cross-resistance

metabolism
Resistance modifiers po Restore activity against  resistant strains Combination of chloroquine with

  efflux inhibitor

New formulations
Rectal artesunate ir Prevent evolution to severe A rectal formulation for use where

  disease in non-per-os patients   parenteral drugs not available

Drug combinations
Artemether+lumefantrine po Mutual protection Fast-acting, short-lived drug +

  slower, longer-acting drug
Artesunate+mefloquine, po Mutual protection; protect current

chloroquine, amodiaquine,   first-line drugs; delay occurrence
pyrimethamine/sulfa, etc.   of resistance; reduce transmission?
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scopy findings confirm that the parasite digestive system is targeted (10). Initial data
suggesting that that the target of pyronaridine and other 9-anilinoacridines was the
parasite topoisomerase II (11), have been challenged by further experiments with acri-
dine analogs (12).

Almost all clinical studies published so far have used Chinese enteric-coated tablets.
They disolve slowly in vitro (approximately 20% release after 15 h [V. Navaratnam
and S. Ismail, personal communication]) and are poorly bioavailable (19 ± 7% as
compared to intramuscular injection) with a Cmax following oral administration of 600 mg
127.5 ng/mL, and the Tmax of 14 h (13). However, this formulation proved efficacious
in Chinese and non-Chinese studies, including two recent trials in adults with uncom-
plicated falciparum malaria in Cameroon and Thailand (14,15), and one in children in
Cameroon (16). In Cameroon, it proved 100% effective in 40 adult patients (at a total
dose of 29–34 mg/kg [8 mg/kg in four administrations] over 3 d) and 41 pediatric
cases. Chloroquine, used as the comparator drug, was only 44% effective in adults and
40% in children. In Thailand, two pyronaridine regimens (mean total dose 25.6 mg/kg
over 3 d and 36.7 mg/kg over 5 d) were compared. The cure rates were 63% and 88%,
respectively. Parasite clearance rates were similar in the two studies: 76.8 ± 14.6% in
Cameroon; 86.7 ± 24.4% in Thailand, with the high-dose regimen. The different cure
rates reported in Cameroon and Thailand may be partly explained by the different dura-
tion of follow-up: In the Thai study, 21 of the 22 recrudescent cases on either
pyronaridine dosage were registered between d 14 and d 28 (17).

More recently, two capsule strengths, 50 and 100 mg, were formulated at the Univer-
sity Sains Malaysia. The formulated product released 96.76 ± 4.23% and 101.14 ± 5.09,
respectively, within 4–6 min, using the standard USP test (V. Navaratnam and S. Ismail,
unpublished data). This formulation showed comparable absorption and pharmacoki-
netic profiles to a pyronaridine solution when administered at 6 mg/kg in a randomized,
crossover phase I study. The mean Cmax was 154.2 ng/mL (solution), 120.4 ng/mL (cap-
sule); the elimination half-life (160.3 h for the solution and 191.2 h for the capsule
formulation) appeared to be substantially longer than that reported in earlier studies
with Chinese enteric-coated tablets. Drug levels during d 2– 6 ranged between 50 and
60 ng/mL (as compared to IC50 <21 nmol/L in field isolates). (18)

CHLORPROGUANIL–DAPSONE

This combination (also referred to as Lapdap) is being developed as a sulfadoxine–
pyrimethamine (SP) replacement particularly for Africa. Chlorproguanil and dapsone are
well-researched and cheap products, so their combination should be marketable at a low price.

Long elimination half-lives (about 100 and 200 h, respectively) are the paradoxical
blessing and limitation of SP. On the one hand, the long half-lives are expected to provide
a period of chemoprophylaxis after treatment, particularly sought after in high-transmission
areas. On the other hand, they also cause the drug to exert strong selection pressure for
resistance by specific point mutations in the dihydrofolate reductase (DHFR) and and
dihydropteroate synthases (DHPS) genes. Historically, resistance to SP has developed soon
after introduction of the drug for routine use. Conversely, a rapidly eliminated combination,
like Lapdap (half-lives of 13 and 26 h for chlorproguanil and dapsone, respectively) would
have little or no chemoprophylactic effect, but is also expected to be less vulnerable to
antifolate resistance. This has been confirmed in the clinical setting (19). Moreover,
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resistance to DHFR inhibitors is relatively drug-specific. The mutations primarily
involved in resistance to chlorcycloguanil (DHFR paired point mutations S108T/A16V,
or I164L/S108N) occur at low frequency in Africa whereas those for pyrimethamine
(DHFR S108N, N51I, C59R) are common especially in East Africa (20). Although the
high prevalence of DHFR mutants containing I164L in Southeast Asia makes Lapdap
ineffective in those regions (21), the drug remains effective in treating SP failures in
East Africa. However, the question was raised recently as to whether Lapdap’s life-
span would already be endangered by current levels of SP resistance in East Africa and
whether it should be protected from the time of deployment through a combination
with an artemisinin derivative (see next section).

Preliminary work was conducted in the late 1980s in Kenya, suggesting that a
single dose of Lapdap (chlorproguanil 1.2 mg/kg, dapsone 2.4 mg/kg) had comparable
efficacy to standard SP (22). Those doses were expected to provide plasma levels
exceeding inhibitory concentrations for approximately 6 d (23).

A more recent double-blind trial compared one dose of Lapdap (1.2 mg/kg, and 2.4 mg/kg,
respectively) followed by placebo on d 1 and 2 (CD1 group), to three doses at 24-h
intervals (CD3 group), and to SP (1.25 mg/kg and 25 mg/kg) with placebo on d 1 and 2
(SP group) in symptomatic falciparum malaria. A community control group was
employed to estimate the monthly incidence of new parasitemia. All treatment groups
were effective in achieving initial clearance of parasites: by d 7, slides were negative in
93.4, 98.0, and 99.3% of groups CD1, CD3, and SP, respectively. However, in com-
parison with the control group, the relative risk of new parasitemia during follow-up
was 2.1, 1.3, and 0.63 for groups CD1, CD3, and SP, respectively (24).

A dose-raising tolerance study in healthy volunteers selected a new dose regimen of
2 mg/kg and 2.4 mg/kg for chlorproguanil and dapsone, respectively, for further clini-
cal testing in an ongoing two-center double-blind trial in Kenya and Malawi. Children
with uncomplicated falciparum malaria are being randomized to either three doses of
Lapdap or one dose of SP (followed by two doses of placebo); they are reviewed on d 7 to
ensure clearance of parasitemia and are then actively followed for 12 mo. The protocol
calls for every episode of uncomplicated malaria to be retreated with the study
medication. The principal objectives of this ongoing trial are measurement of (1) the
annual incidence of clinical malaria and (2) failure of therapy, with each drug regimen
(P. Winstanley, personal communication).

THIRD-GENERATION ANTIFOLATE ANTIMALARIAL
DRUG COMBINATIONS

Observations on the lack of complete cross-resistance of proguanil analogs and their
triazine metabolites have stimulated interest in DHFR inhibitors in combination with
DHPS inhibitors for development as third-generation “Fansidar (SP)-like” drugs. In
addition, adverse drug reaction registers in Sweden and the United Kingdom (25)
suggest less risk for severe allergic reactions with companion sulfa drugs, which have
elimination half-lives such as dapsone rather than sulfa drugs with long half-lives, such
as sulfadoxine. Reports of allergic reactions to SP resulted in withdrawal of recom-
mendations for use in malarial prophylaxis (26). Although a second-generation LapDap
combination may present an inexpensive SP replacement drug for treatment in Africa,
studies from Thailand continue to suggest poor treatment efficacy against multidrug
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resistant-strains. Simple para-chloro substitutions in chlorproguanil synthesis result in
only a threefold increase in intrinsic activity over proguanil or cycloguanil, whereas
the more active triazine WR99210 exhibits extraordinary activity against all resistant
strains. The development of WR99210 was abandoned because of gastrointestinal
intolerance and poor bioavailability, as well as early assumptions made about possible
cross-resistance among other antifolates. As methods for elucidating the molecular
basis of resistance in DHFR inhibitors evolved, interest peaked with the synthesis of
the biguanide pro-drug WR250417 (PS-15) which obviated the problems with
bioavailablity. This drug was less toxic and more efficacious that proguanil in vitro and
in animal studies (27). Intensified surveillance will determine if new point mutations in
DHFR will eventually confer resistance to the active triazines. In the meantime, lead
optimization should continue to facilitate selection of more potent and less toxic
biguanide “pro-drugs.” Drugs may be formulated in combination with dapsone for treat-
ment as well as prophylaxis of multidrug-resistant strains in travelers.

RECTAL ARTESUNATE

Rectal formulations of artemisinin and its derivatives have been used for quite some
time (28), albeit, in most cases, their utility has been severely limited by lack of stability
in a hot climate. A formulation of artesunate as suspension in soft gelatin capsule for
rectal use appears to have advantages over traditional suppositories. Its bioavailability
compares well with the oral route, although after oral administration, artesunate was more
rapidly absorbed and converted into its bioactive metabolite, dihydroartemisinin (29).

The rectal artesunate formulation has been tested primarily in sequential combina-
tion with oral mefloquine for the treatment of (moderately) severe malaria in Thailand
(30,31). When the results of two studies are compared (P. Olliaro, S. Looareesuwann,
and V. Navaratnam, unpublished data), there appears to be no obvious advantage of
intense dosing during the early part of treatment. Four doses within the first 12 h (at
start, 4, 8, and 12 h) of treatment and two doses (at start and 12 h) produced comparable
reduction of parasitemia and sustained clearance at d 28. The only significant differ-
ence was a faster time to parasite clearance with 1600 mg (eight doses of 200 mg over
60 h) than with 1200 mg (six doses). In general, parasite reduction rates were lower
than those with oral artesunate for uncomplicated malaria. The apparent difference
could be the result of either the different severity of disease or the relative disposition
and bioavailability of the rectal and oral formulations.

More recently, attention on rectal artesunate has focused on the potential life-saving
benefits of using this formulation in non per os malaria patients, where no parenteral
administration of antimalarials is possible or safe, to cover a patient en route to hospi-
tal. Studies are being conducted to support international registration of the drug for
such an indication (32).

ARTELINIC ACID

Artelinic acid is an artemisinin derivative being developed by the Walter Reed Army
Institute of Research for oral treatment of uncomplicated malaria (33). The drug has
the added advantage that it can also be formulated for intravenous injection to treat
severe and complicated disease as a replacement drug for quinidine gluconate. Intrave-
nous quinine is not approved for use in the United States, and there are growing public
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health concerns about access to quinidine gluconate as its availability dwindles with
the introduction of more effective cardioactive drugs. Artelinic acid is more stable than
artesunate in solution and is expected to have a longer shelf life. Arlelinic acid is believed
to have a lower potential for neurotoxicity than arteether, because it is only partially
metabolized to dihydroartemisinin, the putative neurotoxin implicated in neurotoxicity
of the arteminsinin class of drugs. Safety profiles and regulatory approval of all
artemisinin-type drugs are tainted by reports of dose-dependent brainstem neuropa-
thology in animal models (34,35). A confounder in the development process is that
drug-induced neurologic side effects will be difficult to discriminate from those of
severe and complicated malaria. Surrogate models could serve to predict relationships
between auditory function and drug-induced neuropathology. Auditory discrimination
tasks are currently being used to provide for objective behavioral measurements of
neurotoxicity and it is hoped that these models will serve as valuable tools for safety
assessment of candidate drugs (36).

DRUG COMBINATIONS INCLUDING ARTEMISININ DERIVATIVES

Increasing attention is being given to resistance as the prime determinant of a drug’s
life span of effective use. Strategies for protecting both the drugs in use and drugs to
come against the emergence of resistance are thus becoming of the greatest priority.
The emergence of parasite resistance to drugs is almost inevitable, and the factors
involved are only partly known (37). Combining drugs is an approach that has been
tried traditionally with fixed combinations of antifolates such as pyrimethamine plus
sulfadoxine (plus mefloquine) or plus dapsone, and, more recently, with chlorproguanil
plus dapsone and with atovaquone plus proguanil. The principle behind the choice of
compounds for combinations is that they act synergistically.

More recently, artemisinin-type compounds have been combined with other antima-
larial drugs. The rationale for including artemisinin derivatives in the combination is in
their advantage in reducing the parasite biomass and gametocyte carriage (38). They
reduce Plasmodium falciparum biomass by 100,000 fold per asexual life cycle,
compared to 100- to 1000-fold for other antimalarial drugs. Thus only the residuum of
parasites (maximum of 105 parasites) is exposed to the second drug alone, reducing
selective pressure for the emergence of resistance. Moreover, they also reduce gameto-
cyte carriage, thus also the selection pressure for the spread of resistance. Irrespective
of very short residence times in the organism, artemisinin-type compounds do not need
intense schedules of administration. However, when used alone, they should be admin-
istered for 7 d, which is obviously impractical. In contrast, 3 d regimens are highly
efficacious when combined with other drugs such as mefloquine (39). The introduction
of a regimen including artesunate at 4 mg/kg/d for 3 d plus mefloquine at 25 mg/kg in
two divided doses on d 1 and 2 in an area where mefloquine resistance averaged 30%
has resulted in restored efficacy and reduced transmission (40,40a).

Randomized, placebo-controlled, double-blinded studies are underway to assess the
safety and efficacy of combinations of artesunate with one of the currently used anti-
malarial drugs in large numbers of patients in various epidemiological settings across
Africa and elsewhere. The first of these studies compared SP alone to SP combined
with either 1-d (4 mg/kg) or 3-d artesunate treatment (total dose 12 mg/kg) in 600
Gambian children under 10 yr of age. Both combination regimens were significantly
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more effective than single-agent SP in clearing parasites faster and reducing gameto-
cyte carriage. However, in this area, where parasites are SP sensitive, only the 3-d
regimen proved significantly superior to SP alone (28-d failure rates = 7.3 and 2.1%,
respectively) (41).

ARTEMETHER PLUS LUMEFANTRINE

A fixed combination of artemether (20 mg) and lumefantrine (150 mg) has been
developed by the Chinese Academy of Medical Sciences and Novartis. As of the end
of 1999, it has been registered in Switzerland, the United Kingdom (marketed as
Riamet®), and some 16 malaria-endemic countries (as Coartem®) for the treatment
of adults and children with acute, uncomplicated malaria. The prices of the two prod-
ucts differ significantly.

The principle of this combination is to combine a rapid-acting, short-lived drug
(artemether) with a long-resident drug (lumefantrine t1/2 = 40–105 h), thus achieving
rapid parasite and fever clearance, protecting either drug against resistance, and
preventing recrudescence after artemether therapy. Lumefantrine, previously referred
to as benflumetol, is an aryl amino alcohol blood schizonticide that probably acts by
inhibiting hemozoin formation.

The product has been tested clinically in a total of approx 1900 patients in 15 clini-
cal trials conducted in China, India, Gambia, Tanzania, Thailand, and Europe. Of these
trials, nine were randomized, double-blinded comparisons with chloroquine, SP, qui-
nine, quinine–SP, halofantrine, mefloquine, or artesunate–mefloquine.

Whereas a four-dose regimen produced 28-d cure rates over 95% in areas of known
chloroquine resistance, the same regimen was efficacious in only 76.5% of cases in
areas of multidrug resistance in Thailand, and was significantly inferior to mefloquine
and artesunate–mefloquine. In the same areas, a six-dose regimen gave 28-d cure rates
over 97%. Thus, the manufacturer’s recommended regimens vary with the immunity of
the patients and probability of multidrug-resistant malaria (41a,b).

TAFENOQUINE

Tafenoquine (SB252263 or WR238605) is an 8-aminoquinoline analog of primaquine, a
drug with a narrow therapeutic index. The history and rationale of tafenoquine’s develop-
ment (42) by the United States Army Medical and Materiel Command along with
codevelopment partner Smith Kline Beecham Pharmaceuticals are presented in detail in
Chapter 7. Preclinical and clinical evaluations demonstrated that this drug has excellent
oral bioavailability and improved efficacy, reduced toxicity, and a better half-life than
primaquine. Pharmacokinetic studies demonstrated that tafenoquine has a half-life
of 2–3 wk in healthy volunteers. With significant activity against hepatic stages of both
vivax and falciparum malaria, it is expected that long-term dosing in travelers may be dis-
continued as soon as exposure has ended. This causal prophylactic activity makes the drug
unique from other suppressive prophylactic drug regimens. The drug has completed phase
II studies in Africa and Thailand and phase III studies are planned.

Interestingly, the blood-stage activity of tafenoquine has been attributed to the inhi-
bition of the putative mode of action of chloroquine hematin. In studies comparing the
in vitro activity of chloroquine and 15, 8-aminoquinoline candidate drugs (including
tafenoquine and primaquine), tafenoquine was the most active. Although tafenoquine’s
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mechansim of action may be “chloroquine-like,” the drug is more active against
chloroquine-resistant strains. In defining the structure–activity relationships of various
8-aminoquinoline drugs, tafenoquine exhibited equivalent activity (in vitro IC50-
0.7–1.5 µM) to that of primaquine against chloroquine-susceptible strains, but chloro-
quine–resistant and multidrug (mefloquine, pyrimethamine)-resistant strains were
considerably more susceptible, with IC50’s ranging from 0.06 to 0.3 µM. These obser-
vations prompted a retrospective comparison of tafenoquine against mefloquine in
strains acquired by the Armed Forced Medical Research Institute in the Medical Sci-
ences in Thailand (unpublished data). Resistance to mefloquine and subsequent cross-
resistance to halofantrine in Thailand has been emerging in Thailand since mefloquine’s
introduction in Indochina (43). Evaluation for the cross-resistance of 48 strains col-
lected during the period 1988–1992 demonstrated a correlation (R2 = 0.6299) between
mefloquine and halofantrine, but no correlation between tafenoquine and mefloquine,
tafenoquine and halofantrine, or tafenoquine and quinine. Accordingly, the “anti-
multidrug-resistance” properties of tafenoquine and other 8-aminoquinolines merit
special attention for elucidating structure–activity relationships.

CONCLUSIONS

The ever-increasing demand for new antimalarials is primarily driven by the relent-
less pace at which parasite resistance emerges and spreads. However, the output of new
antimalarials will never keep pace with the loss of drugs because of the emergence of
resistance. The nature of malaria, its prevalence in the developing world, the lack of
financial incentives, and the consequent lack of interest by the Western pharmaceutical
industry all call for innovative approaches to develop new affordable drugs and to
safeguard the available ones. Several considerations follow.

1. Resistance is the prime determinant of a drug’s life-span. Protecting the effective use of a
drug must rank number one in priority for research and control programs.

2. Rational deployment when a drug is first introduced for use and sensible prescribing are effec-
tive measures of protecting drug efficacy. In analogy with other diseases, “extra mileage” may
be obtained from available compounds by utilizing drug combinations and rotating the use of
antimalarials.

3. Novelty in chemical structure and mechanisms of action should guide the choice of leads
in discovery programs.

4. The time frame from discovery through development, to clinical trials and drug registra-
tion is such that most of the compounds currently in the discovery pipeline cannot be
expected to be available for general use in the near future. New approaches are needed in
developing new drugs for tropical diseases, including both preregistration and postregis-
tration activities. The efficiency of the development process must be improved and cost
and times reduced while maintaining a quality standard for the resulting products to with-
stand international registration.
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INTRODUCTION

Since the first total synthesis of a quinoline-based antimalarial in the early part of
this century, thousands of chemical analogs have been synthesized and screened for
biological activity against malaria (1). However, despite the evaluation of such a vast
library of potential drug candidates we are still unsure about the essential pharma-
cophore and our understanding of their mechanisms of action are rudimentary and
surrounded in controversy. So, as we move into the 21st century, we find ourselves
relying on quinoline-based treatments for malaria that are empirically derived and based
on original leads from the 1930s and 1940s. In addition, the emergence of pervasive
strains of Plasmodium falciparum resistant to quinoline-based drugs has further brought
into question the utility of this class of drug as a global solution to malaria infection
(2). In defense of this class of drug, it is clear that they target a biological process that
is totally unique to the malarial parasite, resulting in selectivity and limited host toxic-
ity. Further, if we look at chloroquine, it is clear that the parasite has found it difficult
to acquire resistance to this drug (resistance first reported some 15–20 yr after its intro-
duction into use and following many millions of parasite drug exposures) (3). The
degree of in vitro chloroquine resistance appears to peak in the 250- to 300-nM range
as reported as early as the mid 1970s, and despite the continued geographical spread of
resistant isolates and the continued widespread use of the drug in many parts of the
world, the degree of resistance never exceeds these values. This may suggest that the resis-
tance mechanism(s) is already operational at its maximal potential. As with the mecha-
nism of action, mechanisms of resistance are also poorly understood. As such we do
not know if it is possible to redesign the molecule to circumvent resistance although
the literature suggests this is a possibility, as we will discuss. Despite these reserva-
tions, the desperate need for new antimalarials coupled with the historical benefits of the
quinolines in terms of selective activity and clinical efficacy (in the absence of resis-
tance), limited host toxicity, ease of use, and affordability have prompted a number of
groups to pursue the search for novel quinoline-based antimalarials. In recent years, a
number of chemical classes of drugs have been investigated including 8-amino-
quinolines, 4-aminoquinolines, bisquinolines, and quinolinemethanols. In many cases,
investigators have attempted to apply rational drug design strategies to their programs
based on our limited understanding of drug action and resistance. The design of
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aminoquinoline drugs that contain structural features for activity against resistant strains
but also functionality to aid in the prevention of toxicity through selective parasite accumu-
lation is one such potentially powerful approach to the generation of compounds that can be
used for both malarial prophylaxis and treatment. In this chapter, we will consider recent
examples in the development of novel quinoline-based antimalarial drugs that we hope will
convince the reader that this class of antimalarial still has a promising future.

8-AMINOQUINOLINES

The development of synthetic quinoline-based antimalarial drugs began with the
discovery of the chemotherapeutic effects of methylene blue (1) (Scheme I) on human
malaria made by Guttman and Ehrlich (4). It was subsequently shown that replacing
the methyl group with a basic side chain improved activity. The logical extension of
this work was to attach similar basic side chains to a number of unrelated heterocyclic
ring systems, including the quinoline ring. This strategy ultimately led to the develop-
ment of the first synthetic quinoline-based antimalarials, pamaquine (2) and primaquine
(3) in the 1920s (5). Pamaquine (2) was shown to be very active, but was later dropped
because of unacceptable toxicity. Primaquine (3) was synthesized as a less toxic analog
and is the standard drug to eradicate liver forms of Plasmodium vivax and P. ovale;
however, the clinical usefulness of this derivative against erythrocytic stages was

Scheme I
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limited because of poor efficacy and, to a lesser extent, its hematological toxicity (6).
The hemotoxicity of primaquine is thought to result from oxidative metabolism to the
ring hydroxylated metabolites, 5-hydroxyprimaquine and 5,6-dihydroxylprimaquine.
Several attempts have been made to redesign the primaquine molecule to limit the
potential for reactive metabolite formation while retaining antiparasitic activity. One
such attempt was the fluorination of the parent molecule at the 5-position; unfortu-
nately, this derivative still displayed significant bioactivation in vitro (7).

During the last decade, substantial efforts have been made to identify 8-aminoquinolines
that have a better therapeutic indices than that of primaquine (3) and that exhibit activity
against blood stage parasites at therapeutically achievable concentrations (8,9). From these
studies, tafenoquine (etaquine, WR 238605) (4) was introduced for development. Initial
clinical studies in Thailand have shown that tafenoquine (4) is well tolerated, more effica-
cious, and has a longer half-life than primaquine (10). The compound is also a causal
prophylactic agent, preventing the development of malaria parasites in the liver and the
consequent development of a blood-stage infection, as well as exerting direct effects against
all bloods stages (11). Another 8-aminoquinoline, which has been in preclinical trials, is
CDRI 80/53 (5). This derivative differs from primaquine only by the 2,4-dihydrofuran group
present in the basic side chain anchored onto the quinoline nucleus in the 8-position. In
preclinical studies, this compound displayed comparable activity to primaquine. It is more
active than primaquine in rodent and simian models, both as a blood schizonticide and
causal prophylactic (12,13). A particularly promising observation is the absence of
methaemoglobineamia to date (14).

Over the years, many 8-aminoquinolines have been developed containing various
alkoxy and arloxy substituents in the 5-position of the quinoline ring system (6) (15–17).
When the substituent is a linear unsaturated aliphatic chain (n = 5) or a 4',3'-substituted
aryl group, activity is preserved. Unfortunately, the inclusion of these chemical entities
produces compounds that are cross-resistant with other antimalarials, thereby limiting
their therapeutic potential. It is this balance between good activity and limited cross-
resistance to other available antimalarials that is proving extremely difficult to achieve.
A major limitation to the development of the 8-aminoquinolines is the paucity of infor-
mation on their true mechanisms of action and toxicity. The observation that the basic
8-aminoquinoline structure can be modified to separate the hematoxicological proper-
ties from antiparasitic activity, coupled with the observations of achievable activity
against blood-stage parasites, opens the way for the further development of this class
of antimalarial. Rational design of these drugs will necessitate further investigations
into the fundamental mechanisms behind both activity and toxicity.

4-AMINOQUINOLINES

Currently Used 4-Aminoquinolines: The Starting Points
for Chemical Modification

Chloroquine (7) (Scheme II), a 4-aminoquinoline, was first synthesized in 1934 and
became the most widely used antimalarial drug by the 1940s (18). From a chemical
viewpoint, it proved attractive because of its ease of synthesis, its stability and low cost
of production. Various mechanisms have been proposed to rationalize the mode of
action of chloroquine and the 4-aminoquinolines in general (Chapter 7). It is important
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at this point to briefly review those aspects of chloroquine action for which there
appears to be a consensus opinion, as this knowledge has implications for rational drug
design and our understanding of the structure–activity relationship (SAR). Chloroquine
accumulates to high concentrations within the parasite (19). It was originally proposed
that this accumulation was the result of proton trapping; however, recent data suggest
that this may be less important than intraparasitic receptor binding as a mechanism of
accumulation (20). All available evidence indicates that this intraparasitic receptor is
heme or ferriprotoporphyrin IX (21) and availability of heme is essential to the action of
all the quinoline antimalarials tested to date other than the 8-aminoquinolines (20,22).
Chloroquine is believed to exert its activity by interfering with the heme detoxification
processes the parasite uses to eliminate heme following hemoglobin digestion, although
the specifics of this are controversial (Chapter 7). This interaction with heme leads to
increased levels of heme or heme : drug complex beyond a toxic threshold which then
kills the parasite. The critical involvement of this interaction in the mechanism of drug
action has a number of implications with respect to the exploitation of this target. An
interaction with heme would predict a lack of stereoselectivity in drug action, which is
the case. Further, it should be possible to model, using modern computer technologies,
the potential drug interactions with heme or its µ-oxo-dimer as a tool to aid rational
design. The fact that the use of other surrogate test systems, such as the heme polymeriza-
tion assay, have failed to show a clear correlation with antimalarial activity may bring
into question the quantitative value of this model, as it clearly fails to take into account
the amount of drug capable of reaching the target in the physiological setting. These
physicochemical parameters are readily incorporated into molecular modeling studies.

Scheme II
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The search for novel quinoline-based antimalarials with pharmacological benefits over
and above those provided by chloroquine has continued throughout this century with the
emergence of chloroquine resistance (Chapter 9) acting as an additional impetus. The
chloroquine analog amodiaquine (8) was developed in a large-scale screening program,
initiated by the US Army at the end of the Second World War (23,24). Amodiaquine, like
chloroquine, is a potent blood schizonticide with activity against some chloroquine-
resistant strains of Plasmodia (25). It has been used as an alternative to chloroquine for
over 40 yr. Amodiaquine differs chemically from chloroquine in that it contains a
4-hydroxyanilino function in its side chain, although it is important to note that amodi-
aquine and chloroquine both have four carbon atoms between the secondary and tertiary
nitrogens. Molecular modeling studies have indicated that the internitrogen separation
between the quinoline nitrogen and the alkylamino nitrogen is approximately 8.3 Å in both
chloroquine and amodiaquine (26). The presence of the Mannich alkylamino side chain is
vital; removal of this group results in a complete loss of antimalarial activity. However, a
recent report indicated the maintenance of significant antimalarial activity in a chloroquine
analog lacking the terminal nitrogen, which was replaced with a carbon atom. This seems to
question the view that intranitrogen distances are key to the pivotal interaction with heme.
These investigators actually showed this analog to interact poorly with heme as a target
which may implicate an alternative mechanism of action for this new analog (27).

Early Attempts to Establish 4-Aminoquinoline SAR

Early structure–activity studies with amodiaquine and chloroquine revealed the key role
of the 7-position in the quinoline ring. Focusing on amodiaquine, the 7-chloro derivative
exhibited the best activity, whereas the introduction of other substituents at this position,
including a methoxy, ethoxy, methyl, or bromo, led to a decrease in activity (28). Further
studies by Heindel et al. demonstrated that disubstitution of the quinoline ring with differ-
ent substituents could improve in vivo activity (29). Preliminary screening demonstrated
that substitution with Cl and F at the 7-position improved activity, whereas introduction of
a CF3 at the 7-position decreased antimalarial efficacy in vivo. Attempts to restrict the
spatial flexibility of the 4-aminoquinolines resulted in the synthesis of indoloquinoline (9)
a compound which exhibited poor antimalarial activity in vivo against chloroquine-sensi-
tive P. berghei (30). However, related compounds have shown that other analogs contain-
ing the indoloquinoline nucleus do have promising activity against Plasmodial strains in
vitro (31). Structure–activity studies with these indoloquinolines revealed that the basic
side chain as well as the ring N-oxide are critical for activity, as is a bromine or chlorine in
position 3 (9a). Substitution at positions 7–10 were not essential, although the most potent
analog in these studies was the 8-nitro compound (9b). Replacement of the 8-methoxyl (9c)
by Cl also produced high activity in this series. This study confirms the potential of the rigid
indoloquinoline nucleus in the design of novel compounds effective as agents for the treat-
ment of malaria. Despite considerable efforts in this area and the synthesis of many genera-
tions of quinolines, none of these early compounds would appear to have shown enough
promise to merit their further.

Structural Modifications Aimed at Circumventing Resistance

As a direct result of chloroquine resistance in P. falciparum, a variety of chemical
approaches have been used in an attempt to develop more effective agents specifically
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against resistant parasites. The weight of evidence suggests that chloroquine resistance
results from a decrease in the drug concentration achieved at the target site, rather than
mutation of the target receptor (32). One very simplistic strategy to increase activity against
all parasites involved chemical substitutions specifically designed to prolong the elimina-
tion half-life of the drug in the host. For example, in compound (10), a quaternary carbon
atom was introduced into the side chain in an attempt to reduce total–body clearance and,
hence, prolong the half-life against resistant and sensitive parasites. Compound 10 was
active against P. berghei in vivo (33). However, this strategy does not get around the prob-
lem of treating parasite populations with differential 4-aminoquinoline sensitivity and the
reduced rate of elimination may have disadvantages in terms of resistance development.

A more recent advance in the preparation of highly potent 4-aminoquinolines was
reported by Werbel et al. in 1986 (34). Modification of the -(dialkyl amino)-o-cresol
structure (11) led to (12), which was significantly more potent than chloroquine or
amodiaquine in both the treatment and prophlyaxis of experimental malaria. Werbel et al.
examined a series of hybrid structures of (12) compared to amodiaquine in the hope
that incorporation of the 7-chloroquinoline moiety would enhance activity further. A
quantitative structure–activity relationship (QSAR) study was used to establish the most
suitable substituents on the phenyl ring. The p-chlorophenyl group conferred maximal
potency, with tebuquine (13) (Scheme III) achieving complete parasite clearance (using
two chloroquine-resistant parasite strains) at doses of 1 or 2 mg/kg in mice. In this
model, tebuquine (13) was more potent than chloroquine. Tebuquine is highly active
against P. falciparum. For example we have measured a median inhibitory concentra-
tion (IC50) of 0.9 nM against a chloroquine-sensitive isolate and 20.8 nM against a
chloroquine-resistant isolate (35). Based on the understanding that drug accumulation
at the site of action is an important parameter, we have hypothesized that this improved
activity seen with tebuquine is a function of the a p-chlorophenyl substituent in the
5'-position of the side chain, which will increase accumulation by increasing lipid solu-
bility. We have since formally confirmed this relationship (36). On the basis of these
very encouraging early results in experimental models of malaria, tebuquine was selected
for preclinical toxicology studies prior to evaluation in man. Unfortunately, further
development was curtailed after detailed in vitro toxicological studies revealed acute
white cell toxicity at high doses. Upon further investigation into the SARs of tebuquine,
it was found that insertion of a methylene spacer between the two phenyl rings (14a)
led to a loss of much of the antimalarial activity, as did a sulfur spacer (14b) and a tert-
butyl group (15a) (37). Use of a cyclohexyl group in place of tert-butyl (15b) restored
substantial activity with other straight or branched chains resulting in moderate activ-
ity. From this follow-up study, it was apparent that although simple 6-alkyl analogs did
retain activity, none of the analogs could match the activity of tebuquine. Because of
the toxicological problems associated with this lead compound, further investment in
the development of these structures has stopped.

The degree of cross-resistance between 4-aminoquinoline antimalarials varies with
structure; for example, highly chloroquine-resistant isolates of P. falciparum may show
moderate or almost no cross-resistance with amodiaquine or related drugs such as
amopyroquine (38). These observations have stimulated further research into drugs
containing Mannich side chains. One promising candidate for the treatment of chloro-
quine-resistant malaria is pyronaridine (16), a drug that was synthesized in China in the
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early 1970s and is currently being studied in uncomplicated malaria in Africa as
monotherapy (39,40). Clinical trials of pyronaridine involving more than 1000 patients
have shown high efficacy against P. falciparum and P. vivax with few side effects (41).
This compound is currently used for the treatment of chloroquine-resistant P. falciparum in
China. The further development of this promising new drug is likely to involve its combina-
tion with an artemisinin. An important consideration with this drug is the potential for it to
undergo bioactivation to a reactive metabolite in an analogous fashion to amodiaquine,
because both compounds retain the conjugated 4-aminophenol moiety.

Amopyroquine (17) is another structural analog of amodiaquine in which the
diethylamino side chain is replaced with a pyrrolidine group. This replacement results in
a drug that is more active than both chloroquine and amodiaquine against both chloro-
quine-sensitive and chloroquine-resistant strains of P. falciparum in vitro (42). Chemi-
cally, the pyrrolidino and diethylamino groups are very similar and differences in in vitro
activity are difficult to rationalize. However, differences in in vivo activity may reflect
differences in their metabolic disposition. Amodiaquine is extensively de-ethylated to
desethylamodiaquine (18a) and this metabolite is significantly less active than the
parent drug molecule against chloroquine-resistant parasites in vitro (i.e., the more
water-soluble metabolite shows greater cross resistance with chloroquine that the parent
drug molecule) (43). In contrast, the pyrrolidino functionality of amopyroquine is not
susceptible to oxidative dealkylation as in amodiaquine. Thus, the activity of amopyro-

Scheme III
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quine against resistant strains in vitro should translate into potent in vivo activity. This
difference in metabolism illustrates the importance of studying the activity of 4-amino-
quinoline plasma metabolites and their potential implications in the design of novel
drugs that have activity against resistant strains. A recent study by Hawley et al. has
investigated the replacement of the diethylamino function with an N-tert butyl and
pyrrolidino function. N-tert-butyl amodiaquine (18b) was designed on the basis that
this drug cannot undergo de-ethylation to metabolites with reduced activity against
resistant strains (44). When studied in vitro against four strains of P. falciparum (3D7,
HB3, K1 and PH3) amopyroquine and N-tert-butyl amodiaquine showed greater levels
of activity compared with both amodiaquine and desethylamodiaquine against both
resistant and sensitive isolates.

Substitution in the 4-Aminophenol Ring
These investigations have been undertaken in an attempt to identify sites of chemical

modification that can selectively influence antimalarial activity or the potential toxicity
of this chemical moiety. O’Neill et al. have examined the effect of chemical manipulation
on the biological activity of tebuquine (45). Utilizing novel chemical methodology,
analogs of tebuquine in which the hydroxyl function was absent or substituted with a fluo-
rine atom have been synthesized (19a,b) (Scheme IV). The novel compounds were tested
against chloroquine-sensitive (HB3) and chloroquine-resistant (K1) strains of P. falciparum.
Tebuquine was the most potent compound tested, whereas replacement of the hydroxyl
function with hydrogen or fluorine resulted in a fourfold loss of activity. However, both of
these compounds were more active than chloroquine against a chloroquine-sensitive strain.
Molecular modeling studies indicated that tebuquine and the substituted derivatives would
have similar and favorable binding interaction energies with heme. The differences in
activity were shown to relate to the inferior cellular accumulation of the fluorotebuquine
and dehydroxytebuquine analogs.

Further substitutions in the aromatic ring have produced the bis-Mannich quinoline
antimalarials such as (20). These compounds have been reported to exhibit superior activity
to chloroquine against both sensitive and resistant strains of P. falciparum in vitro (46,47).
Rieckmann and colleagues has performed extensive studies on quinoline bis-Mannich
compounds (21) (48). Using the Saimiri bioassay model, ex vivo antimalarial activity of a
series of bis-Mannichs has been studied against the K1 strain of P. falciparum. These
compounds were found to be as active as both amodiaquine and pyronaridine in vitro and
three to four times more potent than chloroquine. In addition, four of the compounds showed
superior activity to chloroquine, amodiaquine, and pyronaridine in serum collected 7 d after
initial dosage. Antimalarial activity was absent from serum samples obtained from monkeys
receiving either amodiaquine or chloroquine.

The synthesis and biological evaluation of a series of tebuquine analogs bearing
various alky groups in place of the 4-chlorophenyl moiety has recently been reported
by Raynes et al. (49). All of the derivatives (22a–g) inhibited growth of both chloro-
quine-sensitive (HB3) and the chloroquine-resistant (K1) parasites in vitro. As stated
earlier, the replacement of the diethylamino function of amodiaquine with the N-tert-
butylamino group of the 4'-hydroxyanilino side chain (tert-butylamodiaquine) led to a
substantial increase in antimalarial activity against both strains. There was a 1.5-fold
increase in activity of tert-butylamodiaquine against the chloroquine sensitive strain
and almost a 4-fold increase in activity against the chloroquine-resistant strain. The
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cellular accumulation ratio (CAR) for tert-butylamodiaquine was found to be five to
nine times greater than amodiaquine in chloroquine-sensitive isolates and twofold to
threefold greater than amodiaquine in chloroquine-resistant strains.

A similar decrease in the level of cross-resistance as seen between amodiaquine and
tert-butylamodiaquine was observed between amodiaquine and these new alkyl deriva-
tives. It was proposed that the shape/length ratio of the 5'-alkyl substituent has a marked
effect on drug activity. Activity increased as the length of the alkyl group increased
with optimum activity observed with the propyl and isopropyl derivatives. Replace-
ment of the linear alkyl group containing only one branch with a bulkier, nonplanar
group such as a N-tert-butyl or cyclohexyl substituent markedly reduced the efficacy
of the derivatives against both strains compared to amodiaquine or tert-butylamodi-
aquine. All the 5'-alkyl Mannich-base derivatives displayed less cross resistance than
amodiaquine, with resistance indices (IC50 K1/IC50 HB3) between 1.5 and 3.7 com-
pared to 5.3 for amodiaquine. The 5'-propyl–and 5'-isopropyl–substituted derivatives
(22c and 22d) were twofold more active than tert-butylamodiaquine and 7-fold more
active than amodiaquine against the chloroquine-resistant (K1) isolate. The reason for
the greater activity for these two derivatives is unknown. However, given the structural
similarities between tert-butylamodiaquine and the new derivatives, it is probable that
the 5'-alkyl derivatives and tert-butylamodiaquine accumulate to similar levels in the
chloroquine-resistant parasite, resulting in the increased activity.

Scheme IV
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Short-Chain Chloroquine Analogs

Krogstad et al. has recently synthesized a series of 4-aminoquinoline chloroquine
analogs with a range of substituents at the 7-position of the quinoline ring and variable-
length diaminoalkyl side chains (50). Data on antimalarial activity suggested that those
compounds with diaminoalkyl side chains shorter than four carbons or longer than
seven carbons were active against chloroquine-susceptible, chloroquine-resistant, and
multiresistant strains of P. falciparum in vitro and exhibited no cross-resistance with
chloroquine. In support of their argument that they had managed to circumvent the
chloroquine-resistance mechanism, none of these more active compounds displayed a
verapamil effect in chloroquine-resistant isolates. In contrast, aminoquinolines with
intermediate-length side chains of four to six carbons shared cross-resistance with chlo-
roquine. In vitro evaluation of the 7-substituted analogs of these compounds further
confirmed the importance of this position in the quinoline ring. Removal of the chlo-
rine atom at the 7-position of the quinoline ring curtailed antimalarial activity and most
other substitutions on the ring produced a marked reduction in antiplasmodial activity.
However, 7-iodo- and 7-bromo-aminoquinolines with short (2–3 carbon) or long
(10–12 carbon) diaminoalkane side chains (23a–d) exhibited superior activity to chlo-
roquine against chloroquine-resistant (Indochina I) and chloroquine-susceptible (Haiti
135) P. falciparum parasites (51). This structural information was used to develop a
hypothetical model of the chloroquine-resistance mechanism based on an interaction
between the cationic sites within the drug and a putative drug-resistance protein with
two appropriately placed anionic binding sites. In this model, the length of the
alkylamino side chain was critical in determining the ability of drug to interact with the
“resistance protein.”

The superiority of the short chain chloroquine analogs was also proposed by Ridley
et al. (52). They carried out extensive studies with more than 130 analogs of chloro-
quine including many with a shortened alkylamino side-chain. They demonstrated
activity against chloroquine-susceptible and resistant strains of P. falciparum, the
absence of significant cross resistance and activity in vivo in the P. berghei model.
Four of these compounds, possessing a diethylaminoethyl, diethylaminopropyl,
dimethylaminoisopropyl and diethylaminoisopropyl side-chains (24a–d) (Scheme V)
were selected for further detailed assessment. All four of these compounds showed
significantly lower IC50’s against the chloroquine-resistant K1 strain than was observed
for chloroquine, although the IC50’s remained twofold to threefold higher than those
against the chloroquine-susceptible NF54 strain. When evaluated against 77 P. falciparum
isolates, there was a strong correlation between the activities of the 4 compounds
and that of chloroquine. A major drawback of these analogs was the metabolic lability
of the dialkylamino function. From metabolism studies, it was found that all four
compounds produced a monodesethylalkyl metabolite and one produced the bis-
desethylalkyl metabolite. Although the monodesethylalkyl metabolites were as active
as the parent compound against chloroquine-susceptible P. falciparum, they were sig-
nificantly less active against chloroquine-resistant strains (i.e., they showed a greater
resistance factor than chloroquine itself). As these dealkylated products were likely to
be major plasma metabolites, it was suggested that this potential might compromise
their clinical utility. These data also argue against the model of resistance proposed by
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Krogstad et al., because these dealkylated metabolites retain the same charge distribu-
tion and side-chain length as the parent compound, yet show greater cross-resistance
that chloroquine itself.

The development of the Roche analogs as reported by Ridley et al. has been termi-
nated partly because of toxicological problems with some of the more active analogs
(52). However, Krogstad et al., are continuing with the development of their short-
chain compounds and it is hoped that some of these will eventually become available
for clinical use.

Although we have not had a new 4-aminoquinoline antimalarial for some 50 yr,
there are reasons to continue our efforts in this area. Experience tells us that chloro-
quine has been the most successful single drug for the treatment and prophylaxis of
malaria. Further, the 4-aminoquinolines are easily synthesized and inexpensive to
produce, a key consideration for drugs destined for use in those areas of the world
where malaria is endemic, and they are generally well tolerated with acceptable toxic-
ity profiles for treatment of the acute infection. What recent structural evaluations have
confirmed is that it is possible to produce 4-aminoquinoline analogs with greater anti-
malarial activity than current drugs and with a reduced cross-resistance pattern to chlo-
roquine. The ability to modify the structure in order to alter toxicological profile and

Scheme V
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host dispositional characteristics will also prove invaluable in the rational design of the
next generation of 4-aminoquinolines. This process will become easier when we fully
understand the mechanisms of action and resistance of the 4-aminoquinolines at the
cellular, molecular, and chemical levels.

BISQUINOLINES

In the search for quinoline compounds that evade the resistance mechanism, a
particularly promising finding was that several bisquinolines are active against chloro-
quine-resistant strains of malaria parasites (53–56). Bisquinolines, as the name
suggests, are compounds that contain two quinoline nuclei combined through an
aliphatic or aromatic linker. Early examples of such agents include bis(quinolyl)pipera-
zines, such as piperaquine (25), dichloroquinazine (26, 12,278RP), and 1,4-bis(7-
chloro-4-quinolylamino)piperazine) (27) (53–55,57). A mixture of dichloroquinazine
(12,278RP) and 12,494RP (28) (Scheme VI) was shown to be clinically effective
against P. falciparum, exerting a suppressive effect for up to 3 wk (58). Piperaquine and
its analog, hydroxypiperaquine, were shown to be more potent than chloroquine against
both chloroquine-sensitive and chloroquine-resistant strains of malaria parasites.
Unfortunately, up to 20% cross-resistance with chloroquine against P. berghei has been
reported for piperaquine and hydroxylpiperaquine (55).

In 1992, interest in the bisquinolines was revived by Vennerstrom and collegues
(56). They looked at an alternative series of bisquinolines, including N,N'-bis(7-
chloroquinolin-4-yl)alkanediamine derivatives and a (±)-trans-N,N-bis(7-chloro-
quinolin-4-yl)cyclohexane-1,2-diamine derivative (WR 268,668) (29), because they
displayed superior in vitro and in vivo antimalarial activity compared to chloroquine
(56). These authors concluded that a linker that exhibited less flexibility compared to
an aliphatic bridge enhanced activity. Unfortunately although this derivative displayed
good activity against chloroquine-resistant isolates, some cross-resistance was noted,
which could be reduced when used in combination with desipramine, confirming that
this compound shared the chloroquine-resistance mechanism. It was later found that
the S,S-enantiomer of this compound was more active than the racemate against chlo-
roquine-resistant strains, and further pharmacodynamic investigations showed that this
derivative exhibited a longer half-life. However, against these positive properties was
the observation that this derivative displayed unacceptable phototoxicity that precluded
further development (59).

More recently, another series of N,N'-bis(quinolin-4-yl)diamine derivatives (30) has
been evaluated for activity against the malaria parasite. These bisquinoline derivatives
displayed good activity against seven chloroquine-resistant strains and five chloro-
quine-sensitive strains of P. falciparum, with cross-resistance indices between 0.9 and
2.8 compared to 8.7 for chloroquine (60,61). This ability of bisquinolines to partially
circumvent the parasite’s mechanism of resistance inspired additional research into the
synthesis of novel bisquinolines. One such approach was reported by Raynes and
co-workers, this group synthesized two series of bisquinolines, coupled through a dia-
mide linkage in either the 6- or 8-position of the quinoline ring, while retaining the
basic side chain of chloroquine. These derivatives, N,N'-bis[4–((4-(diethylamino)-1-
methylbutyl)amino)-quinolin-8 or 6-yl]alkanoamide (31), were effective against a chlo-
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roquine-resistant isolate of P. falciparum (FAC8), with resistance indices between 0.7
and 2.2 compared to 10 for chloroquine (62,63). A correlation between activity and
heme polymerization was interpreted as suggesting a similar mode of action as chloro-
quine (63). A further modification in which the quinoline nucleus was linked through a
diamide bridge in the 8-position but retained the basic moiety of the cinchona alkaloids
afforded a series that displayed excellent activity against both chloroquine- and
mefloquine-resistant strains (32) (64). Taken all together, these results suggest that the
place of attachment of the linker is irrelevant, it can be anchored onto the quinoline
nucleus in either the 4-, 6-, or 8-position and still retain activity.

More recently, N,N-bis(7-chloroquinolin-4-yl)heteroalkanediamines were shown to
be active against P. falciparum and P. berghei in vivo. Bisquinolines with alkyl ether
and piperazine bridges were shown to be substantially more effective than those with
alkylamine bridges in vivo, this being attributed to increased water solubility and absorp-
tion (65). These authors reported that there was no relationship between the length
of the heteroalkane bridge and antimalarial activity. Somewhat surprisingly, no corre-
lation was observed between in vitro and in vivo antimalarial activities, suggesting
diminished drug uptake in the in vitro assay. As previously reported (63), a correlation
between inhibition of heme polymerization and efficacy was observed (65).

Scheme VI
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QUINOLINEMETHANOLS

Quinine, a cinchona alkaloid, is the original quinoline methanol structure. The first
reports of decreased sensitivity to quinine (33) (Scheme VII) occurred in Brazil in
1910. However, presumably as a function of the extent of parasite exposure, quinine
has retained its efficacy in the field much longer than chloroquine. Nonetheless, reports
of quinine resistance are increasing and efficacy with quinine treatment has fallen below
50% in some parts of Southeast Asia (66). In these areas, quinine is now prescribed
with tetracycline in an effort to increase cure rates. Despite its historic importance in
malaria chemotherapy the exploitation of the quinoline methanol structure was not
seriously undertaken until the second half of this century.

In 1963, the Walter Reed Army Institute for Research initiated another large-scale
screening of potential antimalarial drugs. By the mid-1980s, some 300,000 compounds
had been screened. Only a handful of useful drug candidates emerged from these stud-
ies. The most promising group of compounds was the quinolinemethanols, which
proved to be potent against both P. falciparum and P. vivax (67). However, the first-
generation compounds produced unacceptable photosensitization (68). Mefloquine
(34), was subsequently synthesized and shown to have little photosensitizing effect
(69). Mefloquine has proved to be effective in antimalarial chemotherapy over the last
15 yr, especially against chloroquine-resistant strains of malaria parasites (70).
However, reports of resistance to mefloquine have been increasing since its introduc-
tion to the field in the 1980s. In Thailand, where mefloquine has been used extensively,
significant mefloquine resistance developed within 5 yr of introduction (71). The use
of mefloquine has been associated with adverse neuropsychiatric effects, including
anxiety, depression, hallucinations, acute psychosis, and seizures (72).

Scheme VII
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Recently, Bhattacharjee and Karle investigated the importance of stereoelectronic
properties for the activity of the quinolinemethanols (73). It was found that potency
related to electronic features such as electrostatic potential, hydrogen bonding ability,
and electrophilicity. In addition, the antimalarial activity between mefloquine and its
threo analog showed an approximate 2.6-fold difference.

As part of the Walter Reed screening program, the quinoline moiety of the
quinolinemethanols was replaced by other aromatic groups to form the aryl(amino)car-
binols. Of this class of compound, halofantrine, a 9-phenanthrenemethanol, showed
the most potency (74). Halofantrine (35) has been successfully used in the field to treat
chloroquine-resistant strains of P. falciparum (74–77). Lumefantrine (36) is a fluorene
analog of halofantrine with activity against P falciparum (78). This compound is one
component of the novel antimalarial combination Co-artem. The quinoline methanols
and related structures reported above all share the problem of poor and variable
bioavailability. These problems coupled with an apparent ease of resistance develop-
ment may limit future interest in the development of this class of antimalarial drug.
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BACKGROUND

Folk medicine is often a rich source of leads for discovery of valuable new drugs (1).
Quinine was discovered this way, based on traditional medicinal use of the bark of the
Cinchona tree, and the powerful anticancer drug taxol was discovered in Yew trees.
Chinese folk medicine has now led to isolation, identification, and clinical use of
artemisinin (qinghaosu, 1) (Scheme I), a sesquiterpene 1,2,4-trioxane lactone, for rapid
and effective chemotherapy of individuals infected with Plasmodium falciparum
malaria parasites (2).

The history of the development of antimalarial endoperoxides (Chapter 2) and drugs
of this class that are already available or undergoing clinical testing (Chapter 11) are
discussed elsewhere in this volume. Also, several recent reviews of antimalarial chemo-
therapy using 1,2,4-trioxanes are available (3–6). Additionally, a new monograph on
biomedical chemistry has one chapter devoted to the fundamental organic chemistry by
which trioxanes kill malaria parasites with special mechanistic focus on carbon-centered
free-radical intermediates (7); such mechanistic understanding at the molecular level has
allowed rational design of a series of new antimalarial peroxide drug candidates. This
chapter will provide a brief summary of the fundamental chemical mechanism by which
trioxanes kill malaria parasites and then an update on new, rationally designed, therapeu-
tically promising, antimalarial trioxanes and endoperoxides.

In brief mechanistic summary, we were the first, in 1992, to show that iron(II)-
induced reductive cleavage of the peroxide linkage in 1,2,4-trioxanes like artemisinin
(1) produces carbon-centered free radicals (8). This iron(II)-triggered rupturing of the
trioxane O–O bond and formation of C-centered radicals then leads to a cascade of
reactions, involving highly electrophilic and alkylating epoxides, as well as strongly
oxidizing high-valent iron–oxo intermediates (9,10) (Scheme II). Any one or a combi-
nation of these reactive intermediates has the potential of killing the malaria parasite
by disrupting (i.e., alkylating or oxidizing) some of its vital biomolecules.
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Scheme I

Scheme II
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NEW TRIOXANES
Artemisinin Derivatives

Because artemisinin does not have good solubility in water or in vegetable oils,
organic chemists have reduced its lactone carbonyl group to form the lactol dihydro-
artemisinin (DHA, 2) (Scheme III) (3–6). Derivatization of DHA with methanol or
ethanol leads to vegetable oil-soluble artemether (3) or arteether (4), and derivatization
with a carboxyl-bearing carboxylic acid or benzylic alcohol leads to water-soluble
artesunate (5) or artelinate (6) salts, respectively. Each of these derivatives (3–6) has
been used to cure mammals of their malaria infections (3–6). However, the C-10 acetal
functionality in all of these DHA derivatives (3–6) is subject to chemical and/or enzy-
matic hydrolysis, thereby making them pro-drugs of the parent DHA (2). Because DHA
has some undesirable physiological properties (3–6), however, nonacetal derivatives
of DHA have been prepared; these include C-10-CF3 analog 7 (11), C-10–ethyl analog 8
(12), C-10–propyl analog 9 (13), and C-10–aryl and –heteroaryl derivatives 10 (14–16).
Generally, these C-10 nonacetal analogs are considerably more hydrolytically stable
than artemether (3) and arteether (4), even in the stomach acid pH range (17). Several
of these C-10 nonacetal 10-deoxoartemisinin analogs (e.g., 10, Ar = 2'-furyl, 5'-methyl-
2'-furyl, 5'-ethyl-2'-furyl, 5'-t-butyl-2'-furyl, and N-methyl-2'-pyrrolyl) are potent
antimalarials, with the first two of these furyl derivatives being potent antimalarials even
when administered orally to rodents. Preliminary testing for acute toxicity showed the
first two furyl analogs to be relatively safe (i.e., at least comparable to artemether) (16).

Another series of C-10 nonacetal derivatives of artemisinin (1) has been prepared
(Scheme IV) from C-10 unsaturated aldehyde (11) (18), itself formed from arte-
misinin on gram scale in 69% yield. Without disrupting the chemically delicate
peroxide bond in aldehyde (11), organometallic reagents converted this aldehyde into

Scheme III
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a series of C-10 nonacetal analogs 12–15 (Scheme IV). These new, enantiomerically
pure, semisynthetic analogs range in antimalarial potency between inhibitory concentra-
tions (IC50) of 4.3 and 28 nM, compared to artemisinin with an IC50 = 10 nM (18).

Dimers of dihydroartemisinin have been shown in vitro to have some antimalarial
activity (19), and more robust C-10 carbon-substituted dimers (16) and (17) (Scheme V)
are potent antimalarials (20). Likewise, some dimers (e.g., 18) of C-10 nonacetal alde-
hyde (11) also have considerable antimalarial potency (20).

Because all of the new chemical entities (7–18) are derived from natural artemisinin,
each of these semisynthetic trioxanes is enantiomerically pure. In contrast, structurally
simplified trioxanes that are prepared from inexpensive raw materials readily available
in bulk from commercial chemical supply companies are usually prepared as racemic
mixtures; nevertheless, such synthetic trioxanes often can be synthesized in only a few
chemical operations, and the source and purity of the starting raw materials is usually
highly reliable. Furthermore, synthetic trioxanes often feature structural units that are
not easy to incorporate into semisynthetic artemisinin analogs. Such structural units in
synthetic trioxanes often help clarify questions about biological mechanism of action
and about structure–activity relationships, ultimately leading to the next generation of
medicinal trioxanes.

Structurally Simplified Trioxanes

International research has produced a large number of structurally simplified trioxanes
(3,5,7,12,14). This review, however, emphasizes only the three types (19–21) (Scheme
VI) that are orally efficacious in curing animals having been intentionally infected with
malaria parasites. Of the Geneva series of “fenozan” trioxanes, fenozan (19) is a
particularly potent blood schizontocide effective orally in animals infected with different
strains of drug-resistant malaria parasites (21,22). Structurally simplified artemisinin-
like trioxane phosphate ester (20a) and benzyl ether (20b), rationally designed to be

Scheme IV
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hydrolytically more stable than dihydroartemisinin esters and ethers (23), were shown to
be as effective as arteether against multidrug-resistant P. falciparum in Aotus monkeys
(24); this monkey model is considered to be the best primate model for experimental
treatment of blood-induced infections of P. falciparum. Finally, very simple and easily
prepared 3-aryl trioxanes (21), designed based on mechanistic understanding at the
molecular level, were shown to be as effective as artemisinin in curing malarious rodents
(25). It is expected that further preclinical evaluations of one or more of these promising
synthetic trioxanes (19–21) will produce a lead compound to enter clinical trials.

Recent study at Johns Hopkins University of chemical structure–antimalarial activ-
ity relationships in the (21) series of synthetic trioxanes has generated diverse new
analogs. With the 3-aryl group in trioxanes (21) being p-biphenyl, p-chlorophenyl, or
p-trifluoromethoxyphenyl, antimalarial potency ranged from about 0.5 to 2 times that
of artemisinin. Considerably lower antimalarial activity was observed for trioxane (21)
with a 3-(m-trifluoromethoxy)phenyl group. When the -methoxy group in trioxane
(21a) was replaced by a -benzyloxy or a -(p-fluorobenzyloxy) group, antimalarial
potency was not changed significantly compared to that of (21a). With the six-

Scheme V
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membered carbocyclic ring in trioxane (21a) replaced by a seven-membered carbocyclic
ring, antimalarial potency decreased sharply. Likewise, reversing the positions of the peroxy
and ether groups in trioxane (21a) also caused a sharp decrease in antimalarial potency.

Because water solubility is a desirable characteristic of any clinically useful new
antimalarial trioxane, trioxane (21) with a 3-p-carboxyphenyl substituent was prepared
at Johns Hopkins University. Like artelinic acid (6), this 3-p-carboxyphenyl trioxane
(21) is indeed soluble in water and has good antimalarial efficacy in vivo as well as a
good safety profile. Its diverse pharmacological properties are being thoroughly evalu-
ated at this time.

NEW ENDOPEROXIDES

Several endoperoxides such as natural yingzhaosu A (22) (Scheme VII) (26), synthetic
arteflene (23) (27), and synthetic endoperoxide sulfone (24) (28,29) are potent antimalarials.
Their in vitro antimalarial potencies are typically in the 10- to 75-nM range, compared to
artemisinin having an IC50 of 8–10 nM. Although yingzhaosu occurs in nature, it is not
available in large amounts. Even though arteflene passed successfully through preclinical
trials, Hoffmann–La Roche recently decided to discontinue development of this endoper-
oxide antimalarial in part because of its difficult synthesis (R. Masciadri and C.
Hubschwerlen, personal communication). However, very significant advances during
1998 in simplifying laboratory synthesis of such endoperoxides (29,30) are now making
them much more readily available. Some of these new chemical entities are now under
preclinical antimalarial evaluation.

COMBINATION THERAPY

Although peroxidic antimalarial drugs like artemisinin (1) and its semisynthetic ether
and ester derivatives (3–6) are very fast acting, which is crucial for rapid treatment of
life-threatening cerebral malaria, they are typically administered for only a few days,
and recrudescence of the malaria parasites occurs too often. To overcome this undesir-

Scheme VI
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able feature of short-term malaria chemotherapy with peroxide drugs, treatment with a
combination of a peroxide drug plus a longer-lasting antimalarial has been developed.
Novartis has developed CGP 56697, combining artemether with the longer-acting anti-
malarial benflumetol, for safe and effective malaria chemotherapy; in one study
reported recently, “no neurologic, cardiac, or other adverse reactions were observed”
(31,32). Along similar lines, sequential treatment with artesunate suppositories and
then with mefloquine is producing very encouraging preliminary results (33–36).
Artemisinin combined with sphingolipid analogs also produces heightened antimalarial
responses (37). The practical clinical utility of this type of promising combination anti-
malarial chemotherapy remains to be established in widespread field tests (38).

CONCLUSIONS

The trioxane and endoperoxide antimalarials described in this chapter represent
promising new peroxides that effectively kill P. falciparum malaria parasites. The
leading members of these peroxidic antimalarials are not only efficacious but relatively
safe. Preclinical and then clinical trials should identify peroxide antimalarial drug
candidates. Performance of such carefully regulated trials will require considerable
financial investment from industrial and/or government sources before a new antima-
larial peroxide drug is approved for general use in the United States.
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Antibiotics and the Plasmodial Plastid Organelle

Barbara Clough and R. J. M. (Iain) Wilson

INTRODUCTION

We are not in a position to say yet what the main function(s) of the apicomplexan
plastid is, nor whether it is a realistic target for therapeutics; after all, one could argue
it has lain undetected throughout the long quest for antimalarials this century without
signaling its presence by the dramatic effect of some specific inhibitor. Thus, to review
the effect of antibiotics on the malarial plastid organelle might justifiably be consid-
ered premature at present, although this is not the first of its kind (1–5). On the other
hand, progress promises to be swift because the ongoing malaria genome sequencing
project has the potential to completely describe the organelle’s functions within the
next year or two. Moreover, the signs are promising that this “new found” organelle
will provide novel targets because unforeseen metabolic pathways centered on the plas-
tid have come to light already from scrutiny of the growing chromosomal sequence
database (6). It is reasonable, then, to hope that specialized pathways found to operate
within the plastid compartment might lend themselves to disruption, with lethal conse-
quences for the organism and minimal effects on the host.

This review will discuss a range of antibiotics with antimalarial activity, whose effects
might include specific inhibition of the plastid. Frankly, in some cases, the usefulness of
these particular compounds to clinicians is questionable in their present state of develop-
ment. However, the potential of antibiotics as “secondary” antimalarials, used either to
forestall the selection of parasites resistant to primary drugs or to treat drug-resistant
malaria parasites, is an aspect that perhaps has not been fully exploited. Admittedly, there
have been disappointments with drug combinations (7,8), but despite this caveat, we
hope the hard lesson learned over recent years of resistance developing following the sole
use of individual antimalarials is sufficient to justify the essential future requirement of
combination chemotherapy and, here, antibiotics might have a larger role to play. Natu-
rally, treatment with a combination of drugs is more expensive, but at least the pharmaco-
kinetics and safety of most antibacterial agents used in this way have been established
previously. As our understanding of the plastid increases, antibiotics might also act as
lead compounds for the development of synthetic inhibitors with higher specific activi-
ties than the antibiotics presently available.

Mention also should be made at the outset that it has not been possible yet to ascer-
tain directly whether the antimalarial effect of many antibiotics is the result of their
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action on the plastid or on the mitochondrion, the other symbiogenic compartment
within the cell. Earlier studies posited that the mitochondrion was the target (9), but
some reappraisal is now necessary. Inevitably, because both organelles are of prokary-
otic origin, some inhibitors (e.g., those blocking protein synthesis) could act at more
than one site [but see another cautionary note (10)]. The malarial genome sequencing
project should come to the rescue, allowing us to identify the characteristic signal
sequences used to traffic proteins from the cytosol into the respective symbiogenic
organelles and, hence, which functional pathways are specific for each organelle.

ORIGIN OF THE PLASTID ORGANELLE

The plastids carried by plants and algae, even nonphotosynthetic ones, originate
from endosymbiosed cyanobacteria (11). These have evolved into semiautonomous,
double-membraned organelles, carrying their own genome as well as transcription and
translation systems. However, plastid maintenance also depends on the host cell’s
genome, where hundreds of genes that once were cyanobacterial have been translo-
cated and evolved independently, targeting their cytosolic products back to the
organellar compartment. This ergonomically expensive process is favored because the
plastid compartment enables host cells to carry out various special, sometimes essen-
tial, metabolic pathways (e.g., fatty acid or essential amino acid biosynthesis). These
prokaryotic pathways present potential targets for antimalarials.

An apparent complication in the case of apicomplexan parasites is that the plastid is of
secondary endosymbiotic origin following phagotrophy, a scenario that has been played
out several times in the evolution of so-called “algae” (11). In such cases, the primary
endocytobiont—a eukaryote bearing a plastid organelle (probably an algal cell)—was
engulfed by another protist, which then usurped the algal cell, utilizing the plastid for its
own purposes. For plastid maintenance to continue, this process necessitated a second
transfer of cyanobacterial genes, this time from one eukaryotic nucleus to another. There
are several well-documented examples (12) and the details need not concern us further
here. However, one consequence of secondary symbiogenesis, indeed a signature of it, is
that the plastid now lies within additional membranes, the number increasing from the
original two, to four in Toxoplasma gondii (13) and three (arguably by reduction) in
Plasmodium spp. (14). A reassuring feature that has emerged from studies of these com-
plicated genetic and cellular amalgamations is that many of the basic systems for trans-
port of proteins across the potential membrane barriers remain fundamentally intact in
secondary plastids, including those of apicomplexans (6). From the point of view of this
review, the membranes around the plastid also remind us that antibiotics with intracellu-
lar targets have to be amphipathic in order to gain access.

PLASTID FUNCTIONS

It is reasonable to assume the residual apicomplexan plastid carries out some
biosynthetic function(s) typical of other plastids and now essential for the malaria
parasite’s survival. Hunting in the dark for this function will not be necessary, as it
should be revealed by the genome sequencing project. It would be prudent, however, to
be appraised of the possibilities by considering what is already known about other
plastids—still not necessarily an exhaustive list of functions! The primary candidates
are well known to be amino acid, fatty acid, and heme biosynthesis (15). In plastid-
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bearing cells, most of the gene products required for these pathways are encoded by the
nucleus rather than the plastid genome (Fig. 1). Indeed, relatively few RNAs and
proteins are still specified by plastids themselves. In the case of malaria, the sequence
of the plastid genome (16) shows that its contribution is severely limited—largely speci-
fying selected components required for organellar protein synthesis (rRNAs, tRNAs,
RNA polymerase subunits, etc.). The many additional components required for function
must be imported from the cytosol and the first examples have now been recorded (6).

That protein synthesis occurs in the malarial plastid is no longer in doubt, active
ribosomes having been demonstrated in the organelle by various means (6,13,17). The
capacity for plastid protein synthesis seems to be dedicated to the translation of a small
number of open reading frames carried on the plastid genome whose products must be
regarded as essential. These include a probable molecular chaperone (ClpC) and a gene
of unknown function (ycf24-ORF 470 in Plasmodium falciparum) that is highly con-
served in red algal plastids and eubacteria. Thus, it is likely that plastid protein synthe-
sis, although minor in terms of the whole cell, is essential, making it a primary target
for antibiotics. Unfortunately, there is no direct evidence yet that the antibiotic inhibi-
tors of protein synthesis mentioned in what follows actually bind to their predicted

Fig. 1. Diagrammatic representation of the flow of information required for maintenance
and biosynthesis in the malarial plastid organelle.
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targets within the organelle. The most convincing evidence that the organelle is
susceptible to antibiotics comes from studies of the DNA gyrase inhibitor ciprofloxacin
shown specifically to block replication of the 35-kb plastid DNA (18,19).

ANTIBIOTICS: MODE OF ACTION

A striking property of antibiotics that has emerged in the present era of structural
research is that they often act as allosteric inhibitors (20,21), blocking conformational
switches in proteins and affecting either intermolecular or intramolecular movement.
Several examples will be discussed in the first part of this section, which surveys the
mode of action of antibiotics, many of whose structures are indicated in Fig. 2. We
begin with a brief discussion of antibiotics believed to affect the maintenance of plastid
DNA (see the subsection Replication) before moving on to those inhibiting the com-
plex processes of organellar transcription (see the subsection Transcription) and trans-
lation (see the subsection Translation); most antibiotics with demonstrable antimalarial
activity block protein synthesis (classically) and, in several instances, nucleotide
sequence data point to the plastid ribosome as the likely target. We then mention some
of the newest findings correlating antibiotics with inhibition of plastid functions (see
the subsection Proteins Imported into the Plastid) and end (see the subsection Clinical
Experience with Antibiotics) by surveying the current clinical use of antibiotics.

Replication

DNA gyrase is an essential enzyme in prokaryotes. It controls the level of negative
supercoiling of DNA by passing a double-stranded segment through a transient double-
stranded break. Its properties are distinct from the type II topoisomerases of eukaryotes
(22), including those found in malaria parasites (23). Selective degradation of chloroplast
DNA following incubation with bacterial topoisomerase II inhibitors is well known (24),
implying that the plastid DNA could be a novel target for antimalarial drugs. Synthetic
quinolones, such as ciprofloxacin, inhibit one subunit of DNA gyrase (GyrA), preventing
religation of the cut DNA. A similar effect is produced by the peptide antibiotic microcin,
which acts on GyrB. The ATP-inhibiting coumarin antibiotics, such as novobiocin as well
as the cyclothialidines, also bind to the B-subunit. It has been demonstrated that
ciprofloxacin causes selective linearization of the 35-kb plastid DNA of P. falciparum (18)
within the dose range of several fluoroquinolone drugs shown to be cytotoxic in parasite
cultures (25). Of a range of fluoroquinolones including amifloxacin, enoxacin, norfloxacin,
ofloxacin, and perfloxacin, ciprofloxacin (Fig. 2A) was the most inhibitory in cultures of
P. falciparum with median inhibitory concentration (IC50) values of 26 µM and 38 µM for
chloroquine-sensitive and chloroquine-resistant strains, respectively (25). Synergy was not
observed between different classes of DNA gyrase inhibitors, but ciprofloxacin antago-
nized some primary antimalarials such as chloroquine and mefloquine in in vitro cultures
(26). Ciprofloxacin (25 µM) reduced the copy number of the plastid genome of T. gondii by
more than 10-fold in vitro (19), resulting in a delayed-death phenotype like that produced
by clindamycin (see the subsection Spectinomycin).

Transcription

From the sequence of the -subunit of the plastid-encoded RNA polymerase P. fal-
ciparum (PEP type; see ref. 27), the enzyme was predicted to be sensitive to rifampicin
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Fig. 2. Published chemical structures of representative antibiotics with antimalarial activ-
ity; prepared using the program CHEMDRAW.
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(28), an antibiotic (Fig. 2A) with antimalarial activity in cultures of P. falciparum
(29–31). Loss of mRNA specifying the PEP-type RNA polymerase was reported
within 6 h of rifampicin being added to parasite cultures (32). By contrast, we found
no inhibitory effect with streptolydigin, another antibiotic inhibitor of bacterial RNA
polymerase (31). Attempts to produce stable mutants resistant to rifampicin in
cultures of P. falciparum were unsuccessful in our hands, the resistant parasites that
developed always being unstable and lacking mutations in particular “hot spots” pre-
viously recorded in the RpoB subunit of rifampicin-resistant bacteria. However, since
this work was done, rifampicin resistance in Escherichia coli has been correlated
with mutations in other regions of the protein (33) and so our attempts to equate
rifampicin resistance with a modified malarial plastid RpoB subunit must be consid-
ered incomplete. Nevertheless, rifampicin has been used clinically as an antimalarial
(see the section Clinical Experience with Antibiotics).

A second RNA polymerase of the nucleus-encoded single subunit T7-type (NEP
type; see ref. 27) found in mitochondria, is expected to emerge from the growing list of
P. falciparum nuclear genes with recognized organellar leader sequences. It should be
noted that in land plants, there is also a plastid version of this second polymerase that
preferentially transcribes a subset of plastid maintenance or “housekeeping genes”
rather than “photogenes” (34). Whether the plastids of algae (or apicomplexans) also
utilize such a polymerase is unknown.

Translation

In prokaryotes, protein synthesis is catalyzed by three elongation factors; EF-Tu
(the tRNA binding protein), EF-Ts (the specific nucleotide exchange factor), and EF-G
(the translocation factor) (Fig. 3). Both EF-Tu and EF-G are members of the G-protein
family of proteins with a conserved structural design. EF-Tu exists in two states:
EF-Tu.GDP, the inactive form where the tRNA binding site does not exist because of
rotation of domains II and III relative to domain I, and EF-Tu.GTP the active form that
binds to aminoacyl (aa)-tRNA (36). In other words, aminoacylation of the 3' end of
tRNA regulates a lock and key match with EF-Tu.GTP. Upon binding of the quater-
nary complex to the A site of the ribosome, GTP is hydrolyzed, releasing EF-Tu.GDP,
which is recycled by EF-Ts (catalyzing the exchange of GDP for GTP). Meanwhile,
translocation on the ribosome is catalyzed by EF-G; its G domain interacts specifically
with the “GTPase-associated site” involving ribosomal protein L11 and the A1067
loop of 23S rRNA (37) and possibly also the -sarcin/ricin loop of 23S rRNA (38). The
tip of domain IV of EF-G also interacts with the anticodon arm of the bound tRNA
(39). GTP hydrolysis facilitates the exchange of elongation factors in a reciprocating
fashion, triggering movement of the ribosome-bound tRNA–mRNA complex to the
next mRNA codon and translocation of the peptidyl tRNA to the P site (39).

As is evident from the foregoing, structural information has given considerable
insight into the likely mode of action of antibiotics on the prokaryotic 70S ribosome
and we have recently examined the potential antimalarial activity of a range of inhibi-
tors of the elongation factors for four reasons. First, a tuf gene encoding EF-Tu is still
carried on and transcribed from the malarial plastid genome (16,40). Second, elonga-
tion is arguably the central step in protein synthesis (apart from the ribosome, EF-Tu is
the most important target for inhibitors). Third, a range of structurally distinct antibi-
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otic inhibitors is available with different sites of action. The fourth, and most important
reason, was that preliminary experiments with P. falciparum cultures found antima-
larial effects with classical inhibitors of EF-G, such as fusidic acid (41) and thiostrepton
(42,43), as well as with kirromycin, the classical inhibitor of EF-Tu (40). The results of
our exploratory experiments with these and related antibiotics are mentioned below,
along with a wider ranging summary of investigations with other antibiotics.

Aminoacyl–tRNA Binding/EF-Tu
TETRACYCLINES

The tetracyclines (Fig. 2A) act slowly on malaria parasites. Classically, they bind to
the 70S prokaryotic ribosome, predominantly on the 30S subunit where there is a unique
high-affinity site. This site depends on 16S rRNA (nucleotide A892, E. coli number-

Fig. 3. A representation of the elongation cycle in protein synthesis (modified from ref. 35)
to indicate the points of action of antibiotics with antimalarial activity. Different conformations
of the ribosome are indicated, before and after translocation, as well as movement of an amino
acid through the aminoacyl (A), peptidyl (P), and exit (E) sites during peptide-bond formation.
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ing), as well as ribosomal proteins S3, S7, S8, S14, and S19, S7 being the most impor-
tant. Tetracyclines inhibit the binding of aa-tRNA to the A site of the bacterial ribo-
some and also interact with A2505 and U2504 in the central loop of 23S rRNA in
domain V. The antibiotic has good activity against chloroquine-resistant strains of P.
falciparum and, in this context, it is noteworthy that tetracycline-resistant prokaryotic
ribosomes apparently do not exist (44), any change at the unique binding site presum-
ably being lethal. Doxycycline, a modified form of tetracycline (Fig. 2A) with a longer
half-life, has been used both in treatment and as a prophylactic (see the section Clinical
Experience with Antibiotics).

CYCLIC THIOPEPTIDES (GE2270A/AMYTHIAMICIN)
We found inhibition of protein synthesis in cultures of P. falciparum incubated

with two thiopeptide antibiotics that interfere with the binding of aa-tRNA to EF-Tu,
namely GE2770A and amythiamicin A (Figs. 2A and 3). The IC50 for amythiamicin
A, the more effective, was 10 nM (40). Inhibition of hypoxanthine incorporation
paralleled that of isoleucine, indicating the likely presence of a second undefined
effect on nucleic acid synthesis. The 10-fold difference in activity of amythiamicin
and GE2270A may provide information useful for future modifications; the synthetic
structures are known (45,46).

KIRROMYCIN/ENACYLOXIN IIA

Despite the absence of crystal structures of EF-Tu complexed with antibiotics, much
experimental information is available concerning its interaction with three different
types of antibiotic inhibitors; a catalog of mutations in bacterial systems has pinpointed
the binding sites for several of them (47). Structurally distinct antibiotics such as
kirromycin and enacyloxin IIa (Fig. 2A), although differing in their secondary effects,
compete with EF-Ts by binding to a site bridging domains I and III of EF-Tu.GTP.

Kirromycin and its derivatives (e.g., aurodox, efrotomycin) are nontoxic, narrow-spec-
trum antibiotics once used in veterinary medicine for animal growth enhancement; a median
lethal dose (LD50) of over 4g/kg by mouth has been recorded (48), but their activity is
strongly affected by membrane selectivity. Kirromycin does not inhibit archaebacterial
EF-1 (the cytosolic equivalent of EF-Tu) or eukaryotic protein synthesis directly, but it
does affect yeast mitochondrial and chloroplast EF-Tu [50% inhibition at 6 µM in a cell free
system (49)]. We confirmed the lack of effect on eukaryotic protein synthesis using a
myeloma cell line (up to 100 µM kirromycin) but obtained an IC50 of 50 µM for kirromycin
and several of its derivatives in cultures of P. falciparum (40). Inhibition of isoleucine
incorporation was evident 5 h after exposure, maximum inhibition being reached within
10 h. This applied to both synchronized rings and schizonts, although transcription of the
plastid tuf gene is greatest in the late trophozoite and schizont stages. It is not easy to compare
kirromycin’s inhibitory effect on P. falciparum with that on various bacterial systems, as
the latter are extremely variable in their sensitivity because of differential permeability: for
example, cultures of P. falciparum are much more susceptible than Corynebacterium spp.

Kirromycin has other effects on cells; in bacteria, EF-Tu acts as a positive regula-
tor of RNA synthesis (51) and we noted in both the myeloma cell line and in cultures
of P. falciparum that RNA synthesis was inhibited upon incubation with kirromycin.
In the eukaryotic cell line, inhibition was measurable within 30 min, as observed
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previously (51). A preliminary finding arguing against a nonspecific effect of
kirromycin in cultures of P. falciparum is that inhibition was synergistic when
kirromycin was combined with tetracycline or myxothiazole (a mitochondrial electron
transport inhibitor), but was not with GE2770A (M. Strath et al. National Institute for
Medical Research [NIMR], unpublished data).

Superimposition of the predicted amino acid sequence of the P. falciparum plastid
EF-Tu on the three-dimensional structure of EF-Tu from Thermus aquaticus, confirmed
that despite extreme sequence divergence compared with other known versions (13),
the malarial protein can be folded conventionally (52). The objective of this modeling
exercise was to confirm that known binding sites for the various antibiotics mentioned
here are all conserved; as indeed they are, except for A237S (E. coli numbering) on
domain I in the EF-Ts binding region of EF-Tu. In support of this, direct evidence of
antibiotic interaction with the malarial protein was obtained with a recombinant version
in vitro (40).

A clear candidate for tufM (encoding mitochondrial EF-Tu) has yet to be established
in P. falciparum (52), but the 530 loop of the small subunit rRNA that interacts with
EF-Tu (53) carries the conserved G residue at position 530 (E. coli numbering) in both
plastid (54) and mitochondrial rRNA sequences (55).

Peptidyl Transferase
Another target for antibiotics is close to the “GTPase-associated site” on the 50S

ribosomal subunit, the peptidyl transferase loop of domain V of 23S rRNA, the site of
peptide bond formation (56). Chloramphenicol and antibiotics such as lincomycin and
its more lipid-soluble, chlorinated derivative clindamycin (Fig. 2B) compete with
macrolides (e.g., erythromycin, azithromycin [see below]) but not tetracycline for bind-
ing at this site. Again, one of the nucleotides known from mutations to be critical for
binding (A2058 E. coli numbering) is conserved on the plastid’s 23S rRNA unlike the
corresponding mitochondrial rRNA encoded on the 6-kb element (57).

CHLORAMPHENICOL

Chloramphenicol inhibits P. falciparum cultures in vitro (29) but has no advantage
over other antimalarials. However, it has been noted in parasite cultures that a less
toxic derivative, thiamphenicol, was more potent as an antimalarial (9). Lincomycin
and macrolide antibiotics such as erythromycin compete with chloramphenicol, mainly
for binding to the prokaryotic 50S ribosomal subunit, but probably each antibiotic
inhibits peptidyltransferase activity in a different way. Unlike the plastid rRNA of
P. falciparum, reconstructed fragments of mitochondrial rRNA corresponding to the
peptidyltransferase region have an altered residue (A2058U, E. coli numbering) at the
site associated with erythromycin sensitivity (58). By contrast, the residues associated
with chloramphenicol sensitivity, 2503-4 and in the 2451 region in E. coli, are
conserved in both plastid and mitochondrial rRNAs.

CLINDAMYCIN

Clindamycin is effective against P. falciparum cultures in the micromolar range
(29). The earlier inference that clindamycin and its derivatives inhibit mitochondrial
activity in apicomplexans has been reassessed, particular care being taken in studies of
its mode of action in T. gondii (59,60). These investigations, which included examina-
tion of protein synthesis in resistant mutants, investigation of mitochondrial function
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(oxygen uptake), and two-dimensional gel analysis of a small subset of proteins believed to
be synthesized on mitochondrial ribosomes, led to the conclusion that neither cytoplasmic
nor mitochondrial protein synthesis is affected by the antibiotic. By default, the ribosomes
enclosed within the plastid compartment were suggested as a possible target of this class of
antibiotics. However, appropriate mutations in the rRNA genes carried on the 35-kb plastid
DNA of drug-resistant mutants have not been found (61). Nor does the antibiotic inhibit
extracellular tachyzoites, although nanomolar concentrations of clindamycin block replica-
tion of T. gondii in cell cultures. This last effect aroused much curiosity, as the inhibition
only becomes apparent several days after treatment. It turns out that this lag correlates with
reduced replication and atrophy of parasites that have left the host cell where they were
exposed to the antibiotic, and have formed a second parasitophorous vacuole (PV) upon
infection of a new cell (61). Whether clindamycin treatment causes a defective PV
membrane following invasion is unclear. An odd feature of the PV membrane surrounding
T. gondii tachyzoites is that it becomes firmly connected with the outer membrane of
mitochondria in the host cell by means of the parasite’s integral membrane protein ROP2
(113). We have been unable to ascertain if this association is affected by prior treatment
with clindamycin.

Translocation/EF-G
AZITHROMYCIN

This antibiotic (Fig. 2B) is a structural analog of erythromycin, with a similar mecha-
nism of action but better pharmacological properties (see the section Clinical Experi-
ence with Antibiotics).

SPECTINOMYCIN

Evaluation in cultures of P. falciparum showed spectinomycin had an IC50 of
168 µg/mL (61). In E. coli, resistance to spectinomycin (an aminocyclitol antibiotic) has
been associated with mutations in the ribosomal protein S5, as well as at nucleotide
C1192G,U,A (in descending order of inhibition) in helix 34 of 16S rRNA. This helix is
multifunctional, so there is room for speculation concerning the mode of action of
spectinomycin, but effects on translocation have been reported. The helix is also involved
in termination of translation on UGA codons—a feature of interest in some apicomplexan
plastids (63). In chloroplasts of Chlamydomonas spp. and plants, mutations on either side
of the stem give resistance (nucleotides 1191-3 pair with 1065-7, E. coli numbering) (64).

CYCLIC THIOPEPTIDES (THIOSTREPTON/MICROCOCCIN)
Thiopeptide antibiotics inhibit protein synthesis by several routes (37,44), as well as

having other complex biological effects (65). The bicyclic thiopeptide antibiotic thiostrepton
(Fig. 2B) inhibits various intermediate reactions of protein synthesis dependent on elonga-
tion factors. In bacteria, it also affects the synthesis of ppGpp, a regulatory nucleotide pro-
duced by ribosomes in association with stringency factor. Although thiostrepton is known
classically for its effect on translocation, the primary effect of the antibiotic on cells appears
to be inhibition of the binding of aa-tRNA to the ribosomal A site; it also blocks translo-
cation of dipeptidyl-tRNA from the A to the P site (Fig. 3). In cooperative binding with the
so-called GTPase domain of 23S rRNA and the proximal part of ribosomal protein L11,
thiostrepton binds to a single site on the 50S ribosomal subunit with high affinity (Kd >10–9)
(44). Mutations in nucleotides A1067 and/or A1095 (E. coli numbering) of the 23S rRNA
(Fig. 4), or on one face of the proline-rich helix of L11 (absent from eukaryotic versions)
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(37,66), confer resistance to thiostrepton as well as to the distantly related cyclic thiopeptide
micrococcin (67) (Fig. 2B). The crystal/nuclear magnetic resonance (NMR) structures now
available for the RNA–protein interaction site (38,66,68), do not include thiostrepton,
despite the fact that its NMR structure (a “hamburger minus a bite”), is available (69).
Nevertheless, structural delineation of the “thiostrepton binding pocket” confirms much
previous work and has raised the question of whether the thiazole groups of thiostrepton

Fig. 4. Secondary structure representation of (A) a fragment of E. coli 23S rRNA from the
GTPase associated domain (nucleotides 1051–1108) based on the new crystal structure of the
protein/RNA complex. Lines with arrows indicate 5' to 3' direction of the backbone, horizontal
bars are Watson–Crick base pairs, dots are non-Watson–Crick base pairs, open horizontal bars
are tertiary bonds between bases, and bases in bold type are those interacting with thiostrepton
and micrococcin. Changes to these bases are circled in (C) and (D). (From ref. 68).

Comparative sequences from P. falciparum are shown for the plastid rRNA (B), the corre-
sponding fragment of mitochondrial rRNA (C) about which there is now some doubt (55), and
the alternative forms of cytosolic rRNA (D) (43).
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and micrococcin might mimic the multiple proline residues of L11 and compete for a ribo-
somal or factor binding site (66). Alternatively, thiostrepton might interfere with a confor-
mational transition in the N-terminal region of L11 (66): In mechanistic terms, thiostrepton
appears to block reciprocal oscillating conformations of the ribosome, triggered by GTP
hydrolysis as the ribosome binds alternatively EF-Tu.GTP or EF-G.GTP. Finally, we note
there are functional interactions between the thiostrepton-binding region and the -sarcin/
ricin loop of rRNA, so that antibiotic inhibitors of both domains II and V of 23S rRNA can
be linked to the reciprocal binding of the elongation factors (70).

Interest in thiostrepton as a potential antimalarial first emerged from examination of
the sequence of the 23S rRNA encoded by the plastid genome of P. falciparum (71).
This showed that the two critical nucleotides A1067 and A1095 (E. coli numbering)
required for high-affinity binding in prokaryotes are conserved (Fig. 4B), whereas
modifications may be present in the incompletely known and fragmented mitochon-
drial sequence as well as in both the C and S cytosolic forms of the large subunit rRNA
of P. falciparum (32). Various mutational studies with short transcripts corresponding
to the malarial rRNA sequence, combined with physical measurements of thiostrepton
binding in vitro (42,43), have clearly correlated thiostrepton binding with the plastid-
encoded rRNA. However, the main modification found in the other forms of malarial
rRNA (A1067G) produces much less resistance than mutations to C or U (44).

In P. falciparum cultures, thiostrepton has an IC50 of 3–5 µM (32,42). In one study, more
than 10-fold higher concentrations of thiostrepton were required to inhibit total protein
synthesis than to inhibit parasite growth (32). Micrococcin (Fig. 2B) produced a similar
effect but at approx 100-fold lower concentrations (IC50 of 35 nM) (72). These studies
implicated the plastid organelle as the target by showing within a 6-h incubation that
both thiostrepton and rifampicin preferentially blocked synthesis of mRNA period  specify-
ing the plastid-encoded organellar RNA polymerase. By contrast, mRNA for merozoite
surface antigen 1 (encoded by a nuclear gene) was not affected (32).

We found the thiostrepton-related thiopeptide antibiotic nosiheptide (Fig. 2B) only
marginally more effective in vitro (IC50 of 2 µM). By contrast, the basic peptide
antibiotic viomycin that also somehow blocks translocation was ineffective in cultures
of P. falciparum (M. Strath et al. NIMR, unpublished data).

FUSIDIC ACID

Fusidic acid (Fig. 2B) is a steroidal antibiotic whose specificity as a classical antibiotic
inhibitor of EF-G results from its poor permeability to mammalian cells. We confirmed
earlier findings that it is active in cultures of P. falciparum at concentrations well within
the range achieved by oral dosing (500 mg three times a day [i.e., 80–100 µg/mL]) (41).

Proteins Imported into the Plastid
Aminoacyl-tRNA Synthetases

The plastid genome encodes a minimal set of tRNA genes but aminoacyl-tRNA
synthetases encoded in the nucleus must be imported into the organelle. Cytosolic and
organellar synthetases are likely to be separate entities and a gene encoding a putative
organellar valyl-tRNA synthetase has been identified on chromosome 3 of P. falciparum
(73). A number of antibiotic inhibitors, including mupirocin (74), purpuromycin (75),
and oxazolidinones (76) have been suggested as possible lead compounds to test (77).
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Fatty Acid Biosynthesis
THIOLACTOMYCIN

Evidence for the first biosynthetic pathway confined to the plastid (i.e., type II fatty
acid biosynthesis), previously found only in bacteria and plastids, has emerged from
the P. falciparum total genome sequencing project following the identification of
several nuclear genes with appropriate N-terminal leader sequences encoding enzymes
for this pathway (6). The condensing step in fatty acid biosynthesis is targeted by the
antibiotics cerulenin (a nonspecific inhibitor) and thiolactomycin (Fig. 2B), which
blocks the prokaryotic type of fatty acid synthetases. Thiolactomycin retarded the
growth of P. falciparum cultures with an IC50 of 50 µM (6); in a standardized plastid
test system, the IC50 was 2–10 µM (78).

Isoprenoid Biosynthesis
FOSMIDOMYCIN

In P. falciparum, two nuclear genes with N-terminal plastid import leader sequences
encode the enzymes 1-deoxy-D-xylulose 5-phosphate synthase (DOXP synthase) and
DOXP reductoisomerase (see ref. 5). These enzymes catalyze a nonmevalonate, alter-
native pathway of isoprenoid biosynthesis, previously found only in eubacteria and
plants (79). Isoprenoids are used as substrates in diverse pathways and functions (e.g.,
formation of carotenoids, plastoquinone, terpenoids, and for prenylation of membrane-
bound proteins) and could provide a novel target for malarial therapeutics.

Jomaa et al. found that a recombinant version of the newly discovered P. falciparum
plastid enzyme, DOXP reductoisomerase, is inhibited by fosmidomycin (80). This
antibiotic and its derivative FR-900098 suppressed the growth of chloroquine-resistant
P. falciparum cultures in vitro. Both inhibitors also cured mice infected with P. vinkei.
Fosmidomycin, a new phosphonic acid antibiotic (Fig. 2B), has been reported to act
synergistically with other antimicrobial agents, including tetracycline and nalidixic acid
(81). On the other hand, minimal synergy was reported with ciprofloxacin (82).

CLINICAL EXPERIENCE WITH ANTIBIOTICS

A review of malarial chemotherapy a decade ago (83) relegated antibiotics to the
end of a long list, where they figured as “other compounds of interest.” Little has
changed (84). It was also pointed out that study of the structure–activity relation-
ships of antibiotics might lead to the synthesis of novel candidate substances, but
there has been only a small increase in the range of compounds of potential interest.
Discovery of the plastid organelle and its cyanobacterial biosynthetic pathways might
focus attention again on the use of antibiotics as investigative tools and as alternative
therapeutic agents.

Here, we consider briefly how well-known antibiotics have fared in field trials, with
notes on their use and problems as antimalarials, as well as mentioning new entries
coming onto the list. Early tests of antibiotics as antimalarials (85) found only the
tetracyclines and chloramphenicol sufficiently well tolerated and effective to be of
potential value. Nowadays, combination treatment of acute infections can be made
with antibiotics such as clindamycin, lincomycin, minocycline, doxycycline and
azithromycin that act as schizonticides. Doxycycline has been recommended as a
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prophylactic. Quinine and tetracycline have an additive effect when combined and are
used clinically. Minocycline and doxycycline act also on liver stages.

Current Status
Tetracyclines

Tetracycline has good activity against tissue schizonts of drug-resistant strains
of P. falciparum. Despite this, treatment of acute infections using combination
therapy with quinine plus tetracycline has had problems with poor compliance
under endemic conditions, resulting, in part, from quinine’s side effects (vomiting,
tinnitis) (86,87). It has been noted that concommitant P. vivax infections were not
cured and recommended that primaquine should still be used in such patients. A
number of trials have concluded that doxycycline is a useful prophylactic (88) and
there have been advocates for its wider use (89). However, tetracycline and doxy-
cycline are contraindicated in pregnancy and in children less than 8 yr old, and
further studies on the safety and toxicity of doxycycline have been recommended
because of increasing numbers of reports of photosensitization in travelers (90,91).
Doxycycline potentiated the activity of atovaquone in vitro (92), but proguanil was
the preferred choice for combination treatment (93). Doxycycline is not regarded
as adequate prophylaxis for P. vivax (8), but it is currently recommended as the
chemoprophylactic agent of choice for those traveling to areas with high levels of
multidrug-resistant P. falciparum (especially border areas of Thailand).

Clindamycin

Lincomycin and its more lipid-soluble, chlorinated derivative, clindamycin [7(S)-
chloro-7 deoxy lincomycin] have a history of antimalarial testing (94), as well as clini-
cal use in Southeast Asia and Africa (95). In experimental studies in mice, drug-resistant
parasites did not emerge rapidly and no cross-resistance with tetracycline antibiotics
was found (96). Like other antibiotics, lincosamides on their own are not recommended
for treating acute infections of P. falciparum and are best accompanied by another fast-
acting antimalarial. Caution needs to be exercised with the diarrhea and colitis that can
result from the use of clindamycin (97). With these provisos, clindamycin in combina-
tion with other drugs has been recommended as safe and effective for uncomplicated
infections (98) and is routinely used with quinine to treat patients with falciparum
malaria who are unable to take tetracycline or doxycycline (children, pregnant women).

Azithromycin

Azithromycin, a semisynthetic analog of erythromycin, has better pharmacokinetics
and tolerance. Some have found it an effective prophlyactic antimalarial in field trials
and preferable to doxycycline (99,100). For prophylactic use, a daily regimen of 250 mg
is required. Recent trials on adults with low levels of immunity in Indonesia, where
there is a high incidence of drug-resistant P. falciparum parasites, gave an efficacy of
only 72% compared with 96% for doxycycline (101).

Azithromycin was not recommended as a prophylactic for nonimmunes, despite
good protection (98%) afforded against P. vivax, nor has it proved useful in preventing
recrudescences when given as a short course in combination with either artemether
(102) or artesunate (103).
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Quinolones
Despite the discovery that DNA gyrase inhibitors act specifically on the plastid

DNA, we note that the coumarin antibiotic novobiocin is no longer used to treat
infections in humans because of side effects. Unfortunately, the more potent cyclothialidines
have reduced antibacterial potency because of problems of permeability and/or cellular
pumps. Nevertheless, future developments in such antibiotics may be of interest in the
quest for new antimalarials. Exposure of parasites to the fluoroquinolone ciprofloxacin in
parasite cultures for 72 h was required to bring the IC50 to 1.7 µg/mL, a level within the
therapeutic range achieved by oral administration in man (104,105). A combination of
ciprofloxacin and tetracycline gave a modest additive effect in P. falciparum cultures (25).
Clinical trials of norfloxacin were successful in India (106) but showed no benefit to patients
with multidrug-resistant malaria in Thailand (107). This discrepancy may be associated
with the decreased sensitivity found with chloroquine-resistant strains (25). A high oral
dose of ciprofloxacin (750 mg every 12 h) was insufficient to control rising parasitemias
in Thai patients (107), but we note that of a range of fluoroquinolones tested against
T. gondii in vivo, trovafloxacin was much more effective than ciprofloxacin (108).

Rifampicin
The antimalarial effect of rifampicin in mice infected with P. chabaudi (31) was

confirmed in patients with naturally acquired infections of P. vivax (109). It acted
slowly and did not produce radical cures, but was well tolerated as a short course and
may be of value in combination therapy. Rifampicin is relatively more toxic and more
expensive than tetracycline, but can be given to pregnant women and young children.
More recent trials in Southeast Asia and Africa with Cotrifazid (a combination of
rifampicin, cotrimoxazole and isoniazid) found it effective, even in the treatment of
drug-resistant P. falciparum in children (110).

CONCLUSION

Following the administration of antibiotics, resolution of malarial infections is slow,
both clinically and in cultures of P. falciparum. This has been attributed to the combined
effect of poor permeability of the antibiotics and inhibition of mitochondrial function
(9). Now, however, besides ciprofloxacin (19), we can point to several types of antibi-
otic (usually not in clinical use) where demonstration of the target in situ implicates the
plastid organelle rather than the mitochondrion as the potential site of antibiotic activ-
ity. Particularly exciting is the discovery of bacteria-like plastid biosynthetic pathways
(for fatty acids and isoprenoids) for which antibiotics already exist. On the other hand,
the highly divergent nature of the plastid’s ribosomal protein and rRNA sequences, as
well as the bizarre fragmented rRNAs of the mitochondrion, make the veracity of some
other antibiotic targets uncertain. Resolution of this quandary might not be achieved
until ribosomes of both organelles have been purified and scrutinized. As a generalization,
the present state of knowledge suggests that the plastid rRNA is largely conventional at
sites known in other prokaryotes to be essential for sensitivity to antibiotics, the mito-
chondrial rRNA being less so.

Earlier studies on the effects of oxygen and time dependence on antibiotic inhibitors
of P. falciparum argued that their effects were on 70S and not 80S ribosomes (9).
However, alternative explanations for the effects of some antibiotics cannot be
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dismissed yet. For example, a slowly developing abnormality of cytosolic ribosomes
of Plasmodium was noted following treatment with clindamycin (111) and it has been
suggested from studies with in vitro cultures of P. falciparum that the susceptibility of
malarial cytosolic ribosomes to some antibiotics may not be like those of other eukary-
otes (10). Also, depletion of NTP and dNTP pools in P. falciparum has been reported
in in vitro cultures 6 h after the addition of antibiotics with ostensibly different types of
targets (e.g., doxycycline and ciprofloxacin) (112). Thus we are still in the unenviable
position where sometimes distinction between primary and secondary effects remains
blurred and where often we are unable to decide whether effects can be attributed
specifically to inhibition of the plastid organelle. Resolution of this uncertainty should
be possible either by direct tests on fractionated ribosomes (a subject long neglected by
malariologists) or by combining the increased knowledge of antibiotic interactions on
bacterial ribosomes with the results of the malarial genome sequencing project and
analysis of antibiotic-resistant lines of P. falciparum.

The discovery of the plastid has highlighted and broadened the therapeutic role of
antibiotics that are already useful in malarial chemotherapy and prophylaxis. Further
work on the sites of action of antibiotics with antimalarial activity is clearly indicated.
Success in this direction would justify more detailed studies of antibiotic structure–
function relationships so as to improve their efficacy as antimalarials.
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Fresh Paradigms for Curative Antimetabolites

Pradipsinh K. Rathod

INTRODUCTION
Malaria, Society, and Science

Malaria remains one of the most important infectious diseases of the world. For
those who live in tropical countries, obviously, malaria causes an unrelenting health
threat. Over 300 million people are infected every year and about 2 million young
children die as a result of malaria in Africa every year (1). However, malaria scientists
and policy-makers may look at this disease with concern for another reason. As global
communities successfully mobilize increasing resources for malaria research, society
will expect a proportional decrease in morbidity and mortality from malaria. Other-
wise, direct questions will arise about the scientific community’s ability to transfer
basic knowledge on malaria biology into practical solutions in the field. In the past,
public sanitation measures combined with antimalarial drugs offered significant
protection against this devastating disease. In the last few decades, though, our ability
to control the disease in tropical countries has been unimpressive. The widespread
emergence of drug-resistant malarial parasite strains, combined with repeated failure
to develop inexpensive, reliable, lasting immunization strategies, has resulted in a
global health situation that continues to kill millions of individuals. This, in turn,
directly threatens to erode confidence in our technical ability to deal with this disease.

Genomes, Genomics, and Drugs: Upcoming Challenges

Obviously, additional financial resources can be instrumental in generating more
data on the biology of the causative agents of malaria. In the last few years, we have
witnessed an unprecedented explosion in available DNA sequence information for
Plasmodium falciparum, which is responsible for the most devastating type of human
malaria (2,3). Genomes of other malarial parasites are soon to follow. Such genome
sequences, combined with tools designed to look at gene functions and gene expres-
sion on a global scale (4,5), provide an opportunity for initiating malaria chemotherapy
strategies in an unprecedented number of ways. Targets of future new antimalarial
drugs and vaccines must lie in these databases.

However, more data on the biology of the parasite will not automatically result in new,
less expensive drugs (or vaccines) if our models for successful treatment strategies are
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faulty or incomplete. In the absence of worthy guiding principles, more genome infor-
mation may actually slow down drug development by diverting limited resources
toward unproven, unproductive approaches to cure malaria.

Value of Defined Models

It is more important than ever to understand the molecular basis of efficacy of drugs
that have been successful in the past. To deal with the onslaught of functional genomics
data that will be upon us, our models for successful drug development need to be
current, sophisticated, and testable. Once we have defined the parameters for what
constitutes a useful drug target, identification of new targets using functional genomic
tools and identifying good drugs will be a welcome challenge.

In this chapter, using de novo pyrimidine biosynthesis and folate-based malaria
chemotherapy as a model, traditional views of malaria drug development that are on
solid footing are considered along with newly recognized elements of successful che-
motherapy. Concepts that may be outmoded, or even misleading, are also discussed.

UNDERSTANDING ANTIMETABOLITES
Few Drugs, Fewer Antimetabolites

Chloroquine appeared as an antimalarial agent in the 1940s and established itself as
a first-line drug in many countries because of its potency against all forms of human
malaria, its low cost, and its authorized use in children as well as pregnant women (6).
In many countries, Fansidar® (a combination of pyrimethamine and sulfadoxine) and
the old standby quinine have served as second-line drugs. Some other important agents
include artemesinin, atovaquone, doxycycline, halofantrine, mefloquine, primaquine,
proguanil, and quinidine. Some of these drugs offer significant toxicity and others are
only useful as a part of combination chemotherapy (7).

Of all these drugs, only two are simple antimetabolites with a single, defined, geneti-
cally proven, drug target: pyrimethamine and sulfadoxine. These compounds were
selected in the 1940s for their antimalarial properties (8). Decades later, based on visual
comparison of structural formulas, it was correctly predicted that the enzyme dihydro-
folate reductase (DHFR) could be inhibited by compounds such as pyrimethamine (9).
DHFR from mammals was shown to be about 1000 times less sensitive to pyrimethamine
than DHFR from the mouse parasite P. berghei (9). At the time, this was a truly exciting
finding because biochemists and pharmacologists were getting their first glimpses into
the molecular basis for drug selectivity. Many more years passed before it was shown
that parasites that were resistant to pyrimethamine had a DHFR that was less sensitive to
pyrimethamine (10), that pyrimethamine-resistant DHFR had point mutations that were
shared between resistant strains (11,12), and that transformation of the drug-resistant
DHFR gene into drug-sensitive parasites conferred pyrimethamine resistance (13–16).
These later studies provided the much needed closure experiments to prove that DHFR
alone was the principal target of antifolates such as pyrimethamine.

 Antifolate Models: Friend or Foe?

Antifolates such as pyrimethamine were chosen out of thousands of molecules that
were either vitamin analogs or analogs of molecules known to be efficacious against
other diseases (8). During their development, it was not known what their target was
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and it was not clear where their selectivity originated. As pointed out earlier, their
mechanism of action was determined many years after it was learned that they had
potent selective antimalarial activity.

On one hand, there are no antimalarial drugs whose modes of action are understood
as clearly as those of the antifolates. At the same time, early successful insights into the
mode of action of pyrimethamine may have prematurely lulled us into thinking that we
fully understand the molecular basis of why pyrimethamine can be a potent and selec-
tive antimalarial agent. If our understanding of the mode of pyrimethamine action is
incomplete, we run the serious risk of using incomplete or inaccurate models for future
attempts at developing antimalarial agents.

From Correlations to Doctrine
Many of our notions of what it takes to get successful antimalarial drugs come from

the action of antifolates. It is very likely that some of these traditional concepts are
critical to the success of compounds such as pyrimethamine and sulfadoxine. However,
as we will see in subsequent sections of this chapter, there may be more to the success
of antifolates than what meets the eye.

Here, each interesting thought about the action of antifolates on malarial parasites is
reviewed and compared to what is really known about action of antifolates on malarial
parasites. Common generalizations that are supported by these facts are also listed. Subse-
quently, the relative importance of these generalizations will be critically assessed.

Thought: Dihydrofolate reductase is a proven target of pyrimethamine.
Facts: Transformation of P. falciparum and P. berghei with mutant forms of DHFR or human

DHFR confers pyrimethamine resistance (13–16).
Common generalization: Inhibitors directed at individual enzymes can be good antimalarial drugs.

Thought: Dihydrofolate reductase, the target of pyrimethamine, is an essential enzyme.
Facts: Genetic proof for DHFR being essential is hard to come by, given the limitations of

performing molecular genetics in malaria. However, there are pedagogical arguments for
thinking that DHFR is essential. Malaria parasites are dependent on thymidylate synthase
(TS) for de novo pyrimidine biosynthesis (17,18). The TS reaction uses methyl-
enetetrahydrofolate and generates dihydrofolate. Dihydrofolate reductase must be neces-
sary for recycling of dihydrofolate, at least for the TS reaction and possibly other reactions.

Common generalization: Inhibitors of essential enzymes will be good antimalarial drugs.

Thought: The potent antimalarial activity of pyrimethamine is the result of tight-binding of the
drug to the proven target.

Facts: Parasites, as well as the purified DHFR enzyme, are inhibited at nanomolar concentrations by
pyrimethamine (19,20). Parasites resistant to pyrimethamine show DHFR mutations (13–16,
21). Expression of mutant DHFR domains leads to reduced binding to pyrimethamine (20).

Common generalization: Nanomolar level inhibitors of essential enzymes will be good anti-
malarial drugs.

Thought: Specificity and lack of toxicity from pyrimethamine comes from poor binding of
human DHFR to the antimalarial agent.

Facts: Mouse DHFR binds pyrimethamine 1000-fold more poorly than malarial DHFR (9).
Common generalization: The primary determinant of nontoxicity from antimalarials such as

pyrimethamine is poor binding to the host enzyme. Drug development should focus on
identification of host–parasite differences in active sites in essential enzymes and drug
development efforts should focus on identification of ligands that bind a parasite essential
enzyme about 1000 times more tightly than the corresponding host enzyme.
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Thought: Drug resistance can arise through point mutations in the target enzyme.
Facts: Resistance to pyrimethamine is associated with specific changes in the DHFR sequence

(11,12). Mild resistance can be achieved with a single nucleotide and a single amino acid
change; high-level resistance involves alterations in as many as four amino acids in the
DHFR sequence. These point mutations are causal because transformation of pyri-
methamine sensitive parasites with drug resistant DHFR sequences confers drug-resis-
tance on the parasite.

Common generalization: Point mutations can compromise drug targets. Loss of drugs such as
pyrimethamine to drug resistance underscores the need to constantly search for new drug
targets.

Thought: Drugs lose efficacy because of resistance. Drug resistance begins primarily because
of misuse by the practicing physician or the noncomplying patient.

Facts: Every antimetabolite that has been introduced in the field as a single agent has rapidly
succumbed to drug resistance, including pyrimethamine (10). Premature stoppage of treat-
ment can result in subefficacious levels of antimalarial drugs in circulation. Subefficacious
levels of drugs in the serum can select incrementally for resistant parasites.

Common generalization: Usage of antimalarial drugs should be tightly controlled to prevent
misuse.

Thought: Whenever possible, useful antimalarials should be used as a part of a drug combina-
tion to limit the development of drug resistance.

Facts: Drug combinations such as pyrimethamine–sulfadoxine allow the drugs to last longer
than when each is used individually. Pyrimethamine and sulfadoxine are synergistic (21).

Common generalization: Synergistic combination of drugs are ideally suited to minimize the
development of drug resistance.

Strategies Spawning from Traditional Generalizations

The foregoing generalizations may be considered the bedrock of our views on drug
development against malaria and many other infectious diseases. It is not unusual to
see research papers or grant proposals begin or end by invoking the importance of one
or more of the above principles.

Searches for metabolic pathways and processes that are unique to the parasite
(17,18), searches for metabolic steps that are essential to the parasite (17,18), and the
search for enzymes that differ between the parasite and the host are all fueled in part by
the hope that if one satisfies one or more of the above “criterion” for an important drug
target, drug development will be greatly facilitated.

Even after a drug target has been identified, searches for tight-binding ligands using
X-ray crystallography (22–25), molecular modeling (26–28), or combinatorial chemis-
try (29) are fueled by the hope that there may be subtle, important differences within the
active sites of host and parasite enzymes that may be exploited for selective chemo-
therapy. Although there is no doubt that all these efforts do help develop good leads for
antimalarial drug development, they do not seem to lead to clinically useful drugs fast
enough and in a cost-effective manner.

CONFRONTING SHORTCOMINGS

Current Paradigms May Be Ineffective

Above all, current generalizations for drug development have not been useful. No
clinically useful antimalarial drugs directed at specific enzymes have been developed
through a systematic study of the properties of a particular enzyme or a particular meta-
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bolic step. One can argue that this is because the shortage of financial resources or a
shortage of scientific groups working on malaria chemotherapy has simply not allowed
for a concentrated effort to identify appropriate drug targets and tight-binding enzyme
inhibitors. However, even using nucleotide metabolism and folate metabolism as models,
one can show that there is not a shortage of suitable drug targets or inhibitors if we define
these by prevailing general models for drug development. Where, then, is the problem?

Current Paradigms May Be Outdated

Many of the generalizations listed are not new: They were conceived in the 1940s
and 1950s. These ideas were revolutionary for their time. Fifty years ago, we did not
know much about the active site of enzymes or the nature of biological catalysis. We
did not know much about membrane structures or the control of transport across
membrane barriers. We did not know much about replication of the genome and
certainly not much about the molecular forces that contribute to variation in genomes
and populations. We did not understand mechanisms involved in the transfer of infor-
mation from DNA to protein or the regulation of these processes. Finally, and very
importantly, we knew very little about what makes cells die.

Although our understanding of biology has improved in leaps and bounds, our
concepts for what it takes to get a good antimalarial drug has been pretty much static
for half a century.

Potential Damage from Outmoded Generalizations

The most obvious result of using incomplete generalizations about drug develop-
ment may be that resources are dedicated to simple-minded projects that have no real-
istic chances of delivering successful drugs in a cost-effective manner. Beyond that, if
those who make judgments on what is new and worthy of credit (e.g., grant reviewers,
editors of journals, patent examiners, venture capitalists, etc.) continue to rely on
grossly oversimplified models for drug development, they regularly shortchange good
science. When fresh ideas, which directly challenge prevailing views on what it takes
to succeed in the pharmaceutical sciences, are kept out of the limelight through institu-
tional misjudgments, there is an indefinite perpetuation of outmoded generalizations.

FRESH, USEFUL CONCEPTS

There are a series of important lessons that arise from studying nucleotide metabolism
and folate metabolism that are not part of the standard folklore on drug development. The
value of these concepts arise from their utility. In the past, they successfully predicted
new lead compounds for potent and selective antimalarial action in a cost-effective man-
ner. They have also helped us predict conditions that lead to emergence of drug resis-
tance. They have helped us identify serious inadequacies of some traditional models for
drug development. In the long run, these principles may help plan functional genomics
studies that are most likely to identify truly good targets and good drugs for malaria
chemotherapy.

Important neglected concepts that should be at the core of our beliefs on successful
design of antimetabolites are as follows:

1. Some enzymes make better drug targets than other enzymes because of their role in toxic-
ity and cell death.
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2. Host–parasite selectivity of antimetabolites can arise from many mechanisms, above and
beyond interactions between a drug and its target.

3. Parasite population dynamics, in addition to mechanism of drug action, determine the
initiation of drug resistance.

In the rest of this review, examples from nucleotide metabolism and folate metabo-
lism are used to illustrate the utility of these neglected concepts.

Some Enzymes Make Better Drug Targets Than Other Enzymes

There is no shortage of targets in de novo pyrimidine metabolism.

Pyrimidine Biosynthesis in Malaria-Infected Erythrocytes Is Odd
Most of what we know about the metabolic pathways of malaria has been learned

from studying the blood-stage form of the parasite. In recent years, this is also the form
of the parasite that is most accessible because it can be manipulated in vitro. Mature
erythrocytes are devoid of nucleic acids and of free pyrimidine nucleotides. However,
human red blood cells are rich in purines such as ATP. The metabolic machinery of
malarial parasites reflects this environment. Malarial parasites efficiently salvage
purines and are devoid of enzymes for de novo purine biosynthesis (17,30). On the
other hand, they possess a robust de novo pyrimidine biosynthesis apparatus and lack
enzymes for the salvage of pyrimidines (17,30).

An Opportunity and a Challenge

A combination of a potent inhibitor of de novo pyrimidine biosynthesis and nucleo-
sides ought to have antimalarial activity because proliferating human cells utilize pre-
formed pyrimidines efficiently and malaria parasites do not. Many potent inhibitors of
pyrimidine biosynthesis have been tested as antimalarials with limited success (31–33).
However, some inhibitors of pyrimidine metabolism are unusually potent (see below).

Which De Novo Pyrimidine Enzymes to Target?

Of all the enzymes related to the de novo pyrimidine biosynthesis pathway, the two
that draw special attention are DHFR and TS. These enzymes historically have proven
to be good targets for chemotherapy. Dihydrofolate reductase is the target of anticancer
drugs such as methotrexate, antibacterial agents such as trimethoprim, and anti-
protozoan agents such as pyrimethamine and cycloguanil. Thymidylate synthase is the
target of anticancer agents such as 5-fluorouracil, Z 1694, and 1843U89.

In malarial parasites (34), as in all other protozoans (35), DHFR and TS are part of a
single polypeptide that is synthesized from a single RNA molecule. The amino end of
each protein folds into a DHFR domain and the carboxyl end of two polypeptides
assemble to form a TS homodimer. Clearly, the bifunctional status of malarial DHFR–TS
represents a very significant difference in host–parasite biochemistry, but, until recently,
it has not been clear how one would exploit this difference for selective chemotherapy.

Good Inhibitors Trigger Nucleotide Ombalances and Cell Death
Why Are DHFR and TS Inhibitors Such Potent Cell Killers?

Normally, DNA contains deoxycytidine (dC) and thymidine (dT) as the pyrimidine
nucleosides. However, at a very low frequency, deoxyuridine (dU) can form in DNA
molecules as a result of spontaneous hydrolysis of dC residues (36). The resulting dU



Fresh Paradigms for Curative Antimetabolites 293

in DNA has to be promptly excised and the DNA repaired to avoid mutagenesis during
replication. In addition, dU can appear in DNA as a result of DNA polymerase acciden-
tally using dUTP as a substrate instead of dTTP. To avoid this problem, cells go to
extraordinary efforts to prevent accumulation of dUTP. Cells contain a dUTPase to
quickly degrade any dUTP that is formed (36).

In mammalian cells, inhibition of TS activity immediately leads to decreases in TMP
and TTP levels and increases in dUMP and dUTP levels. This increase in dUTP over-
whelms the standard proofreading and repair mechanisms of the cell and causes exces-
sive incorporation of dU residues into DNA. This, in turn, triggers massive DNA-strand
fragmentation and cell death (37). Inhibition of DHFR in mammalian cells, indirectly,
leads to the same type of nucleotide imbalances, strand fragmentations, and cell death
(38). Therefore, part of the reason that DHFR and TS are such good targets for chemo-
therapy is that accumulation of the substrate (dUMP) and depletion of product (dTMP),
in themselves, are sufficient to trigger cell death. It is not even necessary to fully inhibit
TS in order to kill a cell (39).

Selectivity Can Arise from Many Molecular Sources

Exploiting host-parasite differences in enzyme active sites:

Inhibiting Malarial DHFR with Selectivity
A comparison of amino acid sequences between malarial and human DHFR reveals

a mere 27% identity (34). This sequence diversity affects the active site. It is known
that pyrimethamine binds malarial DHFR as much as 1000 times more tightly than
human DHFR (9). The importance of this differential host–parasite binding is under-
scored by kinetic characterization of mutant DHFR isolated from malarial strains that
are pyrimethamine resistant and by transfection studies that show that integration of
mutant DHFR–TS sequences into pyrimethamine-sensitive parasites results in resis-
tance to pyrimethamine (40,41).

Recent data on translational control of DHFR–TS suggest that additional factors
related to species-specific cellular responses to DHFR and TS inhibitors may play an
important role in the selective antimalarial activity of agents directed at this target
(Zhang and Rathod, unpublished data; see following subsection).

Inhibiting TS with Selectivity

Unlike DHFR, TS is a very conserved enzyme. A comparison of the amino acid
coding sequence reveals about 56% identity between human and malarial TS. Further-
more, unlike DHFR enzymes that show very different sensitivities to DHFR inhibitors,
to date, all TS enzymes have essentially identical kinetic properties and bind TS inhibi-
tors with equal avidity (42,43). So how can one inhibit malarial TS with selectivity?

Exploiting Host–Parasite Differences Away from Enzyme Active Sites
Selectivity Through Differential Uptake and Metabolism of Pro-Drugs

Thymidylate synthase catalyzes a reaction involving two substrates: dUMP and methyl-
ene-tetrahydrofolate (MTHF). There exist substrate analogs of both dUMP and MTHF that
inhibit TS enzymes at nanomolar concentrations.

5-Fluoro-2'-deoxyuridylate (5-FdUMP) binds malarial as well as human TS with a Ki
of about 1 nM (42). 5-FdUMP cannot be used as a drug itself because it does not permeate
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cells. Mammalian cells are extremely vulnerable to 5-fluorouracil and to 5-fluoro-2'-
deoxyuridine because these preformed pyrimidines can be converted to the toxic 5-FdUMP
by salvage pathways. Malarial parasites are inherently resistant to these compounds because
they lack the enzymes to activate these molecules to nucleotides (17,44).

5-Fluoroorotate, though, is a potent and selective inhibitor of malarial parasite
proliferation. It shows a median inhibitory concentration (IC50) of about 5 nM against
all malarial strains tested (44). It does not show toxicity to mammalian cells until one
uses about 1000 times higher concentrations. 5-Fluoroorotate can cure malaria in mice,
whether delivered intraperitoneally or orally (45). 5-Fluoroorotate, after entering malar-
ial parasites, is metabolized to 5-FdUMP and inactivates TS (46).

The potent antimalarial activity of 5-fluoroorotate is likely the result of its selective
and efficient transport through the tubovesicular membrane (TVM) network of infected
erythrocytes (47) and the easy activation of this molecule to nucleotides (48). Mutants
resistant to 5-fluoroorotate have decreased ability to take up exogenous 5-fluoroorotate
and orotate (49).

Selectivity Through Differential Rescue of Mammalian Cells
Folate-based TS inhibitors like D1694 and 1843U89 arrest mammalian cells with an

IC50 of about 1–10 nM (50,51). This toxicity can be completely reversed with 10 µM
thymidine. The complete lack of toxicity of these folate-based inhibitors in the presence
of thymidine underscores the specific and selective activity of the compounds against
TS. The compounds do not interfere with any other important function in the cell.

Because malarial parasites cannot utilize exogenous thymidine, a combination of a
folate-based TS inhibitor and thymidine was expected to inhibit malarial parasites with
absolutely no toxicity to host cells (52).

Recently, 1843U89 was shown to be a potent folate-based inhibitor of purified malar-
ial TS (43). The binding was noncompetitive with respect to methylene–tetra-
hydrofolate and had a Ki of 1 nM. The compound also had potent antimalarial activity
in vitro. Plasmodium falciparum cells in culture were inhibited by 1843U89 with an
IC50 of about 70 nM and the compound was effective against drug-sensitive and drug-
resistant clones. As predicted by the biochemistry of the parasite, the potent inhibition
of parasite proliferation by 1843U89 could not be reversed with 10 µM thymidine (43).
In contrast, in the presence of 10 µM thymidine, mammalian cells were unaffected by
1843U89 even at concentrations as high as 0.1 mM. This greater than 10,000-fold in
vitro therapeutic window between malarial and mammalian cells illustrates the powers
of understanding differences in host–parasite biochemistry away from the active site of
the target enzyme. On this basis, folate-based TS inhibitors may offer a powerful addi-
tional tool to combat drug-resistant malaria.

An Opportunity to Interfere with Protein–Protein Interactions

In P. falciparum, the DHFR and TS activities that are conferred by a single 70-kDa
bifunctional polypeptide (DHFR–TS) assemble into a functional 140-kDa homodimer. In
mammals, the two enzymes are smaller distinct molecules encoded on different genes. A
27-kDa amino-terminal domain of malarial DHFR–TS is sufficient to provide DHFR activ-
ity, but, until recently, the structural requirements for TS function had not been established.

Although the 3' end of the DHFR–TS gene had high homology to TS sequences
from other species, expression of the TS protein fragment failed to yield an active TS
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enzyme and it failed to complement TS– E. coli. (53). Unexpectedly, even partial 5'-dele-
tion of the full-length DHFR–TS gene abolished TS function on the 3' end. Thus, it was
hypothesized that the amino end of the bifunctional parasite protein played an important
role in TS function. When the 27-kDa amino-terminal domain (DHFR) was provided in
trans, a previously inactive 40-kDa carboxyl domain from malarial DHFR–TS regained its
TS function. Physical characterization of the “split enzymes” revealed that the 27-kDa and
the 40-kDa fragments of DHFR–TS had reassembled into a 140-kDa hybrid complex (53).

Therefore, in malarial DHFR–TS, there are species-specific physical interactions
between the DHFR domain and the TS domain and these interactions are necessary to
obtain a catalytically active TS. Interference with these essential protein–protein inter-
actions could lead to new selective strategies to treat parasites resistant to traditional
DHFR–TS inhibitors.

It has been argued that electrostatic channeling plays an important role in the kinet-
ics of parasite DHFR–TS. In Leishmania and Toxoplasma, as much as 80% of
dihydrofolate may move directly from TS to DHFR without equilibrating with bulk
solvent (54,55). However, the importance of this channeling to malaria pharmacology
is probably negligible. The active sites of purified DHFR–TS can accept substrates
from bulk solvent, they are fully active when the other site is inhibited, and, in intact
parasites, human DHFR can replace the functions of an inhibited malaria DHFR even
when the external DHFR is not set up for channeling (56).

Malarial Serine Hydroxymethyltransferase

Three enzymes are involved in methylene–tetrahydrofolate recycling in malaria: TS,
DHFR, and serine hydroxymethyltransferase (SHMT). Unlike DHFR–TS, properties of
malarial SHMT have remained a mystery for a long time. Recently, the gene for this enzyme
was cloned and sequenced, and the SHMT protein from P. falciparum was expressed in
functional form (57). The genomic sequence had 1485 bp including a 159-bp intron near
the 5' end of the gene. The open reading frames coded for a 442 amino acid protein with
38–47% identity to SHMT sequences from other species. The function of this sequence
was established through transformation of the malarial SHMT coding sequence in glyA
mutants of E. coli. Expression of malarial SHMT relieved glycine auxotrophy in these
mutants and permitted assay of SHMT catalytic activity in bacterial cell lysates.

Thus, it may be possible to attack malarial TS indirectly not just by inhibiting malar-
ial DHFR and attacking de novo folate biosynthesis but also by attacking SHMT. The
malarial enzyme and the heterologous expression system described earlier will be useful
for screening of SHMT inhibitors and for developing new chemotherapeutic strategies
directed at malarial TS.

Exploiting Host–Parasite Differences in Cellular Responses to Inhibitors
How do Mammalian Cells Respond to Inhibitors of DHFR and TS?

During cancer chemotherapy, treatment of mammalian cells with inhibitors of DHFR
or TS is associated with large accumulation of dead target protein (58). Careful analy-
sis of this phenomenon has revealed that inhibition of TS (or DHFR) triggers produc-
tion of more TS (or more DHFR, respectively). This induction of protein synthesis
appears to be the result of derepression of translation. Mammalian DHFR and TS bind
their respective RNAs (59). This controls the amount of DHFR or TS that is made at a
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given time. The pharmacological interest in such regulation stems from the fact that
when the enzyme is inhibited by a drug, the RNA is no longer associated with the
protein and is free to synthesize more of the target protein. As a result of such a mecha-
nism operating in mammalian cells, larger quantities of DHFR and TS inhibitors are needed
to kill the cells. As protein binds incoming drug, the cells respond by making more target
protein. Recently, it was argued that the posttranscriptional increase in TS levels in
response to TS inhibitors is primarily the result of stabilization of the target protein and not
an increase in protein synthesis (60). However, this study had its own ambiguities, and it
may have relied on invalid assumptions (e.g., the rate-limiting step in TS synthesis was
expected to be the loading of the ribosomes, it was assumed that a single binding site on the
TS RNA was solely responsible for all the translational control of TS, etc.).

Is There Translational Regulation of DHFR–TS in Malaria Parasites?

Because posttranscriptional regulation of TS is seen in E. coli, mice, and humans, it is
likely that malaria parasites may also use such a mechanism. Whether malaria parasites use
translational control mechanisms to regulate DHFR–TS has profound implications on what
type of drugs are likely to be effective antimalarials. Given the bifunctional nature of
malarial DHFR–TS, there are opportunities for differential host–parasite responses to anti-
metabolites. If malarial bifunctional DHFR–TS engages in protein–RNA contact, which
inhibitors of DHFR or TS would release RNA from protein and, thereby, promote transla-
tion of more DHFR–TS? This question is important because compounds that can inhibit
DHFR or TS action without inducing synthesis of more target protein are likely to be effec-
tive at very low concentrations. This type of analysis also has bearing on whether drug
combinations will be synergistic or antagonistic. For instance, if both the DHFR and TS
active sites are involved in binding RNA tightly, inhibition of one or the other active site
will result in potent antimalarial activity. This is because the free active site in the
bifunctional protein will continue to repress translation. However, in this hypothetical
example, a combination of DHFR and TS inhibitors would promote protein synthesis and
be antagonistic. Preliminary data show that malarial DHFR–TS binds its own RNA tightly
and selectively (Zhang and Rathod, unpublished data).

Translational Control of DHFR–TS May Explain Some Mysteries in Malaria.
Malaria parasites have as few as 500 molecules of DHFR–TS per cell, which is

about 1000 times less than what is seen in mammalian cells (Zhang and Rathod, unpub-
lished data). This low-level expression of DHFR–TS in the parasite may be the result
of very tight autoregulation of DHFR–TS through translational repression.

It may also explain difficulties in overexpressing malarial DHFR–TS in heterolo-
gous systems such as E. coli. It has generally been assumed that the latter probably has
to do with the odd codon usage of malarial genes (40). Although this may be partially
true, tight binding of malarial DHFR–TS to RNA would also limit its expression in
parasites as well as in heterologous expression systems.

It is not fully understood why compounds such as WR99210 inhibit malarial but not
host cell proliferation. Fidock and Wellems (56) have clearly demonstrated that trans-
fection of human DHFR into malarial parasites confers 4000-fold resistance to
WR99210, leaving little doubt that DHFR is the target of WR99210. However, kinetic
studies show that WR99210 is a potent inhibitor of both malarial and host DHFR
(Zhang and Rathod, unpublished results). The selective activity of WR99210 may have
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much to do with differences in cellular responses of mammalian cells versus malaria para-
sites to the antifolate. Additionally, the potent and selective activity of pyrimethamine may
have to do with more than just tighter binding of this compound to malarial DHFR.

Although it is clear that some mutations in the DHFR–TS region confer higher Ki
values for DHFR inhibitors, as one analyzes parasites with many DHFR mutations,
there is not a perfect correlation between Ki values and the degree of resistance
conferred in the parasite (40). This is true even after one removes the “folate effect” by
measuring inhibition of parasite proliferation in folate-free media. It is possible that
some point mutations result in weakened translational inhibition and increased target
production, which can contribute to resistance.

Population Dynamics Determine Initiation of Drug Resistance

Resistance to traditional established drugs continues to make malaria a serious global
threat (1). Resistance against chloroquine first appeared in Southeast Asia and in South
America in the late 1950s. Today, chloroquine resistance is prevalent in all tropical and
many subtropical countries. In recent years, second-line drugs, such as Fansidar have also
failed in many parts of the world. New drugs such as mefloquine and halofantrine have had
a very short useful life, especially in Southeast Asia. There is growing evidence that para-
sites in some regions of the world, such as Southeast Asia, are developing resistance at a
very high rate (61,62). With increased travel between countries and mass migrations across
borders, drug resistance in malaria parasites is no longer a localized threat.

Nature of Drug Resistance
Resistance to antimetabolites that have specific protein drug targets appears primarily

through point mutations that alter the binding of the drug to the target enzyme. Such
changes have been demonstrated for pyrimethamine, sulfadoxine (63), and atovaquone
(64). Additional mechanisms may include alterations in folate utilization (65,66).

Chloroquine, mefloquine, and halofantrine have complex and incompletely under-
stood mechanisms of action (67, Ch. 6) and resistance (6, Ch. 8).

Initiation of Drug Resistance in Malaria
MALARIA VERSUS CANCER

Treating population-based infectious diseases like malaria with chemotherapeutic agents
is fundamentally different than treating patient-centered diseases such as cancer or a heart
ailment. When a drug fails in cancer treatment, the resistant cells do not pass on to a new
patient. In cancer chemotherapy, drug resistance in each patient has to initiate as a de novo
event. In sharp contrast, when a malaria patient acquires resistance to a drug, that drug-
resistance trait can be propagated through a vector to the parasite population at large.

For these reasons, every drug developed for malaria chemotherapy has to be effec-
tive not just against one individual or a village but also against parasites infecting all
the people in the world for a sustained amount of time.

GENETIC VARIATION

The ability of DNA polymerases to discriminate between nucleoside triphosphate
substrates, their ability to correct mistakes through proofreading mechanisms, and the
ability of DNA repair enzymes to correct errors in newly synthesized strands together
determine the fidelity of DNA replication (36). For most normal cells the error rate is
about 10–10 per base pair per replication (Table 1). It is such error rates that contribute
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to genetic diversity and initiation of drug resistance. If a drug can be compromised by
a specific type of point mutation, to find one cell that has the appropriate nucleotide
substitution at a given base in the parasite genome, one would have to start with a
population of at least 1010 cells.

PARASITE POPULATION SIZES

A typical patient with serious malaria can have 1011 parasites in the body. If the
mutation rate in malaria parasites is similar to that in other “standard” organisms, no
matter how selective and how safe a drug appears in preclinical trials, if the effective-
ness of an antimalarial agent can be compromised by one point mutation, the drug will
not be able to reliably cure a single patient and certainly not be able to eradicate a
global population of parasites.

If a drug can be compromised by a loss of function mutation (whose frequencies can
be as high as 10–6 and 10–7), the drug may not even be able to eliminate all parasites in
a simple, small-animal model (45,64).

Even for drugs or some drug combinations that require three to four point mutations
to be relegated as ineffective (63), if there are incremental benefits to the parasite from
single point mutations (40,63,68), it is likely that the drug will be compromised in a
relatively short time.

New antimalarial agents that have staying power will be those that require many
point mutations simultaneously before they are compromised.

DRUG COMBINATIONS

In many discussions on drug combinations, attention is focused on the importance of
synergistic combinations (69). In an individual patient, synergy can be very useful
because it decreases potential toxic effects. However, on a population scale, the true
power of drug combinations comes from the fact that the frequency of resistance to two
compounds that work through independent mechanisms is a multiple of the frequen-
cies of resistance to each compound.

In an experimental system, two nonsynergistic compounds, 5-fluoroorotate and
atovaquone, could eliminate exponentially larger populations of parasites compared to
each compound alone (70). Drug combinations should not be dismissed or discounted
because they lack synergistic effects against small parasite populations.

Table 1
Comparing Standard Frequencies of Mutations to Parasite Population Sizes

Rates per generation Parasite population sizes

Mosquito Bite 102 parasites
Loss of function 10–7

One nucleotide change 10–10

One patient 1011 parasites
A million patients 1017 parasites
The world 1019 parasites

Two simultaneous changes 10–20

10-yr use of a drug 1022 parasites
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MULTITARGETING ANTIMETABOLITES

There is a dream for now. Chloroquine proved to be a successful drug on a global
scale for decades. This success was not because the actions of chloroquine are unusu-
ally specific and not because the drug is unusually nontoxic. Quite to the contrary, the
margin of safety for chloroquine is so small that a 10-fold overdose can result in seri-
ous toxicity (71). A 10-fold increase in resistance by a parasite is sufficient to make
this drug too toxic for therapeutic use (72).

Most likely, the long-term success of chloroquine as a drug came from its ability to
act without succumbing to drug resistance against massive numbers of parasites that
had huge potential for genetic variation. This staying power probably arises from three
factors: (1) the pharmacological properties of chloroquine that allowed for sustained
efficacious serum concentrations of the drug from single weekly doses, (2) its ability to
kill most if not all parasites within this time frame, and, (3) its mode of action. Although
we do not know with certainty the exact means by which choloroquine kills malaria
parasites, it is unlikely to be the result of inhibition of a single enzyme, otherwise
resistance would have occurred with ease. Chloroquine probably kills through disrup-
tions of many broad processes (Chapter 6). Chloroquine resistance is associated with
alterations in not just one or two nucleotides but perhaps dozens of nucleotides, possibly
in more than one gene (72,73; Fidock and Wellems, private communication; Chapter 8).

How can one dream of having an antimetabolite with the staying power of chloro-
quine? The answer is multitargeting. If one could design a single antimetabolite that
simultaneously inhibited more than one malarial enzyme with specificity, the odds of
finding a parasite that is able to evade the drug through genetic alterations now reach a
maximum of about 10–20. If more than one nucleotide change is necessary for saving a
target or if the multitargeting drug can attack three targets, instead of just two, a global
parasite population would have a truly difficult time developing drug resistance by alter-
ing all targets simultaneously. The beauty of multitargeting with a single agent over drug
combinations is that issues of differential pharmakokinetics become irrelevant (74). It is
still possible that parasites may develop other mechanisms of resistance to this strategy
such as modification of the target or interference with entry of the drug into the parasites,
but there are intellectual solutions to these types of problems.

When we have difficulties finding single agents that work with potency and selectivity,
what hope is there to develop reagents that successfully multitarget? The development of
combinatorial chemistry approaches for finding ligands with appropriate properties and
functional genomics tools to find drug targets with the necessary susceptibility patterns
should facilitate drug development.

VARIATIONS IN FREQUENCY OF DRUG RESISTANCE IN MALARIA

Recent history teaches us that drug resistance to previously successful antimalarial
agents arose from specific parts of the world (1). A traditional explanation for such
observations is that parasites in certain places (e.g., Southeast Asia) simply have had
greater opportunity for developing resistance because parasites in that part of the world
have been exposed to more new drugs than anywhere else. One could also argue that
physicians or patients in that part of the world have not used drugs as recommended.

However, another plausible possibility is that parasites in these regions have
developed generic mechanisms for initiating drug resistance at a more rapid rate than
parasites in other parts of the world. To test this hypothesis, different P. falciparum
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clones were treated with two new antimalarial agents: 5-fluoroorotate and atovaquone
(62). All parasite populations were equally susceptible in small numbers. However, when
large populations of these clones were challenged with either of the two compounds,
significant variations in frequencies of resistance became apparent. On one extreme, clone
D6 from West Africa, which was sensitive to all traditional antimalarial agents, failed to
develop resistance under simple nonmutagenic conditions in vitro. In sharp contrast, the
Indochina clone W2, which was known to be resistant to all traditional antimalarial drugs,
independently acquired resistance to both new compounds as much as a 1000 times more
frequently than D6. Additional clones that were resistant to some (but not all) traditional
antimalarial agents, acquired resistance to atovaquone, but not 5-fluoroorotate, at high
frequency. These findings were unexpected and surprising based on current views of the
evolution of drug resistance in P. falciparum populations. Such new phenotypes, named
accelerated resistance to multiple drugs (ARMD), raise important questions about the
genetic and biochemical mechanisms related to the initiation of drug resistance in malaria
parasites. Some potential mechanisms underlying ARMD phenotypes have public health
implications that are ominous.

READJUSTING FUTURE RESEARCH PRIORITIES

In recent years, our dominant paradigm for rational drug development involves iden-
tification of essential enzymes in the parasite, expression and purification of such
enzymes, crystallization and structure determination of these proteins, and searches for
tight-binding ligands for such proteins.

Rational drug development cannot be based merely on understanding binding
interactions between a drug and a protein. A research program narrowly focused on iden-
tification of tight-binding inhibitors to an enzyme easily leads to micromolar inhibitors,
and sometimes to nanomolar inhibitors, but rarely to compounds that cure diseases in
the field. The more one understands the biology of the parasite and the host, the better
the odds of developing truly useful therapeutic strategies that are sound and that are
likely to lead to clinical utility.

As we return to more comprehensive views of parasite biology and of drug develop-
ment, the following deserve at least as much attention as enzyme structure determination.

Host–Parasite Metabolic Pathways

Historically, this is an area of research that is not exactly neglected. It has always
been recognized that if one can find a biochemical step or pathway that is unique and
essential to the parasite (not found in the host), one can target such a step for selective
chemotherapy. However, in addition to knowing which metabolic steps or processes
are unique or essential to the parasite, it is equally important to know how dependent
the host is on that pathway. There are now numerous examples of pathways that are
found both in the host and in the parasite where the pathway is nonessential in the host
but is essential in the parasite (e.g., de novo pyrimidine metabolism, purine salvage path-
way). These considerations can also lead to successful chemotherapeutic strategies.

Transport of Nutrients and Drugs In and Out of Parasites

Information on movement of compounds in and out of cells can be useful in (1)
delivery of appropriate drug precursors into parasite cells with selectivity, (2) under-
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standing mechanisms of resistance where the parasite begins to, for instance, utilize
exogenous folate that it previously did not import, and (3) anticipating additional
mechanisms of drug resistance.

Historically, our understanding of movements of molecules in and out of cells, and
within cells, has been extremely limited. Not only do we not know how many different
types of metabolic transporters the parasite has, we know very little about where they
are located and how essential they are to the parasite for survival. If a drug depends on
a nonessential transporter for selectivity or potency, loss of function mutations will
readily lead to resistance. Hopefully, these issues will become easier to address as the
whole genome of malaria parasites is characterized.

Metabolism of Drugs and Drug Analogs in Parasites

Many antimetabolites that work at nanomolar levels concentrate inside the target cell.
This concentration can arise from conversion of a neutral compound into a charged
compound that cannot diffuse out of the parasite. Such strategies have been used with
great effectiveness in nucleotide metabolism where pyrimidine bases are converted to
nucleotides (46). However, we need to know a great deal more about opportunities in
malarial parasites to modify pro-drugs, whether they arrive in the form of nucleotide,
sugar, lipid, or amino acid precursors. We also need to know how essential these enzymes
are to the parasite. As with transporters, a drug that relies on activation by a parasite
enzyme would be readily compromised if that enzyme is nonessential to the parasite.

Cellular Responses of Parasites to Antimetabolites

As pointed out in detail earlier, how a cell responds to an antimetabolite (transcrip-
tionally or translationally) can make a big difference in the effectiveness and selectivity
of the drug. Whether a cell can or cannot overproduce a specific drug target in response
to a drug may be a major determinant in successful chemotherapy. This area of
pharmacology is least well understood, but new tools in functional genomics ought to
generate a good deal of useful data rapidly.

Resistance to Individual Drugs in Individual Cells

Traditionally, the pharmacology community has placed an unusual importance on iden-
tifying host–parasite differences in active sites. Such differences, even when exploitable,
may facilitate discovery of ligands that bind with selectivity but they also may make it
easy for the parasite to alter the active site without losing catalytic function.

Is it possible that the better drug targets are enzymes that perform difficult chemical
tasks, where the active sites are strongly conserved between species and where point
mutations that give rise to weaker binding of drug also cause loss of function for the
enzyme? Such may be the case with the targets of 5-fluoroorotate (TS; see ref. 42) and
difluoromethylornithine (ornithine decarboxylase; see ref. 75). Of course, selectivity
for these types of antimetabolites has to come from factors away from the active site of
the target enzyme.

Population Responses of Parasites to Antimetabolites

It is now clear that parasite populations do not acquire resistance to drugs at a uni-
form rate. Even in the absence of pre-existing differences in susceptibility of parasites
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to a drug, some parasites acquire resistance to some antimetabolites as much as 1000
times faster than to others. Do these parasites which display the ARMD phenotype
constitutively mutate at a higher rate or are high rates of mutations induced under drug
pressure? If stress plays a role in higher rates of genome alterations, do all classes of
drugs induce such changes or just a subset of classes such as antimetabolites directed at
nucleotide metabolism? Does the location of the gene for the target make a difference
in whether a gene is more likely to mutate? Answers to such questions will play a
profound role in selection of strategies for attacking malarial populations.

CONCLUSIONS

Experience to date with inhibitors of de novo pyrimidine biosynthesis and folate
metabolism is teaching us that:

1. The molecular basis of successful chemotherapy against malaria can be understood at the
molecular level.

2. Efficacy against malaria infections can be correctly predicted, if a system is well understood.

As our understanding of cell function has matured in the last 50 yr, our models for
successful chemotherapy need to keep pace. Some of the successes in identifying new
inhibitors of pyrimidine and folate metabolism have come from deliberately avoiding
old, simple generic models and paradigms for drug development. The broader lessons
learned from understanding mechanisms of action of effective antimetabolites directed
at pyrimidine metabolism ought to be of use in developing other classes of antimetabo-
lites against malaria.

In the future, emerging tools for malaria functional genomics (4,5) will undoubtedly
offer unexpected views of cellular processes that underlie selective chemotherapy. Our
models and paradigms for malaria chemotherapy will continue to improve. Studies on
inhibitors of pyrimidine and folate metabolism in malaria, hopefully, will continue to
help in this process.
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INTRODUCTION

Over the past two decades, global resistance to both insecticides and antimalarials
has emerged, the incidence of malaria has increased, and the disease has become more
widespread (1). Although early tests of malaria vaccines in human volunteers may
have some promise (2,3), clinically applicable vaccines will not be available for a
number of years (4) and their importance in controlling malaria is uncertain. In this
setting, antimalarial chemotherapy remains the principal means available for reducing
the morbidity and mortality of malaria and the task of developing new antimalarial
drugs with new mechanisms of action is important (5). Two observations prompted the
idea of using iron chelators against malaria infections: the central role of iron for the
rapid proliferation of malaria parasites, and the arrest of parasite growth by iron chela-
tors both in vitro and in vivo (6,7). More recently, the iron chelator desferrioxamine
(DFO) was found to have antimalarial activity in humans (8,9). Iron chelation may not
achieve a defined role in the treatment of malaria until new agents are designed specifi-
cally with antimalarial properties.

IRON METABOLISM OF PLASMODIUM FALCIPARUM
Acquisition of Iron by the Erythrocytic Parasite

The intraerythrocytic parasite lies within a parasitophorous vacuole. Within the red
blood cell, the parasite first appears as a ring form and then matures into a trophozoite.
The trophozoite obtains nutrients by ingesting host cell cytoplasm, including hemoglo-
bin, by means of a cytostome (10) and may possibly take up molecules from the outer
medium directly through a parasitophorous duct (11,12). The heme liberated by the
proteolysis of hemoglobin is polymerized in the food vacuole to form hemozoin (13).
How the intraerythrocytic phase parasite acquires iron has not yet been determined.
Several possible sources have been postulated, including plasma transferrin-bound iron,
iron derived from red blood cell host ferritin, iron liberated from the catabolism of host
hemoglobin in the food vacuole of the parasite, and a labile intraerythrocytic iron pool.

Plasma Transferrin

In contrast to early clinical studies that suggested a protective effect of iron deficiency
against human malaria (14,15), later clinical (16) and experimental (17) results suggested
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that the progression of the disease is independent of the iron status of humans or animals.
Similarly, transferrin receptors do not appear to be expressed on mature parasitized eryth-
rocytes (18,19). The possibility that nonspecifically bound transferrin is taken up from
plasma into parasitized erythrocytes has been proposed (18,20,21), but the bulk of the
evidence indicates that transferrin iron is not taken up by parasitized red cells (17,22).

Erythrocyte Ferritin
Although the mature erythrocyte cannot synthesize ferritin, it does contain residual

ferritin that was produced during the earlier erythroblast phase (23). This residual
ferritin, if fully saturated with iron, may account for about 4.8 µM iron (24). The acqui-
sition of iron from ferritin that has been transported from the erythrocyte cytoplasm to
the parasite's food vacuole is an uninvestigated possibility.

Host Hemoglobin
The intraerythrocytic parasite derives a major portion of amino acids necessary for

protein synthesis from the catabolism of host hemoglobin (25–27). The heme released
during this process contains a substantial amount of iron, which, if liberated from heme,
might be available for the parasite’s metabolic needs (17,24). Although firm evidence
that the parasite utilizes iron derived from host heme is lacking at present, it is plau-
sible that a small amount of heme in the food vacuole is degraded in a controlled manner
to release iron for the metabolic processes of the parasite.

Labile Intraerythrocytic Iron
With evidence against plasma transferrin as the source of iron for the intraerythrocytic

trophozoite, it was proposed that the parasite may use a labile pool of iron in the cytoplasm
of the erythrocyte for its metabolism (17). In support of this hypothesis, gel filtration and
ultrafiltration studies on hemolysates of rat red blood cells parasitized with P. berghei
revealed a labile pool of iron that is chelatable by preincubation of the intact cells with DFO
(17). Further evidence in support of this hypothesis was obtained recently by monitoring
the concentration of labile iron in parasitized and nonparasitized erythrocytes with the
fluorescent iron-sensing probe, calcein. Labile iron pools were lower in parasitized
than nonparasitized erythrocytes, suggesting that labile iron of the host red cell may be
either utilized or stored during plasmodial growth (51). Also, lipophilicity, or ability to
cross cellular membranes, correlates with the effectiveness of iron chelators to inhibit
P. falciparum (7,29). On the other hand, two studies found that when iron-chelating
agents are introduced into the cytoplasm of erythrocytes but not into the parasite com-
partment, no plasmodial growth inhibition occurs (12,30). It is possible that both host
labile iron and another source of iron, such as host hemoglobin iron, are used by the
parasite, and that the abrogation of only one source will not prevent parasite growth.

Metabolic Processes That Are Dependent on Iron

Many enzymes of the erythrocytic malaria parasite are dependent on iron. Table 1
presents a partial listing. From the information provided in Table 1, it can be inferred
that the withholding of iron from the parasite by iron chelators may disrupt the metabo-
lism of the parasite by preventing DNA synthesis, inhibiting de novo synthesis of heme,
and interfering with normal mitochondrial function and electron transport. In addition,
some of the parasite’s glycolytic enzymes (37,38) and pentose phosphate shunt
enzymes (39) are dependent on iron.
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ANTIMALARIAL ACTIVITY OF IRON CHELATORS IN VITRO

Several classes of iron-chelating compounds have been shown to suppress the growth
of P. falciparum in erythrocytes in vitro, as shown in Table 2. A number of these
compounds are naturally occurring siderophores, molecules produced by microorgan-
isms to acquire iron from the environment. Numerous studies indicate that the degree
of antimalarial activity of iron chelators correlates with the degree of lipophilicity, or
the ability to cross cell membranes, of the compound (7,29,42,46).

Two Major Mechanisms of Action

The antimalarial iron chelators can be placed into two major categories depending on the
predominant mechanism of inhibition of parasite growth: withholding iron from plasmo-
dial metabolic pathways or forming complexes with iron that are toxic to the parasite. For
both of these categories, an interaction with iron is the focus of the antimalarial activity.

Withholding Iron from Plasmodial Metabolic Pathways
The mechanism of antimalarial action of iron(III) chelators appears to be the seques-

tration of iron necessary for plasmodial replication. This effect has been documented
for DFO (6,12,30,53), methyl-anthranilic DFO (12), desferrithiocin, desferricrocin
(41), -ketohydroxypyridinones (45), pyridoxal isonicotinoyl hydrazone (48), salicy-
laldehyde isonicotinoyl hydrazone (49), daphnetin (47), and two aminothiol compounds
recently reported to have antimalarial activity (50). The inhibitory action of these com-
pounds on malaria parasite cultures is fully abrogated upon precomplexation with iron.

Forming Toxic Complexes with Iron
Iron(II) chelators seems to have an antiparasitic effect other than the withholding of

iron, as the inhibitory effect cannot be abrogated by precomplexation with iron before
addition to cultures. In the case of the aromatic metal chelator, 8-hydroxyquinoline, it
appears that a complex with iron is formed extracellularly that subsequently enters the
parasitized red cell to produce a rapidly lethal free-radical-mediated intracellular reaction
(38,43). For the alkylthiocarbamates (38), 2',2'-bipyridyl and certain aminophenols (51),
the antimalarial mechanisms are unknown but probably involve free radical reactions.

Potential Major Effects of Withholding Iron

It is plausible that withholding iron may cause malfunction of certain enzymes, for which
iron is indispensable. We discuss two possible enzyme targets, but others are also possible
(see the subsection Metabolic Processes That Are Dependent on Iron, and Table 1).

Table 1
Iron-Dependent Enzymes of the Erythrocytic Trophozoite

Enzyme Function Ref.

Ribonucleotide reductase DNA synthesis 6,31
Dihydroorotate dehydrogenase Pyrimidine synthesis 32,33
Phosphoenol pyruvate carboxykinase CO2 fixation 32
Delta-aminolevulinate synthase Heme synthesis 34
Cytochrome oxidase, cytochrome b Mitochondrial electron transport 35,36
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Table 2
Iron-Chelating Compounds that Inhibit Growth of P. falciparum Cultured in Erythrocytes

Class of compound and specific inhibitors IC50
a Ref.

A) Agents that inhibit parasite growth by withholding iron

Hydroxamate siderophores and derivatives
Desferrioxamine (DFO)      4–35 µM 6
Methyl-anthranilic DFO (MA-DFO)      3–5 µM 12
Circular DFO      5–9 µM 40
Nitrilo-DFO    14–20 µM 40
Desferrithiocinb    25 µM 41
Desferricrocin    30–40 µM 41
Reversed siderophores   0.3–70 µM 42
Rhodotorulic acid 43
Mycobactin 43

Catecholamide and catecholate siderophores
Vibriobactin      2–5 µM 44
Parabactin      2–3 µM 44
Gamma amino butyric acid (GABA)      4–5 µM 44
N4-nonyl, N1, N8-bis (2.3-dihydroxybenzoyl) spermidine
  hydrobromide (compound 7) 0.17–1.0 µM 36

-ketohydroxypyridinones
Deferiprone    15–45 µM 45
CP96      5–45 µM 46

Dihydroxycoumarins
Daphnetin (ash tree bark extract)    25–40 µM 47

Polyanionic amines
HBED      5 µM 29

Acylhydrazones
Pyridoxal isonicotinoyl hydrazone (PIH)    30 µM 48
Salicylaldehyde isonicotinoyl hydrazone (SIH)    18–30 µM 49
2-Hydroxy-1-naphthylaldehyde m-fluorobenzoyl hydrazone
  (HNFBH) 0.17–0.26 µM 49

Aminothiols
Ethane-1,2-bis(N-1-amino-3-ethylbutyl-3-thiol) (BAT)      6–9 µM 50
N',N',N'-tris(2-methyl-2-mercaptopropyl)-1,4,7
  -triazacyclononane (TAT)      3–4 µM 50

Aminophenols
Aminophenol II   0.5–0.7 µM 51

Bis-cyclic imides
Dexrazoxanec 32–36 µM 28

B) Agents that inhibit parasite growth by forming toxic complexes with iron

2,2'-Bipyridyl    12–14 µM 52
8-Hydroxyquinoline    8.3 nM 38

aConcentrations of iron chelator that produce 50% growth inhibition after 48–72 h of culture.
bEffective against both erythrocytic and hepatic stages of the parasite.
cEffective against hepatic stage but not erythrocytic stage of the parasite.
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Ribonucleotide Reductase
One of the trophozoite enzymes essential for DNA synthesis is ribonucleotide

reductase, an iron-containing enzyme that catalyzes the reduction of ribonucleoside
diphosphates to deoxyribonucleoside diphosphates, the precursors of DNA (54). In fact,
the function of ribonucleotide reductase is rate limiting for DNA synthesis (55–57). In
vitro, iron chelation reversibly inhibits ribonucleotide reductase (54–56) and produces a
potent inhibition of DNA synthesis in various cellular systems (55). Thus, iron chelators
such as DFO may exert their antiplasmodial action through the inhibition of parasite
ribonucleotide reductase activity by binding the essential component, iron (6,58). In addi-
tion, exposure to DFO leads to decreased levels of mRNA for the small B2-subunit of
ribonucleotide reductase in P. falciparum parasites cultured in erythrocytes (35).

Delta-Aminolevulinate Synthase
Plasmodium falciparum and other plasmodial species synthesize heme de novo, despite

the fact that the parasite is located within the red blood cell, a virtual “red sea” of hemo-
globin. The de novo synthesis of heme might represent a novel target for antimalarial
therapy (34,59). To synthesize heme, it appears that the parasite synthesizes the first
enzyme in the pathway, delta-aminolevulinate synthase. It also appears that other
enzymes in the heme synthetic pathway, such as delta-aminolevulinate dehydrase,
coproporphyrinogen oxidase and ferrochelatase, are of host origin and are transported
into the parasite from the host red blood cell compartment (34). In human erythroid cells,
iron chelators cause a downregulation in delta-aminolevulinate synthase synthesis (60),
resulting in a reduced ability to synthesize heme. Iron chelators might exert a similar
effect in the erythrocytic trophozoite, which could prevent cytochrome synthesis.

Physical Properties That Affect the Antimalarial Activity of Iron Chelators

The iron withheld by iron chelators in the process of inhibiting the growth of
intraerythrocytic malaria parasites most likely resides within the parasitic compart-
ment of the infected red blood cell (12,17,30). One would thus predict that an effective
antimalarial iron chelator would have the ability to cross lipid membranes well, would
have a high affinity for iron(II) or iron(III), and would selectively bind iron as compared
to other trace metals (44,46).

Lipophilicity

The direct positive correlation between the degree of lipophilicity of a compound
and its inhibitory action against malaria has been demonstrated experimentally for the
reversed siderophores (42) the N-alkyl derivatives of 3-hydroxypyridine-4-one (46)
and several aminothiol compounds (50).

Affinity for Iron
A high affinity for iron is an important prerequisite of antimalarial activity of an iron-

chelating drug (7,44,46). The affinity constants of antimalarial iron chelators for iron(III)
range from 1024 for acetomethoxyl-calcein to 1028 for the acylhydrazones (61), 1031 for
DFO (62), 1036 for hydroxypyridine-4-ones (46), and 1038 for the 8-hydrohyquinolines (63).

Selectivity for Iron Versus Other Cations

The selectivity of a chelator for iron versus other cations has importance for two
reasons. First, malaria parasites have a limited capability to recover after iron
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deprivation compared to mammalian cells (7), making it reasonable to target iron as
compared to other essential metals for which the ability to recover from deprivation
has not been studied. Second, removal by iron chelators of the other biometals, such as
zinc, calcium, and magnesium, may be detrimental for the mammalian host as well. In
this regard, the hydroxamate siderophores have a favorable profile, for their affinity for
iron is at least one order of magnitude greater than their affinity for zinc and several
orders of magnitude higher than for calcium (66).

Number of Coordination Sites
The iron atom has six coordination sites, and hexadentate chelators would be

expected to form the most stable complexes with the metal. Pentadentate and
quadridentate chelators may leave one or two coordination sites of the iron atom
unbound and potentially available to participate in toxic reactions that could damage
host tissues. Tridentate and bidentate chelators could fully occupy the coordination
sites of iron by forming 2:1 or 3:1 complexes with the metal, but, especially at low
chelator concentrations, partial dissociation from iron might occur and expose coordi-
nation sites to participate in toxic reactions.

Information on Specific Antimalarial Iron Chelators
Desferrioxamine

Desferrioxamine is the only agent now available for clinical use as an iron chelator in
most countries. DFO is a naturally occurring trihydroxamic acid derived from cultures of
Streptomyces pilosus; it is remarkably safe and nontoxic. As shown in Table 2, when
given as a single agent, DFO suppresses the growth of P. falciparum in parasitized eryth-
rocytes in vitro in concentrations achieved and tolerated in the blood of patients.

The antimalarial activity of DFO appears to be related to its ability to enter the
erythrocytic trophozoite and to chelate a pool of parasite-associated iron. It has been
suggested that DFO may enter the parasite directly through a parasitophorous duct that
invaginates from the red cell membrane and communicates with the parasitophorous
vacuole (11), thus bypassing the host red cell cytoplasm (12).

Experiments with synchronized in vitro cultures of P. falciparum showed that DFO
has a cytocidal effect on late trophozoites and early schizonts and that the critical dura-
tion of exposure may be as short as 6 h at this stage of parasite development (53).
Ultrastructural lesions included the breakdown of the nuclear envelope into small
membranous fragments and progressive vacuolization of the nucleoplasm. Other
organelles, including food vacuoles and mitochondria, were not visually affected,
although the most recent biochemical data indicate that the levels of mRNAs encoding
cytochrome c oxidase and cytochrome b are affected (35).

Desferrioxamine has an additive inhibitory effect on the in vitro growth of P. falciparum
when it is combined with classical antimalarials (21), although, in a single report, it failed to
enhance the activity of chloroquine (64). It has been reported that zinc–DFO complexes
have greater antiparasitic activity than DFO alone on P. falciparum cultured in erythro-
cytes. A potential explanation for this observation is that Zn–DFO may penetrate the cell
membranes and exchange bound zinc for ferric ions because the affinity of DFO for iron is
greater than its affinity for zinc (65).

In summary, the available studies indicate that the action of DFO on the intraerythro-
cytic parasite is both stage-specific and cytocidal. In contrast, in mammalian cells this
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compound displays only a cytostatic inhibitory effect, which is reversed upon the
removal of the drug from the suspension (40,66). The differential effect of DFO on
malaria-infected erythrocytes and mammalian cells provides the basis for the selective
action of DFO as an antimalarial.

N-Terminal Derivatives of Desferrioxamine

One of the major disadvantages of DFO as an antimalarial agent is its poor perme-
ability into parasitized red cells. To improve its permeability, two classes of modified
hydroxamate-based chelators were synthesized, the N-terminal derivatives of DFO
and the reversed siderophores (12,40,42). Methylanthranilic DFO, the most lipophilic
(and most membrane-permeant) member of the N-terminal derivatives of DFO, reduces
parasite proliferation with a median inhibitory concentration (IC50) of 4 ± 1 µM. The
parental DFO, the most hydrophilic of these compounds, displays an IC50 of 21 ± 7 µM.
Cyclic DFO and nitrilo-DFO, N-terminal derivatives with intermediate hydrophilicity,
have intermediate IC50’s of 7 ± 2 and 17 ± 3 µM, respectively. Methylanthranilic DFO
has strikingly selective activity against malaria parasites as compared to mammalian cells.
This agent inhibits the proliferation of mammalian cells (human K562 erythroleukemia
cells and human HEPG2 hepatocarcinoma cells) with an IC50 of >100 µM, but as noted
earlier, inhibits the growth of malaria parasites with an IC50 of only 4 ± 1 µM.

Reversed Siderophores
The “reversed siderophores” were produced by modifying ferrichrome molecules in a

way that preserved their iron-binding properties but replaced their hydrophilic envelopes
with lipophilic ones to facilitate penetration into infected erythrocytes (42,67). Because the
function of the modified compounds was iron withholding from cells versus the original
function of iron delivery (68), they were named reversed siderophores (42). The perme-
ation properties of these compounds across biological membranes were increased while
fully retaining iron(III)-binding capacity (7). In vitro, reversed siderophores have a cyto-
toxic effect on rings and cytostatic effects on trophozoites and schizonts. In contrast, DFO
has major cytotoxic effects only on trophozoites and early schizonts (12,66). This differen-
tial pattern of inhibition might be related to different abilities of two classes of chelators to
interfere with iron metabolism in the parasites and to different speeds of permeation to the
parasitic compartments of the infected red blood cells (66,69).

Hydroxypyridin-4-ones
Hydroxypyridin-4-ones are neutral bidentate ligands with a high specificity for ferric

iron. The stability constant for the iron complex (log Ka = 37) is six orders of magni-
tude higher than that of DFO. Unlike DFO, hydroxypyridinones are effective to treat
iron overload when administered orally (70,71). In vitro, they exhibit a dose-related
suppression of P. falciparum growth (45,72). The dimethyl compound of this group,
1,2-dimethyl-3-hydroxypyrid-4-one, also known as deferiprone (L1 or CP20), inhibits
the growth of P. falciparum by more than 50% at concentrations ranging from 5 to
100 µM, when exposure to the chelator is continuous (45,46).

Acylhydrazones
Two members of the acylhydrazone family (73), salicylaldehyde isonicotinoyl

hydrazone (SIH) and 2-hydroxy-1-naphthylaldehyde m-fluorobenzoyl hydrazone
(HNFBH), were tested on malaria cultures in vitro, either as single drugs or in
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combination with DFO (49). SIH and HNFBH were very efficient in suppressing para-
site growth at all developmental stages, with mean (± SD) IC50’s of 24 ± 6 µM and 0.21
± 0.04 µM, respectively. SIH and HNFBH produced a dose-dependent inhibition of
growth when parasitized cells were continuously exposed to these agents.

Aminothiols

Two compounds from a family of multidentate aminothiol chelators, BAT [ethane-
1,2-bis(N-1-amino-3-ethylbutyl-3-thiol)] and TAT [N',N',N'-tris(2-methyl-2-mercapto-
propyl)1,4,7-triazacyclononane], inhibit the growth of P. falciparum cultured in
erythrocytes (50). The IC50’s are 7.6 ± 1.2 µM for BAT and 3.3 ± 0.3 µM for TAT.
Both agents appear to affect the trophozoite and schizont stages of parasite develop-
ment, and they display selective cytotoxicity to malaria parasites versus mammalian
cells. The inhibitory effects of these aminothiols seem to be related mainly to their
iron-withholding action, because precomplexation with iron fully reverses the anti-
parasitic effect (50). In addition to their iron-binding properties, the aminothiols are
capable of preventing free-radical formation (M. Loyevsky, unpublished observations).
This feature is most likely the result of the thiol groups present in the molecules and
suggests that these compounds may have promise in blocking the oxidative damage to
tissues that occurs in patients with severe malaria.

Aminophenols

A pentadentate aminophenol ligand, aminophenol II [N,N'-bis(hydroxybenzyl)-N-
4-benzyldiethylenetriamine], was recently shown to inhibit the growth of P. falciparum
cultured in erythrocytes (51). The IC50 concentration determined in 48-h assays was
0.6 ± 0.1 µM. Aminophenol II binds both iron(II) and iron(III) at physiologic pH, but
the selectivity and specificity of iron binding by aminophenol II or the affinity constants
for iron(II) and iron(III) at physiologic pH are not known. Because aminophenol II can
coordinate with five of the six coordination sites of iron, it likely forms a 1:1 complex
with iron, but some more complex ratio is possible.

Iron Chelator Combinations
DESFERRIOXAMINE AND REVERSED SIDEROPHORES

The combination of DFO with the more lipophilic and more permeant reversed
siderophore, RSFilem2, produced a strong synergistic inhibitory effect (66). This
effect may result from the different speeds of permeation of the two chelators
through the host and parasite cell membranes. The rapidly permeating lipophilic
agent RSFilem2 irreversibly affects ring-stage parasites whereas the slowly
permeating but persistent DFO mainly arrests the development of mature parasite
stages (66,73).

DESFERRIOXAMINE AND ACYLHYDRAZONES

Both SIH and HNFBH potentiate the antimalarial effect of DFO in vitro (49). For
the combination of SIH and DFO, the synergistic inhibitory effect may be explained by
free shuttling of SIH through the membranes, withholding iron from critical intrapara-
sitic sources, exiting from the cell as an the iron-chelator complex, and conveying iron
to the slowly permeating DFO. DFO has a greater affinity constant for iron and may,
therefore, serve as an iron sink (7,49).
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DESFERRIOXAMINE AND DEFERIPRONE

When DFO was combined with deferiprone, an additive interaction on plasmodial
growth suppression was observed (G. Mabeza, unpublished observations), implying
that the two iron(III) chelators do not antagonize the effects of each other but rather
complement them.

DESFERRIOXAMINE AND 2',2'-BIPYRIDYL

As single agents, both DFO and 2',2'-bipyridyl independently inhibit the growth of
P. falciparum in culture, with IC50’s of 5.2 µM and 12.4 µM, respectively (52). The combi-
nation of DFO (2 µM) with 2',2'-bipyridyl at various concentrations leads to a relative
increase in parasitemia compared to 2',2'-bipyridyl alone, suggesting that these compounds
have antagonistic effects. DFO might successfully compete with 2',2'-bipyridyl for iron
binding by virtue of its greater affinity for iron (Ka of 1031 for DFO versus Ka of 1028 for
2',2'-bipyridyl), and thereby prevent the formation of toxic 2',2'-bipyridyl-iron complexes.

Effect of Iron Chelators on the Hepatic Phase of P. falciparum
The studies summarized in Table 2 and demonstrating a suppressive effect on the growth

of P. falciparum by iron chelators were performed on the erythrocytic phase of the life
cycle of the parasite. It was also reported that DFO, desferrithiocin, and dexrazoxane are
able to inhibit the growth of the exoerythrocytic hepatic phase of P. falciparum or P. yoelii
in a culture system employing human or mouse hepatocytes (28,74). These studies suggest
that iron chelation represents a potential antimalarial strategy with effectiveness against
both the erythrocytic and hepatic phases of the parasite. Dexrazoxane is an iron-chelating
pro-drug that must undergo intracellular hydrolysis to bind iron (75,76). As a single agent,
dexrazoxane inhibits synchronized cultures of P. falciparum in human erythrocytes only at
suprapharmacologic concentrations (>200 µM). In contrast, pharmacologic concentrations
of dexrazoxane (50–200 µM) as a single agent inhibit the progression of P. yoelii from
sporozoites to schizonts in cultured mouse hepatocytes by 45% to 69% (28).

ANTIMALARIAL ACTIVITY OF IRON CHELATORS
IN LABORATORY ANIMALS
Studies of Iron Chelators as Single Agents
Desferrioxamine

In the only animal study investigating iron chelation therapy to suppress parasitemia
with P. falciparum (77), DFO was active against the erythrocytic phase of the parasite
in Aotus monkeys. Similar observations were made with P. berghei and P. vinckei
infections in rodents (17,29,78,79). These animal studies demonstrated an antima-
larial effect of DFO at doses that overlap with acceptable doses in humans (up to
100–150 mg/kg/d). Continuous subcutaneous infusions or divided doses of DFO were more
effective than single daily doses in reducing parasitemia and mortality. The antima-
larial effect of DFO administered in liposomes was studied in P. vinckei-infected mice
(79). Suppression of parasitemia and long-term survival (>1 mo after infection) of mice
were obtained by subcutaneous injections of liposomal DFO prior to infection (d –1
and 0, 400 or 800 mg DFO/kg/d). In a separate experiment, long-term survival was also
obtained by treatment with liposomal DFO on d 7 and 8 after infection in doses of
400 mg/kg/d. Thus, liposomes appear to be suitable carrier systems for DFO in experi-
mental murine malaria and this form of therapy may lead to cure in this setting.
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Deferiprone
Although in vitro studies suggest that the oral administration of hydroxypyridinone

(deferiprone) in safe doses might result in a clinically detectable antimalarial effect,
the single reported animal study of deferiprone proved to be negative. Deferiprone in
three divided doses of 300 mg/kg/d for 13 d did not suppress P. berghei infection in six
female Wistar rats. The lack of effectiveness of deferiprone in this animal model, as
compared to the studies in vitro, was attributed to intermittent attainment of suppres-
sive plasma concentrations with the subcutaneous or oral mode of administration and
to the relatively low lipophilicity of deferiprone, which would limit entry into the red
cell under these circumstances (80).

Reversed Siderophores
To achieve sustained blood levels of the highly lipophilic reversed siderophore,

RSFileum2, the agent was delivered in fractionated coconut oil (miglyol 840) via
subcutaneous injections to mice infected with P. vinckei petteri. The chelator was
administered at a dosage of 370 mg/kg every 8 h, and no adverse reactions were observed.
Repeated injections of the reversed siderophore over a 56-h period were associated with
a significant delay in the increase in parasitemia compared to the controls. Parasitemia
relapsed in all mice 24 h after ceasing the treatment (81).

Studies of Iron Chelator Combinations

Desferrioxamine and SIH were administered as a combination to Swiss mice infected
with P. vinckei petteri or P. berghei. The drugs were delivered by several routes: single
intraperitoneal injection, multiple intraperitoneal injections, or subcutaneous insertion
of a drug-containing polymeric device designed for slow, continuous drug release over
7 d. As single agents administered in doses of 125–500 mg/kg/d in these manners, all
three agents led to delays and reductions in peak parasitemias and to reduced mortality.
The combination of DFO and SIH led to greater speed of drug action and greater inhi-
bition of parasitemia than either agent alone. The antimalarial action of this combina-
tion was greatest when the drugs were slowly released into the circulation by means of
a biodegradable polymer that was implanted subcutaneously (82).

IRON CHELATION THERAPY FOR HUMAN MALARIA

The first use of an iron chelator for human malaria can be attributed to the Chinese
who used the bark of ash trees, which are rich in coumarins, as a folk remedy for
malaria. One of these coumarins, a dihydroxycoumarin named daphnetin, is an iron
chelator with moderate antimalarial activity in vitro (Table 2) (47). More recently,
Traore and colleagues reported the administration of DFO with chloroquine to six
patients with uncomplicated falciparum malaria, and there was no evidence of toxicity
(83). Larger clinical trials of the use of DFO in adults with uncomplicated malaria have
now been conducted in Thailand and Zambia.

Iron Chelators in Adults with Asymptomatic P. falciparum Infection
DFO

DFO (100 mg/kg/d by continuous 72-h subcutaneous infusions) was administered to
65 adult subjects in Zambia with asymptomatic infection with P. falciparum. Two
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randomized, double-blind, placebo-controlled, crossover trials were performed (8,97).
Compared to placebo, DFO treatment significantly enhanced the rate of parasite clear-
ance. Serum concentrations of DFO + ferrioxamine (the iron complex of DFO) were
measured in 26 subjects. Mean ± SEM steady-state concentrations were 6.9 ± 0.6 µM
at 36 h and 7.7 ± 0.7 µM at 72 h. These levels are at the lower end of the range of values
reported for the IC50 for DFO against P. falciparum as determined in vitro (Table 2).
Although results obtained with low levels of parasitemia in partially immune adults
cannot necessarily be extrapolated to patients with severe infection, these findings
suggested that iron chelation may be a potential chemotherapeutic strategy for human
infection with P. falciparum.

Deferiprone
A prospective, double-blind, placebo-controlled crossover trial of deferiprone was

conducted in 25 adult Zambians with asymptomatic P. falciparum parasitemia (106).
Deferiprone was administered daily for 3 or 4 d in divided doses of 75 or 100 mg/kg
body weight per day. No reduction in asexual intraerythrocytic parasites was observed
during or after deferiprone treatment. The mean peak plasma concentration of
deferiprone (108.2 ± 24.9 mol/L) achieved was within the range demonstrated to inhibit
the growth of P. falciparum in vitro. However, the times to reach peak plasma levels
and to clear the drug from the plasma were short, and plasma levels of deferiprone were
only in the range of a modest antimalarial effect for much of the time between the oral
doses used in these studies. Because of the risk of neutropenia and other adverse effects
with higher doses or prolonged use of the chelator, additional trials of deferiprone as an
antimalarial would not seem to be justified.

Desferrioxamine in Symptomatic, Uncomplicated Falciparum
and Vivax Malaria

Fourteen adult males with P. falciparum infection and 14 adult males with P. vivax
infection were given DFO, 100 mg/kg/d, as a continuous intravenous infusion for three
consecutive days. DFO as a single agent reduced parasitemia to zero within 57 h for the
falciparum group and 106 h for the vivax group. DFO was, in general, well tolerated, but
about one-third of the subjects experienced transient visual blurring. Recrudescence was
observed in all subjects, occurring on the average 10 d after start of therapy in the falciparum
group and 15 d in the vivax group. This study demonstrated that iron chelation with DFO is
effective as a single agent in both uncomplicated falciparum and vivax malaria and that this
therapy can clear moderate degrees of parasitemia. It also showed that the dose and dura-
tion of iron chelation therapy employed in this study failed to achieve a radical cure (86).

Desferrioxamine and Artesunate

Although the combination of DFO and artemisinin derivatives might be expected to be
antagonistic, no evidence of adverse interaction was found in a small cohort of patients
with either uncomplicated or severe malaria who received both DFO and artesunate (87).

Effect of Desferrioxamine on Recovery from Coma and on Mortality
in Children with Cerebral Malaria

The obstruction of the cerebral microvasculature by P. falciparum-infected erythro-
cytes leading to ischemia and microhemorrhage may contribute to the development of
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cerebral malaria (88–91). Free hemoglobin can serve as a biologic Fenton reagent to
provide iron for electron transfer and the generation of the hydroxyl radical (92). DFO
inhibits peroxidant damage to lung tissue in mice (93), to the myocardium in rabbits
(94), and to the central nervous system in cats (95). Iron chelation with DFO may
protect against damage to the central nervous system by (1) enhancing parasite clear-
ance through withholding iron from a vital metabolic pathways of the parasite, (2)
inhibiting iron-induced peroxidant damage to cells and subcellular structures of the
brain, and (3) enhancing Th-1 cell-mediated immunity (96).

A prospective, randomized, double-blind trial of DFO or placebo added to standard
quinine therapy was first conducted in 83 Zambian children. The goal was to determine if
iron chelation speeds recovery of full consciousness in cerebral malaria (84). Each child
received quinine, 10 mg/kg, every 8 h for 5 d and a single dose of sulfadoxine–pyrimethamine,
25/1.2 mg/kg. In addition, either DFO, 100 mg/kg/d, or placebo were given as a 72-h intra-
venous infusion. The addition of DFO to the conventional therapy shortened the rate of
clearance of parasitemia and the rate of recovery of full consciousness in children with deep
coma, each by about two-fold.

To examine the effect of iron chelation on mortality in cerebral malaria, 352 chil-
dren were enrolled into a second clinical trial of DFO in addition to standard quinine
therapy at two centers in Zambia, one rural and one urban (98). The study design was
the same as the first study except that a loading dose of quinine was given (20 mg/kg).
Overall mortality was 18.3% (32/175) in the DFO plus quinine group and 10.7% (19/177)
in the placebo plus quinine group (p = 0.074). At the rural study site, mortality was
15.4% (18/117) with DFO compared to 12.7% (15/118) with placebo (p = 0.78). At
the urban site, mortality was 24.1% (14/58) with DFO and 6.8% (4/59) with placebo
(p = 0.061). Among survivors, there was a trend to faster recovery from coma in the
DFO group. This study did not provide evidence for a beneficial effect on mortality in
children with cerebral malaria when DFO was added to quinine in a regimen that
included a loading dose of quinine. Indeed, at one of two research sites, there was a
trend to higher mortality with DFO. The lack of a positive effect of DFO on both para-
site clearance and recovery from coma in this study, in contrast to earlier work (84),
may be attributable to the impact of a loading dose of quinine used in the present study
but not in the previous one (i.e., a relatively delayed beneficial effect of DFO in cere-
bral malaria was masked by substantial beneficial effect of the quinine loading dose).

Iron Chelators and Immunity in the Setting of Malaria
Two different studies of Zambian children who were enrolled in placebo-controlled

trials of DFO in addition to quinine for cerebral malaria suggested a possible effect of
iron chelation on Th-1-mediated immune function (85,96). In one study, serum levels
of neopterin, an indirect marker of Th-1 cell-mediated immune function (99,100), did
not change significantly in children receiving DFO plus quinine but did decline signifi-
cantly in children receiving placebo plus quinine. In the same study, serum concentra-
tions of NO2

–/NO3
–, the stable end products of NO degradation, increased significantly

with DFO plus quinine but not placebo plus quinine (96). These observations made in
patients are compatible with in vitro results, demonstrating that DFO enhances
neopterin formation by positively modulating interferon-gamma (IFN- ) activity (101).
In another study, serum concentrations of interleukin-4 (IL-4), a Th-2-related cytokine,
increased with placebo plus quinine but not DFO plus quinine (85).
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Taken together, these studies raise the possibility that the possible beneficial effect of
iron chelation therapy seen in one study (84) may have resulted from a strengthening of
Th-1 cell-mediated immune function by enhancing IFN- activity, as reflected by
neopterin and NO formation, and a reduction in the production of Th-2-mediated
cytokines such as IL-4. Therefore, DFO may direct the immune response toward a Th-1
effector mechanism, which may be beneficial in the early phase of parasitic infections.

It remains to be determined whether the inconsistent beneficial effect of iron
chelators in cerebral malaria is the result of immune modulation in the central nervous
system, to the chelation of iron and prevention of toxic hydroxyl radical formation in
this compartment, or to a combination of both mechanisms (102–104).

CONCLUSIONS AND DIRECTIONS FOR THE FUTURE

The discussion in this chapter is based on early and fragmentary knowledge of the iron
metabolism of P. falciparum and the clinical role of iron chelators as antimalarials.
Advances are needed in two broad areas, namely understanding the iron metabolism of the
malaria parasite and developing iron chelators designed for the treatment of malaria rather
than iron overload (105). Specific areas that require work include (1) the determination
of the source of the iron that is essential for the growth of the intraerythrocytic parasite,
(2) the identification of the metabolic pathways with which iron chelation interferes, and
(3) the design of iron-chelating compounds that are effective orally, safe for a short course
of antimalarial therapy, and specifically targeted to bind parasite-associated iron and
provide antioxidant protection to host tissues. In addition, it is important to further inves-
tigate the potential influence of iron chelators in enhancing host immunity.
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INTRODUCTION

Extensive evidence demonstrates that proteases play important roles during the
malaria parasite life cycle. Initial studies of partially purified protease activities and of
the biological effects of protease inhibitors have now been complemented by molecu-
lar and biochemical analyses of important proteases of all four major catalytic classes.
With these detailed characterizations of plasmodial proteases, we are poised to develop
specific inhibitors of these enzymes with the potential for potent antimalarial activity.

PROTEASES AS CHEMOTHERAPEUTIC TARGETS

Plasmodial proteases are appealing new targets for antimalarial chemotherapy
because of their critical functions and the significant efforts toward the inhibition of
other proteases that have already taken place. In erythrocytic parasites, proteases appear
to be required for the degradation of hemoglobin by trophozoites, the rupture of the
erythrocyte by mature schizonts, and the invasion of erythrocytes by free merozoites
(Fig. 1). Studies with protease inhibitors and analyses of the life cycle stage-specific
expression of proteases have identified candidate protease activities (Table 1) and, in a
number of cases, well-characterized enzymes that appear to be responsible for key
proteolytic events (Table 2). Although studies evaluating the antimalarial effects of
protease inhibitors are limited to date, experience with other systems suggests that
inhibitors of essential plasmodial proteases can be developed as antimalarial drugs.

Hundreds of proteases have been well characterized in other biological systems (1).
Potent inhibitors of all four major mechanistic classes of proteases have been devel-
oped. In addition, major pharmaceutical efforts have led to the discovery and develop-
ment of protease inhibitors as potential and, in some cases, available drugs for human
diseases. Two cases are noteworthy in this regard. Inhibitors of angiotensin-converting
enzyme, which were designed based on natural inhibitors from snake venom, are among
the most important cardiovascular drugs currently in use (2). Inhibitors of the human
immunodeficiency virus (HIV) aspartic protease, which were developed from existing
renin inhibitors, are valuable components of our antiviral armamentarium (3). Many
other host and microbial proteases are currently under study as potential targets of
chemotherapy. Thus, antimalarial protease inhibitor discovery need not occur in a
vacuum. Rather, it should ideally benefit from advances made with other proteases.
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This is a key consideration, as funding for antimalarial drug development is limited,
and “piggybacking” onto existing industrial drug discovery efforts may be the most
effective means of developing new antimalarial drugs.

BIOLOGICAL ROLES OF PROTEASES OF MALARIA PARASITES

Studies with protease inhibitors and erythrocytic malaria parasites have identified
three processes that clearly require protease activity: hemoglobin degradation, erythro-
cyte invasion, and erythrocyte rupture. In addition, it is likely that other biological
processes in erythrocytic parasites and in other parasite stages require protease activ-
ity. Key proteases probably include degradative enzymes that cleave target proteins
(e.g., hemoglobin, erythrocyte cytoskeletal proteins) at multiple sites and processing
enzymes that cleave only a single site in a protein (e.g., merozoite surface protein-1
[MSP-1]). For both cases, available evidence suggests that multiple proteolytic activi-
ties are required for normal parasite development.

Hemoglobin Degradation

Malaria parasites take up erythrocyte hemoglobin and digest it in acidic food vacu-
oles (see also Chapter 4). Parasites utilize amino acids from hemoglobin for nutritional
purposes, as they have limited capacity to take up or synthesize certain essential amino
acids. Hemoglobin degradation may also serve to create space within the erythrocyte
for the growing malaria parasite. Although the basis for hemoglobin degradation and

Fig. 1. Erythrocytic life cycle of malaria parasites. Processes that require protease activity,
and thus are potential targets for protease inhibitors, are labeled in italics.
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the biochemical mechanism of this process are incompletely understood, the process
has profound implications for antimalarial chemotherapy. Hemoglobin degradation
releases free heme; effects on the disposition of heme probably explain the action of
chloroquine and other quinoline antimalarials (see Chapter 6). Interactions with heme
and the subsequent release of free radicals may also explain the action of artemisinin
and its analogs (see Chapter 10). Relevant to this chapter, inhibition of the hydrolysis
of globin is toxic to malaria parasites.

Multiple proteases appear to hydrolyze hemoglobin and globin fragments in the
food vacuole. As of now, four food vacuole proteases have been well characterized (see
Chapter 4). It has been suggested that two aspartic proteases, plasmepsin I and
plasmepsin II, are responsible for initial cleavages of hemoglobin, that the cysteine pro-
tease falcipain-2 cleaves relatively large globin fragments, and that the newly identified
metalloprotease falcilysin cleaves smaller peptides. Small globin peptides are then
likely transported to the parasite cytosol, where a cytosolic aminopeptidase and prob-
ably other proteases complete the hydrolysis of globin to free amino acids.

Table 2
Well Characterized Proteases of Malaria Parasites

Sequence
Protease Class Putative role described? Species studieda

Falcipains Cysteine Hemoglobin hydrolysis Yes Pf, Pv, Po, Pm,
P, M, A

Plasmepsins Aspartic Hemoglobin hydrolysis Yes Pf, Pv, Po, Pm,
M

Falcilysin Metallo Hemoglobin hydrolysis Yes Pf
Aminopeptidase Metallo Hemoglobin hydrolysis Yes Pf, M
PVHSP28 Metallo Unknown Yes Pv
Pf68 Cysteine Erythrocyte rupture No Pf, M
Pf76 Serine Erythrocyte invasion No Pf, M
Pfsub-1 Serine Erythrocyte invasion Yes Pf
Pfsub-2 Serine Erythrocyte invasion Yes Pf

aPf, P. falciparum; Pv, P. vivax; Po, P. ovale; Pm, P. malariae; P, primate malaria species; M, murine
malaria species; A, avian malaria species.

Table 1
Effects of Peptide Protease Inhibitors on the Life Cycle of Malaria Parasites

Effective Protease class
Life-cycle stage Biological process inhibitors implicateda Ref.

Trophozoite Hemoglobin hydrolysis Leupeptin, E-64 Cysteine 5,7–9,64
Pepstatin Aspartic 6,8,53

Schizont Erythrocyte rupture Chymostatin Serine 18,31
Leupeptin Cysteine 18,30,31

Merozoite Erythrocyte invasion Chymostatin Serine 17–19,21,30,31

Note: Only results that were seen consistently in multiple studies are shown.
aPrincipal class inhibited, although some of the compounds also inhibit other classes.
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The pathway of hemoglobin digestion may not be fully ordered, however. The precise
roles of different proteases in hydrolyzing hemoglobin are uncertain, and results evaluating
the hydrolysis of native hemoglobin by these proteases have varied depending on the reac-
tion conditions studied. Under nonreducing conditions, plasmepsin I most efficiently
cleaved native hemoglobin, plasmepsin II cleaved hemoglobin at the same peptide bond
but preferred denatured globin as a substrate, and falcipain cleaved denatured globin but not
native hemoglobin (4). However, under mild reducing conditions, falcipain-2 cleaved both
native and denatured hemoglobin (see section "Falcipains and Other Cysteine Proteases").

Both cysteine (5) and aspartic (6) protease inhibitors have been shown to block hemo-
globin degradation by cultured malaria parasites. However, evaluations of the effects of
protease inhibitors on hemoglobin degradation have led to results that are somewhat diffi-
cult to reconcile. Incubation of cultured Plasmodium falciparum parasites with cysteine
protease inhibitors led to the accumulation of large quantities of undegraded hemoglobin in
the food vacuole (5,7–9), suggesting that falcipain-2 is required for initial steps in hemoglo-
bin digestion. In additional studies with cultured parasites, the cysteine protease inhibitor
E-64, but not the aspartic protease inhibitor pepstatin, inhibited the dissociation of the
hemoglobin tetramer (9), the release of heme (9), the initial processing of - and -globin
(10), and the formation of the hemoglobin breakdown product hemozoin (11). In other
studies, however, pepstatin (6) and specific plasmepsin inhibitors (12) blocked the degrada-
tion of hemoglobin and formation of hemozoin by cultured parasites much more effectively
than the cysteine protease inhibitor leupeptin. Both effects of cysteine protease inhibitors
(5) and aspartic protease inhibitors (12) on hemoglobin processing were reversible after the
washout of inhibitors. These studies are difficult to interpret, as inhibitory effects on hemo-
globin processing cannot easily be separated from overall toxicity of the studied inhibitors.
Thus, specific agents might inhibit hemoglobin processing only as a consequence of the
inhibition of another parasite process. In the one study that attempted to separate overall
parasite toxicity from that specifically resulting from effects on hemoglobin degradation,
E-64, but not pepstatin, inhibited hemozoin formation at concentrations that did not affect
parasite uptake of hypoxanthine (11).

The full elucidation of the specific roles of multiple parasite proteases in hemoglo-
bin degradation will require additional study. Conclusions consistently supported by
available data are that the plasmepsins act early in the hemoglobin degradation pro-
cess, that falcipain-2 plays a key role in digesting globin, and that the specific inhibi-
tion of either of these classes of proteases is toxic to cultured parasites. In addition,
falcilysin appears to hydrolyze small globin peptides, and the final steps of hemoglobin
hydrolysis probably involve a cytosolic aminopeptidase. Relevant to the consideration
of protease inhibitors as antimalarial drugs, multiple proteases that act at different
points in the hemoglobin degradation pathway are potential chemotherapeutic targets.

Erythrocyte Invasion

The invasion of erythrocytes by merozoites includes a series of discrete steps (13). In
this process, the merozoite attaches reversibly to erythrocyte receptors, realigns itself
such that its apical end apposes the erythrocyte membrane, forms an irreversible tight
junction, and then enters the erythrocyte within the parasitophorous vacuole. The contents
of three different types of secretory organelles (rhoptries, micronemes, and dense gran-
ules) are released from the apical end of merozoites during this process, and these contents
are believed to include proteases that facilitate erythrocyte entry (14–16).
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Results have been somewhat inconsistent, but the clearest available evidence
suggests a role for serine proteases in erythrocyte invasion. In studies with cultured
parasites, serine protease inhibitors blocked erythrocyte invasion by merozoites of
P. knowlesi (17,18), P. falciparum (7,19,20), and P. chabaudi (21). Erythrocyte inva-
sion was consistently blocked by inhibitors of chymotrypsin-like (chymostatin), but
not trypsin-like (aprotinin, antipain, -1-antitrypsin, soybean trypsin inhibitor) serine
proteases. In P. knowlesi, chymostatin did not block initial erythrocyte binding or junc-
tion formation, but subsequent invasion was strongly inhibited (18). Additionally
supporting a role for chymotrypsin-like proteases in erythrocyte invasion, pretreatment
of human erythrocytes with chymotrypsin (7) or pretreatment of murine erythrocytes
with a purified P. chabaudi serine protease (21) reversed the inhibition of invasion
by serine protease inhibitors. Also, treatment of intact erythrocytes with chymotrypsin
induced conformational changes in the integral membrane protein band 3, suggest-
ing that a serine protease facilitates invasion by altering the erythrocyte membrane
and underlying cytoskeleton (22).

Inhibitors of cysteine and trypsin-like serine proteases also blocked erythrocyte
invasion in some studies (7,17,19,20), but the only studies that evaluated invasion of
isolated merozoites, thus clearly distinguishing effects on erythrocyte rupture from
effects on invasion, showed no inhibition of invasion by the cysteine and trypsin-like
protease inhibitor leupeptin (18), the cysteine protease inhibitor E-64 (21), or the
aspartic protease inhibitor pepstatin (18,21). Both chymostatin and leupeptin also
inhibited the invasion of merozoites after introduction to lysed and then resealed eryth-
rocytes (7) and altered the morphology of the rhoptry organelle of mature P. knowlesi
schizonts (23). These results suggest that parasite proteases required for erythrocyte
invasion are active prior to erythrocyte rupture. Inhibitors of the calcium-dependent
cysteine protease calpain and the aminopeptidase inhibitor bestatin also inhibited the
invasion of erythrocytes by P. falciparum in one study (20). In summary, plasmodial
chymotrypsin-like protease activity appears to be required for erythrocyte invasion.
Other activities may also be involved in this process.

A number of proteins of mature schizonts and merozoites are proteolytically processed
immediately before or during erythrocyte invasion. The best characterized such protein is
merozoite surface protein-1 (MSP-1). At approximately the time of erythrocyte rupture,
initial proteolytic cleavages generate four polypeptide fragments that are joined in a
noncovalent complex and bound to the merozoite surface by a glycosylphospha-
tidylinositol-anchored carboxy-terminal 42-kDa fragment (13). The nature of the pro-
teolytic activity responsible for these cleavages is uncertain. At some point after merozoite
release, an additional processing step yields a 19-kDa membrane-bound fragment (24).
This last cleavage appears to be necessary for the invasion of erythrocytes by merozoites,
as antibodies directed against the 42-kDa fragment that inhibit its processing block eryth-
rocyte invasion (25,26). This final MSP-1 processing event appears to be the result of the
action of a membrane-bound calcium-dependent serine protease, as it is inhibited by
chelating agents, reversed by added calcium, and also inhibited by the serine protease
inhibitor phenylmethyl sulfonylfluoride (PMSF), but not inhibitors of other proteolytic
classes (27). Interestingly, although the ultimate MSP-1 processing site has a chymot-
rypsin-like cleavage sequence, processing was not inhibited by chymostatin, suggesting
involvement of another type of serine protease (see "Serine Proteases").
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Another protein that is proteolytically processed at the time of merozoite release is
the serine-repeat antigen (SERA or P126), a candidate vaccine component (28) that
shares features of cysteine proteases (see "Plasmodial Cysteine and Aspartic Protease-
Like Proteins"). SERA is processed into multiple fragments that are released into
culture media (29). The processing of SERA by cultured P. falciparum was altered by
leupeptin, which caused the accumulation of a new processing intermediate, and it was
unaffected by chymostatin or antipain (30). These results suggest that a cysteine
protease activity is required for the processing of SERA, which may be required for
erythrocyte invasion or rupture.

Erythrocyte Rupture

The mechanism of rupture of erythrocytes by mature schizonts is poorly understood, but
this process also appears to require protease activity. Potential roles for proteases include
the hydrolysis of erythrocyte cytoskeletal proteins to facilitate egress from the host cell and
the processing of parasite proteins. Available studies suggest that both serine and cysteine
proteases are required for erythrocyte rupture. In studies with P. falciparum, this process
was markedly inhibited by a combination of peptide inhibitors of all four major protease
classes (31). The inhibitor combination caused the accumulation of mature, unruptured
schizonts (segmenters) in parasite cultures. The most marked inhibitions of erythrocyte
rupture with P. falciparum (30,31) and P. knowlesi (18) were caused by leupeptin and
chymostatin. However, in some studies with P. knowlesi (17) and P. falciparum (7), neither
leupeptin nor chymostatin markedly inhibited this process.

Erythrocyte membrane and cytoskeletal proteins are altered by plasmodial infec-
tion (32,33), and parasite proteases that hydrolyze these proteins have been identi-
fied. A P. lophurae aspartic protease activity cleaved spectrin and band 3 (34). An
activity of P. falciparum and P. berghei that was inhibited by both chymostatin and
leupeptin hydrolyzed spectrin and band 4.1 (35). A P. chabaudi serine protease
cleaved band 3 (21). Recently, the aspartic protease plasmepsin II was shown to be
present in parasite fractions enriched for spectrin-hydrolyzing activity and to local-
ize to the periphery of mature schizont-stage parasites (36). In addition, recombinant
plasmepsin II cleaved spectrin, actin, and band 4.1 at neutral pH, and the cleavage
site in spectrin for the recombinant enzyme was identical to that of the enriched
parasite fractions.

In summary, studies with protease inhibitors suggest that cysteine and serine
proteases are required for erythrocyte rupture. Studies with isolated proteases have
demonstrated the hydrolysis of erythrocyte components by serine and aspartic
proteases. Thus, it appears that cysteine, serine, and aspartic proteases may all play
roles in erythrocyte rupture by mature schizonts.

Other Processes

Proteases likely play multiple additional functions within the life cycles of malaria para-
sites. In particular, potential roles for proteases in nonerythrocytic life-cycle stages have not
been explored in detail. These stages must invade cells and degrade host tissues in fashions
analogous to those of erythrocytic parasites, and it is likely that they utilize the same or
related proteases to perform similar tasks. Thus, it is possible that protease inhibitors that
prevent the growth of erythrocytic parasites may also act on other life-cycle stages.
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Roles for Host Proteases in the Life Cycle of Malaria Parasites

The human bloodstream serine protease and plasminogen activator urokinase was
recently shown to bind to the surface of P. falciparum-infected erythrocytes (37). The deple-
tion of urokinase from parasite culture medium inhibited erythrocyte rupture by mature
schizonts, and this inhibition was reversed by the addition of exogenous urokinase. These
data suggested that host urokinase activity is required for erythrocyte rupture. However,
specific inhibitors of urokinase did not block the erythrocytic development of P. falciparum
or the rupture or invasion of erythrocytes by these parasites (38). In addition, murine malaria
parasites infecting mice deficient in urokinase, tissue plasminogen activator, or plasmino-
gen replicated as efficiently as those infecting wild-type mice, arguing against a role for
host plasminogen activators in the parasite life cycle.

After being taken up in an anopheline mosquito blood meal, malaria parasites come
in contact with multiple insect proteases, including trypsin, chymotrypsin, and
aminopeptidase activities (39). “Early” trypsins, which are constitutively expressed
and so present at the time of blood meal ingestion, appear to induce expression of two
“late” trypsins, which are believed to to play a key role in the breakdown of blood
components (40). The insect trypsins and other proteases may also be responsible for
cleavages that are required for parasite development in the mosquito midgut. For
example, in P. gallinaceum, which, unlike human malaria parasites, is transmitted by
Aedes mosquitoes, a chitinase used by the parasite to cross the peritrophic matrix that
surrounds the blood meal is activated by mosquito trypsin (41). Inhibition of the trypsin
activity by protease inhibitors (42) or trypsin-specific antibodies (43) blocked the infec-
tivity of P. gallinaceum parasites for Aedes mosquitoes, and this effect was negated by
exogenous chitinase. These data suggest that inhibitors of mosquito proteases might
effectively block parasite transmission if they could be introduced into mosquitoes at
the time of blood meal ingestion. This raises the possibility of including a transmis-
sion-blocking protease inhibitor in a chemoprophylactic regimen.

PROTEASE TARGETS

Important advances over about the last decade have led to the biochemical and
molecular characterization of a number of plasmodial proteases. Although the biologi-
cal role is not fully characterized for any of these enzymes, plausible hypotheses exist
to explain their functions. Many of the plasmodial proteases that have been character-
ized appear to have necessary roles in the erythrocytic life cycle; thus, they are poten-
tial chemotherapeutic targets.

Falcipains and Other Cysteine Proteases

A recent affinity purification of the principal P. falciparum trophozoite cysteine protease
has provided, for the first time, the amino-terminal sequence of this enzyme and yielded
the surprising result that it is not encoded by the previously identified P. falciparum cysteine
protease gene (now termed falcipain-1 [44,45]). Thus, although the falcipain-1 gene is
transcribed in erythrocytic parasites and the recombinant enzyme has been shown to degrade
hemoglobin (46), the function of the protease is uncertain. The principal trophozoite cysteine
protease is encoded by the newly identified falcipain-2 gene (45). Falcipain-2 is a fairly
typical papain-family cysteine protease (5,45). As is typical for this mechanistic class, it
has an acidic pH optimum and its activity is enhanced by reducing agents (45,47).
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Falcipain-2 activity is most prominent in trophozoites, the erythrocytic stage during
which most hemoglobin degradation occurs (45,48) and has been localized to the para-
site food vacuole, the site of hemoglobin degradation (4,45). Falcipain-2 has a cathep-
sin L-like substrate specificity (47), but clear differences between falcipain-2 and host
cysteine proteases are seen in the hydrolysis of peptide substrates and inhibition by
peptide inhibitors (45).

Falcipain-2 shares similarity in sequence with other papain-family proteases (45). In
a GenBank BLAST search, its sequence was most similar to that of falcipain-1, but
identity of mature protease domains was less than 50%. Falcipain-2 is much more simi-
lar in sequence to a putative third P. falciparum cysteine protease, identified by the
Sanger Centre genome sequencing project, and provisionally named falcipain-3.
However, falcipain-2 alone is responsible for over 90% of trophozoite cysteine protease
activity (45), and no clear role for other cysteine proteases in hemoglobin degradation
has been documented. Importantly, older studies of “trophozoite cysteine protease”
activity or “falcipain” activity should now be appreciated to pertain principally to
falcipain-2. Partial or complete sequences of falcipain homologs from nine other plas-
modial species, including all species that infect humans, are available, and the
sequences of these proteases are well conserved (49). However, preliminary analysis
suggests that all of these enzymes are homologs of falcipain-1, not falcipain-2, and so
it is a priority to identify homologs of falcipain-2 in other plasmodial species.

Falcipain-2 inhibitors block the hydrolysis of hemoglobin by cultured P. falciparum
parasites, causing the accumulation in the food vacuole of large quantities of
undegraded globin and a subsequent block in parasite development (5,9). Thus,
falcipain-2 appears to be required for the degradation of hemoglobin by erythrocytic
parasites. Falcipain-2 does not cleave native hemoglobin in a nonreducing environ-
ment (4,45), but it does cleave this substrate under mildly reducing conditions (approx
0.5–1 mM glutathione) that are predicted to be present in the food vacuole (45).
Falcipain-2 more rapidly cleaves denatured globin, suggesting that once initial cleav-
ages of the hemoglobin tetramer have taken place, the cysteine protease plays a major
role in hydrolyzing globin to small peptides.

Additional cysteine protease activities have been identified in mature erythrocytic
parasites. An Mr 68,000 cysteine protease was purified from schizonts and merozoites
of P. berghei and P. falciparum (50,51). Antisera directed against the P. berghei
protease localized to the merozoite apex, suggesting a role in erythrocyte invasion. An
Mr 35,000–40,000 cysteine protease that differed from falcipain-2 in size and stage
specificity was identified in mature schizonts (48). The precise biochemical features
and biological roles of these proteases are not known. A number of cysteine protease
sequences and sequence fragments have recently been identified by the P. falciparum
genome sequencing project. Some of these sequences likely encode proteases that were
previously identified biochemically. The sequence information should be a valuable
tool for the determination of the biological roles of additional cysteine proteases.

Plasmepsins

Plasmepsins I and II are located in the P. falciparum food vacuole, have acidic pH
optima, and share significant sequence homology with other aspartic proteases (4,52–55)
(see also Chapter 4). The enzymes are biochemically similar, but not identical; in
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evaluations of globin cleavage, substrate preferences of the two enzymes were distinct
(4,56). The plasmepsins are synthesized as proenzymes, which are integral membrane
proteins that are cleaved to soluble forms under acidic conditions (57). The synthesis
and processing of both plasmepsins peaks in trophozoites, but plasmepsin I is also
synthesized, processed, and presumably active in young ring-stage parasites (57).
Homologs of the P. falciparum plasmepsins have recently been identified in the three
other human malaria parasites (58) and in the rodent parasite P. berghei (59). Only one
aspartic protease has been identified in each of these species; the biochemical proper-
ties of the proteases were quite similar to those of the P. falciparum plasmepsins.
Additional P. falciparum aspartic proteases may also be present, including additional
food vacuole activities identified biochemically (60) and a recently identified
plasmepsin homolog that contains substitutions of universally conserved aspartic
protease amino acids (61), but nonetheless appears to have proteolytic activity (see
Chapter 4). Also, the P. falciparum genome sequencing project has identified additional
aspartic protease sequences (59), and the characterization of the biological functions of
the different proteases is a high priority.

Plasmepsins I and II are hemoglobinases capable of cleaving native hemoglobin at
multiple sites (4). In in vitro studies, both aspartic proteases initially cleaved native
hemoglobin at a peptide bond that is a hinge region of the molecule (4). This cleavage
apparently alters the structure of the substrate to expose other sites for additional cleav-
ages by the plasmepsins, falcipain-2, and possibly other proteases (62). Both
plasmepsin I (63) and plasmepsin II (54,55) have been heterologously expressed, and
native and recombinant enzymes have been characterized biochemically. The substrate
specificities of plasmepsin I and plasmepsin II differ somewhat, and each appears to
cleave different sites in globin after the initial cleavage of hemoglobin (4). Aspartic
protease inhibitors, including pepstatin (8,64) and more specific plasmepsin inhibitors
(53,63,65,66), are toxic to cultured malaria parasites, suggesting that the plasmepsins
are appropriate chemotherapeutic targets.

Serine Proteases

As noted earlier, the serine protease inhibitor chymostatin consistently blocks merozoite
invasion of erythrocytes, strongly suggesting that a serine protease is required for this pro-
cess. A candidate chymostatin-sensitive invasion protease is an Mr 76,000 serine protease
of schizonts and merozoites of P. falciparum (67) and P. chabaudi (21). This protease is
bound in an inactive form to the merozoite membrane by a glycosyl-phosphatidylinositol
anchor, and activated by phosphatidylinositol-specific phospholipase C (67). The purified
P. chabaudi and P. falciparum proteases cleaved the erythrocyte membrane protein band 3
(21,68). Another merozoite-specific P. falciparum serine protease of similar size that does
not require activation by phospholipase C has also been identified (48).

Genes encoding two P. falciparum serine proteases have recently been identified.
Pfsub-1 (69) and Pfsub-2 (70,71) encode subtilisin-like serine proteases with similarities
in sequence to bacterial subtilisins. These genes probably do not encode the membrane-
anchored serine protease discussed earlier (67), because they appear to have different
sizes, subtilisins are not generally inhibited by chymostatin, their sequences do not
predict glycosyl-phosphatidylinositol anchored proteins, and Pfsub-1 could not be iden-
tified by the substrate gel electrophoresis technique that identified the other proteases



334 Rosenthal

(48,67,69,70). The predicted sequences of Pfsub-1 and Pfsub-2 have 48% amino acid
similarity in the active-site region, but are otherwise quite different (70). Both proteases
are expressed in erythrocytic-stage parasites as proforms and concentrated in dense
granules. Pfsub-1 is proteolytically processed in two autocatalytic steps, yielding a
47-kDa form that accumulates in dense granules and then is released from merozoites
in a soluble form at the time of erythrocyte invasion (69,72). The autocatalytic cleavage
sites are at aspartate residues, an unusual specificity for subtilisins (72). Pfsub-2 is a much
larger protein that is synthesized in schizonts and processed as a merozoite integral
membrane protein (70,71). The biological roles of Pfsub-1 and Pfsub-2 are unknown. Of
note, the terminal processing of MSP-1, which is required for erythrocyte invasion, is
mediated by a calcium-requiring serine protease that is inhibited by PMSF but not
diisopropyl fluorophosphate (DFP) or chymostatin (see "Erythrocyte Invasion"). These
biochemical features are suggestive of a subtilisin and also consistent with the observa-
tion that Pfsub-1 did not react with DFP. However, the substrate specificity of Pfsub-1
argues against a role for this enzyme in the secondary processing of MSP-1. Nonethe-
less, available data suggest that Pfsub-1 and Pfsub-2 are processing enzymes that are
required for the cleavage of plasmodial proteins, including, perhaps, MSP-1, and thus
that they are logical chemotherapeutic targets.

Metalloproteases

Three plasmodial metalloprotease genes have been identified. A P. falciparum food
vacuole metalloprotease, falcilysin, has recently been characterized (73). The sequence
of falcilysin shows that it is a member of the M16 family of metallopeptidases.
Falcilysin cannot cleave native hemoglobin or denatured globin, but it cleaves rela-
tively small (up to 20 amino acid) hemoglobin fragments at polar residues. Thus, it
appears to act downstream of the plasmepsins and falcipain-2 in the hydrolysis of hemo-
globin. A P. vivax heat-shock protein has been noted to contain metalloprotease sequence
motifs (74) and to exhibit metalloprotease activity (75). The predicted P. vivax protein
is much smaller than falcilysin, and it belongs to a different metalloprotease family.

A third metalloprotease gene was identified in P. falciparum. This gene predicts a
metalloprotease that is about the size of falcilysin, but belongs to the M1 family, which
includes a large number of aminopeptidases (76). Antisera raised against a peptide
encoded by this gene identified two schizont proteins, possibly two processed forms of
the protease. The antiserum also immunoprecipitated schizont aminopeptidase activity
that was purified from extracts of schizont-stage parasites (76). This aminopeptidase is
probably the same enzyme previously identified in parasite but not food vacuole lysates
of P. falciparum, P. chabaudi, and P. berghei (77–79). This aminopeptidase had maxi-
mal activity against leucine and alanine monopeptides, had a neutral pH optimum, and
was inhibited by both the aminopeptidase inhibitor bestatin and metal chelators
(77,78,80). Recent studies suggest that the ultimate steps in hemoglobin hydrolysis
occur in the parasite cytoplasm, as the incubation of hemoglobin with P. falciparum
food vacuole lysates generated multiple peptide fragments but not free amino acids
(79). The neutral metalloaminopeptidase likely plays a part in the hydrolysis of globin
peptides after they are transported from the food vacuole. The aminopeptidase inhibi-
tors nitrobestatin and bestatin blocked the growth of cultured P. falciparum parasites,
suggesting that the aminopeptidase is another potential chemotherapeutic target (80).
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Plasmodial Cysteine and Aspartic Protease-Like Proteins

The serine-repeat antigen (SERA) is under study as a potential component of a
malaria vaccine. Portions of SERA (28) and its homolog SERPH (81) have limited
sequence homology with cysteine proteases, particularly near highly conserved active-
site residues. The “protease domain” of these proteins is located within a much larger
protein without apparent similarity to cysteine proteases. Recent studies have identi-
fied eight contiguous SERA genes on P. falciparum chromosome 2 (82) and multiple
SERA homologs from other plasmodial species (83,84). SERAs can be subdivided into
proteins that have replaced the canonical active-site cysteine with a serine and others
that have conservation of all active-site cysteine protease residues (84). Three of the
eight gene sequences on chromosome 2 show conservation of papain-family active-site
amino acids. It is likely that a subset of SERAs are unusual cysteine proteases. As
cysteine protease inhibitors block erythrocyte rupture (18,31) and the SERAs are
located in the parasitophorous vacuole that surrounds mature schizonts (29), these pro-
teins may be responsible for proteolytic cleavages required for this process.

A P. falciparum gene predicting a plasmepsin homolog that is expressed in erythrocytic
parasites has recently been identified (61). Similar to the case of some of the SERA pro-
teins, the plasmepsin homolog has substitutions of universally conserved aspartic protease
amino acids. Thus, it either is a protease with a unique catalytic mechanism (as suggested in
preliminary studies; see Chapter 4) or it has a different biological function.

ANTIMALARIAL EFFECTS OF PROTEASE INHIBITORS

Protease inhibitors have been valuable reagents for studying the biological roles of
proteases of malaria parasites. Evaluations of protease inhibitors as potential antima-
larial drugs are fairly limited to date. However, increasing evidence suggests that inhibi-
tors of cysteine and aspartic proteases that degrade hemoglobin have potent antimalarial
activity and may be appropriate antimalarials (Table 3). In addition, recent advances in
the characterization of other hemoglobinases and in proteases that are required for
erythrocyte rupture or invasion suggest that inhibitors of many of these enzymes may
also demonstrate antiparasitic activity.

Cysteine Protease Inhibitors

Inhibitors of falcipain-2 prevent the degradation of hemoglobin by P. falciparum,
cause undegraded hemoglobin to accumulate in the parasite food vacuole, and block
parasite development (5,7,8,64). Initial studies with generic peptide cysteine protease
inhibitors including leupeptin and E-64 were followed by studies with more specific
protease inhibitors. Selected peptidyl fluoromethyl ketones (47,85,86) and vinyl
sulfones (87,88) inhibited falcipain-2 and blocked P. falciparum development at
nanomolar concentrations (Table 3). The degree of inhibition of falcipain-2 correlated
with the extent of biological effects, supporting the conclusion that the protease inhibi-
tors exerted their antimalarial effects directly via the inhibition of falcipain-2 and a
consequent block in hemoglobin hydrolysis (86). Analysis of the structural requirements
for falcipain-2 inhibition by the peptidyl inhibitors identified leucine–homophenylalanine
peptides as excellent inhibitors. In addition, the presence of amino-terminal groups that
improved aqueous solubility and bulky carboxy-terminal groups improved activity (88).
Both fluoromethyl ketones (89) and vinyl sulfones (88) also cured mice infected with
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Table 3
Evaluations of Protease Inhibitors as Antimalarial Drugs

Antimalarial effects

In vitroa In vivob

Target protease Biological role Inhibitor (µM) (mg/kg/d) Ref.

Falcipain-2 Hemoglobin Fluromethylketones
degradation Z-Leu-Tyr-CH2F 0.059 85

Z-Phe-Arg-CH2F 0.064 86
Mu-Phe-HPh-CH2F 0.004 200–400 sc 89

Vinyl sulfones
Mu-Leu-HPh-VSPh 0.004 87
N-Me-pipu-Leu-HPhVSPh 0.002 100–200 po 88
N-Me-pipu-Leu-HPhVS-2Np 0.0004 100–200 po 88

Oxalic bis ((2-hydroxy-1-naph- 7 93
thylmethylene)hydrazide)

1-(2,5-dichlorophenyl)-3-(4-quinolinyl)- 0.23 94
2-propen-1-one

7-chloro-1,2-dihydro-2-(2,3-dimethoxy-phenyl)- 2 95
5,5-dioxide-4-(1H,10H)-phenothiazinone

Plasmepsin I Hemoglobin SC-50083 2–5 53
degradation Ro 40–4388 0.25 63

Plasmepsin II Hemoglobin Compound 7 20 65
degradation

Plasmepsins I and II Hemoglobin Compounds 9–11 1–2 66
degradation

Falcipain-2 and Hemoglobin N-Me-pipu-Leu-HPhVSPh plus Synergyc 20 ip plus 103
plasmepsins degradation   pepstatin 40 ip

Pf68 Erythrocyte GlcA-Val-Leu-Gly-Lys-NHC2H5 900 100
invasion

aIC50 values for the inhibition of development or uptake of [3H]hypoxanthine by cultured P. falciparum parasites.
bDosages that cured the majority of mice of otherwise lethal infections with P. vinckei; sc, subcutaneous; po, oral; ip, intraperitoneal.
cThe two compounds were markedly synergistic, with potent inhibition of parasite development by combinations including nanomolar concentrations of

each compound.
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otherwise lethal malaria infections. Morpholine urea–phenylalanine–homophenyla-
lanine fluoromethyl ketone cured 80% of mice treated subcutaneously with 100 mg/kg
four times per day for 4 d and N-methyl piperazine urea–leucine–homophenylalanine–
naphthyl vinyl sulfone cured about 40% of mice treated orally with 50–100 mg/kg
twice a day for 4 d.

Peptidyl falcipain-2 inhibitors do not appear to be ideal candidate drugs for three
reasons. First, their peptide nature might allow rapid hydrolysis by host proteases.
Second, their irreversible mode of action may increase toxicity resulting from the
creation of complexes that stimulate autoimmune or other toxic reactions. Third, the
compounds are relatively nonselective, and toxicity might be engendered by the inhibi-
tion of host cysteine proteases. Recent studies suggest that, despite these theoretical
limitations, small peptidyl vinyl sulfone inhibitors of falcipain-2 and other protozoan
cysteine proteases have resonable toxicity and pharmacokinetic profiles (90). Hydroly-
sis of the peptidyl inhibitors may have been limited by the inclusion of non-native
amino acids, most commonly homophenylalanine, at the P1 position. Toxicity may
have been limited by differences in the availability of the inhibitor to host and parasite
targets. In the case of malaria parasites, inhibitors are delivered directly to the food
vacuole, the site of action of falcipain-2, once they are transported into the erythrocyte or
cross the relatively leaky (91) erythrocyte membrane. Similar host papain-family
proteases are principally compartmentalized in lysosomes, which do not appear to be
as accessible to peptidyl inhibitors. This conclusion is supported by the in vitro and in
vivo evaluations of inhibitors of falcipain-2 and the related Trypanosoma cruzi protease
cruzain. Vinyl sulfone inhibitors of these enzymes cured experimental infections at
concentrations that caused no apparent toxicity to host mice (88,92).

Attempts to develop nonpeptide inhibitors of falcipains are also underway. A modeled
structure of falcipain-1 allowed the computational screening of a database of small com-
pounds for their potential to inhibit the activity we now know to be that of falcipain-2
(93). Biochemical evaluation of a small set of compounds selected by the computational
screen identified a low micromolar lead compound. This compound also inhibited the
development of cultured parasites at low micromolar concentrations. Subsequent itera-
tive cycles of synthesis and screening identified chalcones (94) and phenothiazines (95)
that inhibited falcipain-2 and blocked the development of cultured parasites at nanomolar
to low micromolar concentrations. Falcipain-2 was also strongly inhibited by a confor-
mationally constrained pyrrolidinone aldehyde (96). Recent work, as discussed earlier,
has identified falcipain-2 as the gene encoding the principal trophozoite cysteine protease.
Modeling studies of falcipain-2 are currently underway. Fortunately, in contrast to
experience with falcipain-1 (46), falcipain-2 is amenable to high-yield expression in a
bacterial system (45). Expression of active falcipain-2 will simplify biochemical studies
and structure determination, and solution of the structure of falcipain-2 should expedite
ongoing drug discovery efforts. In the meantime, additional studies of the antimalarial
properties of peptide-based and nonpeptide falcipain-2 inhibitors are underway.

Aspartic Protease Inhibitors
The generic aspartic protease inhibitor pepstatin causes marked morphological changes

and a block in the development of cultured parasites (8,64). However, pepstatin does not
clearly exert its antimalarial effects via the inhibition of the plasmepsin hemoglobinases.
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Pepstatin does not cause the accumulation of undegraded hemoglobin in the parasite food
vacuole, as seen with cysteine protease inhibitors (8,64). In addition, pepstatin exerts its
antimalarial effects principally during the ring and schizont stages, rather than during the
trophozoite stage, when most hemoglobin degradation takes place (8,64). These results
suggest that pepstatin may not act directly via the inhibition of hemoglobin degradation,
perhaps because it cannot access the plasmepsins in the food vacuole. However, the potent
effects of pepstatin argue for a key aspartic protease function in ring-stage and schizont-
stage parasites, perhaps related to the recently identified role for plasmepsin II in the pro-
cessing of erythrocyte cytoskeletal proteins in schizonts (36).

Recent studies have focused on the antimalarial effects of more specific inhibitors of
the plasmepsins. These have been facilitated by the development of efficient systems for
the heterologous expression of plasmepsin I (63,97) and plasmepsin II (54). The determi-
nation of the structure of plasmepsin II (65) has expedited the discovery of inhibitors of
this enzyme, and combinatorial approaches have recently identified potent and selective
inhibitors (66,98,99). In most cases, inhibitor specificity has differed markedly between
the two plasmepsins, although peptidomimetic inhibitors with low nanomolar activity
against both proteases have been reported (66). Some inhibitors of plasmepsin I (53,63),
plasmepsin II (65), and both proteases (66) also blocked the development of cultured
malaria parasites at nanomolar–micromolar concentrations (Table 3). As is the case with
pepstatin, these compounds do not appear to cause the accumulation of undegraded
hemoglobin in treated parasites, and it is as yet unclear whether they exert their antima-
larial effects directly via the inhibition of hemoglobin digestion. No studies of the in vivo
antimalarial activity of plasmepsin inhibitors have yet been reported.

Serine Protease Inhibitors
Studies of the antimalarial effects of peptide serine protease inhibitors have yielded

valuable insights into the roles of serine proteases in the parasite life cycle. The studies
discussed earlier suggest that chymostatin-inhibitable protease activity is required for
both erythrocyte rupture by mature schizonts and erythrocyte invasion by free mero-
zoites. In addition, a chymostatin-insensitive serine protease activity, possibly that of
Pfsub-1 or Pfsub-2, appears to be responsible for the secondary processing of MSP-1
that is required for erythrocyte invasion. One report describes the antimalarial effects
of a group of peptidyl ethylamide inhibitors of the Mr 68,000 cysteine protease of schiz-
onts and merozoites (100). The most potent inhibitor tested, GlcA–valine–leucine–
glycine–lysine–NHC2H5, inhibited the activity of the cysteine protease at high
micromolar concentrations and blocked erythrocyte invasion by P. falciparum mero-
zoites, although millimolar concentrations of the compound were required for this anti-
parasitic effect. Ongoing characterizations of plasmodial serine proteases should aid
efforts to develop specific inhibitors of these enzymes as antimalarial drugs.

Aminopeptidase Inhibitors
A plasmodial metalloaminopeptidase appears to play a role in the hydrolysis of small

globin fragments into free amino acids in the parasite cytosol. The aminopeptidase
inhibitors bestatin and nitrobestatin inhibited the activity of the purified aminopepti-
dase (77,78,80). The inhibitors also blocked the development of cultured P. falciparum
and P. chabaudi parasites at micromolar concentrations (80). As was the case with
inhibition of the enzyme, nitrobestatin was more potent that bestatin.
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Proteasome Inhibitors.

A full proteosome of malaria parasites has not yet been reported, although a
proteasome S4 ATPase was recently identified in P. falciparum (101). The proteosome
inhibitor lactacystin inhibited the development of cultured P. falciparum parasites
(101,102). Lactacystin also inhibited the development of P. berghei in mice, although
the therapeutic index of this therapy was low (102).

Protease Inhibitor Combinations

As discussed earlier, cysteine and aspartic proteases appear to act cooperatively in
hemoglobin degradation. The two classes of proteases acted synergistically to degrade
hemoglobin in vitro (53). Inhibitors of the two classes also inhibited the metabolism
and development of cultured parasites (8,103) and the progression of murine malaria in
a synergistic manner (103). Thus, it may be appropriate to use protease inhibitor
combinations to treat malaria.

SUMMARY

This is an exciting time for those interested in characterizing the biological roles of
plasmodial proteases and in evaluating the potential of these enzymes as targets for new
antimalarial drugs. A number of key proteases of all four major mechanistic classes have
now been identified, and these enzymes are increasingly well characterized both
molecularly and biochemically. The P. falciparum genome sequencing project has recently
identified sequences that likely encode additional proteases, and more protease sequences
can be expected. Parasite proteolytic mechanisms are clearly more complex than initially
envisioned. Extensive efforts will be needed to dissect the specific roles of multiple similar
enzymes over the life cycle of the parasite. Fortunately, powerful new tools for studying
plasmodial proteases are now available, including plasmodial transfection systems, specific
protease inhibitors, and, quite soon, a complete P. falciparum genome sequence. It is
anticipated that these tools will allow the characterization of the specific roles of multiple
plasmodial proteases. Concurrently, significant efforts are being made in the evaluation of
new classes of protease inhibitors as potential drugs. Enthusiasm in this area is not
principally directed toward inhibitors of plasmodial proteases, but progress will nonethe-
less expedite efforts to develop new modes of antimalarial therapy. It is anticipated that
progress in the understanding of the biology of plasmodial proteases and the development
of protease inhibitors will feed into rational strategies toward the identification of inhibitors
of essential plasmodial proteases as new antimalarial drugs.
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INTRODUCTION

Malaria remains one of the most widespread parasitic tropical diseases. All inhabitants in
endemic zones are infected from birth to death and can only survive because of the premuni-
tion they acquire during the first 5 yr of life, a period during which mortality from malaria is
very high. The selection of drug-resistant parasites and insecticide-resistant mosquitoes can
be held responsible for this depressing picture, which has ruined the hope for malaria eradica-
tion and led to a very serious situation. Developed countries are not exempt: The number of
imported cases has increased because of expanding international transport. Plasmodium
falciparum accounts for the majority of infections and is the most lethal form (1,2).

The development of a vaccine against malaria has so far not fulfilled expectations in
field trials (3,4), and differences in the biology of major malaria vectors preclude the
development of simple, universally applicable strategies for malaria control (5). Con-
sequently, curative or preventive malaria chemotherapy is an essential arm in the battle
against this major endemic disease. In many areas, the mounting problem of antima-
larial drug resistance is now manifested as multidrug resistance. Induction of resis-
tance is rapid for molecules with similar mechanisms of action. This pleads for new
pharmacological models, which would allow selection of molecules with a novel
mechanism of action that could delay the appearance of resistance.

The past 20 yr have witnessed a very impressive increase in our knowledge regarding
Plasmodium with attention focused on specific parasite molecules that are essential keys
to the parasite life cycle or pathogenesis of the disease. Some reports have summarized
these potentially unique parasite characteristics that have provided valid pharmacologi-
cal targets or may provide targets for the development of future chemotherapeutics (6–8).
However, these results have not yet led to the development of new drugs.

The present chapter describes a new approach to malaria chemotherapy that targets
the phospholipid metabolism of the intraerythrocytic malarial parasite, which is crucial
for its intense membrane biogenesis and, consequently, is a prerequisite for its devel-
opment and growth. This approach has required extensive fundamental research (meta-
bolic pathways and their limiting steps, characteristics of enzymes and transporters,
pharmacological studies, synthesis of new molecules, structure–activity relationships).
With these elements now at our disposal, we are optimistic about the possibility of
developing a new antimalarial drug.
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PHOSPHOLIPID METABOLISM AS A NOVEL
PHARMACOLOGICAL TARGET

Lipids are major constituents of biological membranes. The lipid content of malarial-
infected erythrocytes is considerably higher than that of normal erythrocytes, because
they have three concentric membranes (host cell, parasitophorous vacuole, and parasitic
plasma membranes) and many membrane-limited intraparasitic organelles. Membrane
biogenesis accompanying parasite growth requires parasite-driven lipid synthesis because
the erythrocyte lacks this capacity. Of principal interest is the fact that Plasmodium mem-
branes are essentially composed of phospholipids (PLs) whose content in erythrocytes
after infection is increased by 500%, whereas Plasmodium does not contain or synthesize
cholesterol. Consequently, asexual intraerythrocytic proliferation of the parasite (the
phase associated with clinical symptoms of the disease) is accompanied by the synthesis
of a considerable quantity of PLs needed for the production of Plasmodium membranes.

In-depth investigations of PL metabolism were undertaken to identify the specific
requirements of the parasite for this metabolism along with potential targets for
chemotherapeutic interference. Plasmodium has been shown to contain enzymes of PL
metabolism that are specific to higher eukaryotes such as mammals (e.g., de novo syn-
thesis of phosphatidylcholine [PC] and phosphatidylethanolamine, the “Kennedy path-
way”) as well as enzymes described in prokaryotes (such as de novo synthesis of
phosphatidylserine). The lipidic metabolism of serine, involving intensive direct
decarboxylation into ethanolamine (9), also seems to be unique to the malarial parasite
(Fig. 1). Two PL enzymes from P. falciparum have so far been cloned and their prod-
ucts functionally characterized (reviewed in ref. 10).

This very high PL biosynthetic capacity occurs at the expense of plasma-derived
precursors (fatty acid, choline, ethanolamine, serine and inositol) (10–13). Our group
was thus intrigued by the idea of blocking the entry of PL precursors inside the eryth-
rocyte to modify plasmodial PL metabolism. This led to new antimalarial pharmaco-
logical strategies involving analogous polar head groups acting by substitution,
competition (14–16), or utilization of unnatural fatty acids (17,18).

The biosynthesis of PC in Plasmodium is of particular interest because it is the most
abundant lipid, accounting for half of the total PL in parasite membranes. The most
promising drug interference is blockage of the choline transporter that provides the
intracellular parasite with choline, a precursor required for synthesis of this major para-
site PL. This target is easily accessible from the extracellular milieu and constitutes a
limiting step in this metabolic pathway.

Choline Entry Is Increased upon Malarial Infection
Data on levels of choline-containing metabolites and characteristics of enzymatic

activities indicate that, under physiological conditions, the PC biosynthesis rate depends
on the extracellular choline concentration. Choline was found to be almost exclusively
present in the host erythrocyte fraction (96%) and absent in the parasite, where
phosphorylcholine predominates (13,19).

In normal erythrocytes, choline entry occurs by a facilitated-diffusion system involv-
ing a membrane carrier (20). Choline also enters P. knowlesi-infected erythrocytes via
a saturable carrier that possesses the same high affinity as that of normal simian erythro-
cytes (KT around 10 µM). The major difference involves a 10-fold increase in the transport



Inhibitors of Phospholipid Metabolism 349

rate. A major factor is that after Plasmodium infection, choline entry remains totally
controlled, with no significant passive diffusion, as revealed by the absence of entry at 4°C
and complete inhibition by choline analogs (21). The increased choline pathway is thus
distinct from the new permeation pathway, which has been largely documented (22,23).
The choline carrier in infected erythrocytes has characteristics that are quite distinct from
that of the nervous system (e.g., sodium dependence, absence of stereospecificity, and
distinct effect of nitrogen substitution), which indicates a possible discrimination between
the antimalarial activity (choline transport in the erythrocyte) and the toxic effect (cholin-
ergic effect on the nervous system) [ref. 24, and Vial et al., unpublished data])

The increased choline entry could correspond to hyperfunctioning of the native choline
carrier after Plasmodium infection. This might result from major modifications of the car-
rier environment in infected membranes owing to general disturbance of the membrane
properties or of the carrier protein (e.g., by phosphorylation, glycosylation, etc.). The other
alternative to be considered is an augmentation of the active carrier number after infection
either by deciphering pre-existing carriers (e.g., present at the reticulocyte stage) or by
parasite neosynthesis. The fact that the rate constant of inactivation by N-ethylmaleimide
(NEM) was not modified after infection, whereas there was a marked increase in the Vmax,
strongly supports these hypotheses. Insertion of new proteins (synthesized by the parasite
itself) in the erythrocyte membrane is one possibility. In this case, it is particularly notewor-
thy that the main characteristics of the newly synthesized carrier (affinity, effectors, asym-
metry, rate-limiting step) are very close to that of the normal cell. No information is currently
available concerning the nature and structure of the carrier, which is likely an outstanding
pharmacological target (see "Chemical Synthesis").

Other questions concern the mechanisms of choline entry in the parasite. The para-
site must also have the ability to transport choline beyond the parasite vacuolar mem-
brane, through its own plasma membrane. The presence, at high density in the former,
of a high-conductivity channel that is permeable to a range of structurally unrelated
cations and anions (25) might serve this purpose. It is also possible that the parasite
encodes and targets the appropriate protein (24).

CHEMICAL SYNTHESIS OF INHIBITORS OF PHOSPHOLIPID
METABOLISM
Rationale Based on Choline Analogy

From a molecular point of view, the pharmacological approach is based on the
capacity for a molecule to mimic choline and competitively bind to the choline carrier,
thus inhibiting choline transport within infected red cells (Fig. 2). The target recognizes

Fig. 1. Pathways of phosphatidylcholine (PC) and phosphatidylethanolamine (PE) biosyn-
thesis in Plasmodium. PS: phosphatidylserine, CDP–DAG: cytidinediphosphate diacylglycerol;
PSS: PS synthase; PSD: PS decarboxylase; SDn: serine decarboxylase; CDS: CDP–DAG syn-
thase; CCT: cytidylylcholine transferase; G25: antimalarial drug.
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and interacts with choline or its analog by electrostatic attraction. In terms of molecular
recognition, the competitor must possess a positively charged moiety to bind to the
same site as choline. For example, it should be a quaternary ammonium salt such as
choline (first generation of compounds) or a compound containing a basic function
(pKa > 9) that must be protonated at a physiological pH (e.g., an amine, amidine, or
guanidine function [second-generation of compounds]).

More than 420 choline analogs have been synthesized and their structures optimized
using quantitative structural–activity criteria (QSAR). First-generation compounds
(G25 as a lead) most notably contain a quaternary ammonium for high antimalarial
activity. Newly synthesized bioisosteres of quaternary ammonium (MS1, M53, and
M60 are lead compounds) revealed better absorption and lower toxicity. New active
molecules with higher intestinal absorption are currently being synthesized and a pro-
drug program aimed at increasing oral absorption of quaternary ammonium compounds
(first-generation leader products) is currently being developed (TE4c and TE4g, current
lead compounds).

First-Generation Compounds: Mono and Bis Quaternary Ammonium Salts

In terms of molecular recognition, the choline molecules are divided into three parts:
quaternary ammonium, the hydroxyl group, and the chain between the nitrogen and the
hydroxyl group (Fig. 2). In order to optimize the competitor structure, each part was pro-
gressively modified, applying pharmacochemistry principles (homology, structure
rigidification, additional interaction, etc.). The 280 quaternary ammonium salts (263
specifically synthesized for this purpose) were distributed into 10 families and their
structures were optimized to get the best antimalarial activity. The median inhibitory con-
centration (IC50) values were improved from 10–6 M to 10–12 M. We now have 37 mole-
cules with an in vitro IC50 against P. falciparum lower than 20 nM and 17 with an IC50
lower than 2 nM (refs. 26–28; Vial et al., unpublished results). The following subsection
describes the essential structural parameters involved in this potent antimalarial activity.

The Lipophily of Nitrogen Substituents is a Crucial Parameter for Antimalarial Activity
The hydrophobic environment of the cation plays an important role in the

strengthening of the bond to the target, and the volume of the cation meets very
strict requirements to adapt to the active site. The nitrogen atom must be substi-
tuted with groups bulkier than methyl to adapt to the active site. Plotting IC50 values

Fig. 2. Design of choline analogs for antimalarial properties.
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as a function of the polar head volume (Fig. 3) revealed maximal activity for a polar head
volume ranging between 200 and 350 Å3 (e.g., the volume of a N-methylpyrrolidinium or
a tripropylammonium group).

Duplication of Molecules Considerably Increased Antimalarial Activity
Another important and decisive observation was that a molecular variation involv-

ing duplication of pharmacophoric groups (“twin-drug”) considerably increased the
antimalarial activity and led to very potent antimalarial activities. Bis-ammonium salts
were generally 100-fold more active than mono-ammonium salts. This huge increase
in activity is not unusual for bivalent ligands able to bind adjacent target proteins or
subsites, regardless of whether they are identical or not (29–31). Binding of a bivalent
ligand to vicinal recognition sites may involve distinct steps. Only the simultaneous
occupation of vicinal sites (which may or may not be identical) by one bivalent ligand could
enhance the activity (case iv of Fig. 4). Indeed, if both charged centers are held by the
receptive protein or subunit, simultaneous dissociation of both centers from the targets is
highly improbable, and as long as one center is held, reattachment of the second is more
probable owing to the proximity of the cationic head and the receptive site, allowing a high
local concentration of the free recognition unit in the vicinity of the neighboring site (26).

On the Spacer or Chain-Length Modification

For optimal antimalarial activity, one of the nitrogen substituents must be a long
hydrophobic chain. For monoquaternary ammonium salts, optimum activity was noted
for 12 methylene groups (IC50 10–7 M). In the case of bisquaternary ammonium salts,
the longer the hydrophobic alkyl interchain, the better the antimalarial activity (up to
21 methylene groups, IC50 = 3 × 10–12 M). All attempts at functionalization of the long
lipophilic chain, or its rigification, led to a decrease in antimalarial activities. In both
quaternary ammonium series, the presence of a second lipophilic chain (C12H25) on
nitrogen atoms caused a dramatic decrease in activity. Finally, the presence of an
hydroxyl function, present in the choline, is not necessary for antimalarial activity.

Compound G25 (Fig. 5) (32) was chosen as a lead compound because of its intrinsically
potent antimalarial activity, both in vitro and in vivo, and because of its ease of synthesis
and low cost of production (ref. 26 and Calas et al., unpublished data). Potent antimalarial
activities are obtained for bis-quaternary ammonium salts (IC50 lower than 1 nM) with a
polar head volume ranging between 200 and 350 A3. Structure–activity-relationship studies
have provided a rough topographic model of the ligand-binding site and suggest the pres-
ence of two anionic sites (with a radius of the globular pocket of 4 ± 0.4 Å) in the target
(likely the choline carrier). Between these sites, there is a long hydrophobic domain corre-
sponding to a length of at least 14 methylene groups (higher than 20 Å) (see Fig. 4).

The compounds exhibit outstanding in vivo antimalarial activity, even against human
malaria after parenteral (but not oral) administration (see Table 1). However, quaternary
ammonium salts do not easily go through the intestinal barrier, and probably less than 5%
of compound could be orally absorbed. Indeed, the presence of a permanent cationic charge
in the molecule hampers its permeability through the intestinal barrier and hinders further
development of such compounds because oral administration appears to be a prerequisite
for a widespread use in the treatment of uncomplicated malaria. The quaternary ammonium
structure is also probably responsible for the relatively high toxicity of the present
compounds, which most likely result from a cholinergic nicotinic effect.
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Fig. 3. In vitro antimalarial activity (IC50) depends on the polar head volume. IC50 values
of N-dodecylammonium salts (plot A), N-tetradecylammonium salts (plot B), N-hexadecylammonium
salts (plot C), N-octadecylammonium salts (plot D), 1,12-dodecamethylenebisammonium salts (plot
E), and 1,16-hexadecamethylenebisammonium salts (plot F) as a function of the polar head volume.
The polar head volume was calculated using a molecular modeling software program (TSAR, Oxford
Molecular). The best volume fitting the active site was between 200 and 350 Å3.

Second-Generation Compounds: Difunctional Bioisosteric Analogs of G25
(Series M and MS)

To remedy the low oral absorption of quaternary ammonium salts, the cationic heads of
G25 were replaced by groups that could create the same bonds with the target. The generic
structure of the antimalarial compounds includes two basic head groups that are the proto-
nated form (BH+) of a basic function (B, such as amine, amidine, or guanidine), separated by
a lipophilic spacer. These functions, being protonated at physiological pH, mimic the cationic
head of choline. Because of the equilibrium between protonated and unprotonated forms, the
compounds can diffuse more easily through the tissues owing to the neutral form.
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The modification of a quaternary ammonium to a tertiary amine, similarly substi-
tuted, resulted in a 100-fold decrease of activity (IC50 10–7 M). On the other hand,
replacing the quaternary ammonium moiety by an amidine or guanidine function led to
the recovery of potent antimalarial activities. The 83 molecules (among them 80
synthesized) were allocated to 4 chemical families. The IC50 values ranged from 10–6 M
to 10–10 M, with 33 molecules with a IC50 lower than 20 nM and 21 lower than 2 nM.

Two series of amidine compounds were synthesized. In series M, the amidine func-
tion is not conjugated, and N atoms may be substituted by R alkyl groups. Series MS
includes aromatic amidines in which the amidine function is present in the 2-imino-
1,2-dihydropyridine group. In its protonated form, this cationic head is composed of
the 2-aminopyridinium cation, which is substituted by various R groups.

Radical R belongs to the pharmacophoric polar head, and because of its nature and
size, it modulates the overall lipophilicity of the molecule, with optimal availability.

Fig. 5. Structure of first- (G25) and second- (MS1) generation lead compounds.

Fig. 4. Schematic description of potential steps involved in the binding of a bivalent ligand to
vicinal recognition sites. Case i represents two unoccupied vicinal sites; case ii, univalent binding of
a bivalent ligand; case iii, the occupation of vicinal recognition sites by individual bivalent ligands;
case iv, bridging of vicinal sites (which may or may not be identical) by one bivalent ligand.
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Table 1
Essential Biological Parameters of Lead Compounds

Compounds

CQ G25 MS1 M53 M60 TE4c TE4g

IC50 in vitro against
P. falciparum 30 nM 0.6 nM 0.5 nM 2 nM 3.8 nM 4.4 nM 2.3 nM

Active against resistant
P. falciparum isolates No Yes Yes Yes Yes Yes

In vitro activity against
P. vivax Yes Yes Yes Yes Yes

Acute toxicity in mice
(LD50), ip 70 mg/kg 1.3 mg/kg 30 mg/kg 50 mg/kg 45 mg/kg 100 mg/kg 45 mg/kg

Semichronic toxicity in
mice (scLD50), ip nt 1.2 mg/kg 7.8 mg/kg 34 mg/kg 30 mg/kg 50 mg/kg

Acute toxicity (mice)
po (LD50) 270 mg/kg 130 mg/kg 365 mg/kg 900 mg/kg 450 mg/kg 1000 mg/kg 650 mg/kg

Semi-chronic toxicity in
mice (scLD50), po 70 mg/kg > 90 mg/kg 165 mg/kg 200 mg/kg  300 mg/kg

ED50 against P. vinckei
(mice), ip 3 mg/kg 0.22 mg/kg 1.6 mg/kg 3.4 mg/kg 2.8 mg/kg 0.95 mg/kg < 1.5 mg/kg



Inhibitors of P
hospholipid M

etabolism
355

355

Therapeutic index (TI)
= scLD50/ED50 in
mouse, ip 23c 5 5 10 11  50 > 30

ED50 against P. vinckei
(mice), po  90 mg/kg 62 mg/kg 85 mg/kg  6 mg/kg < 20 mg/kg

Therapeutic index (TI)
= scLD50/ED50 in
mouse, po 5 < 4 2.7 2.4  50 > 30

Half-time of elimination
t1/2 (e) 5 h 10.5 h 16 h > 35 h nt

Relative bioavailability
= AUC po/AUC ip 0.9% 1.7% 3.1% 5.2% nt

In vivo activity against
P. falciparum/Aotus Yes, im at Yes, im at nt nt Yes, im at

0.03 mg/kg 1.5 mg/kg  2 mg/kg
TImk>50

Mutagenic activity (Ames) No No nt nt nt

Note: ED, efficient dose; LD, lethal dose; ip, intraperitoneal; im, intramuscular; po, per os; nt, not tested: Acute toxicity is determined after one single dose and
semichronic (sc) toxicity after a twice daily administration for 4 d, usually in malaria-infected animals. TI is the LD50/ED50 ratio and AUC is the area under the curve.
Co is the seric concentration of the elimination phase extrapolated to time 0.

a In this case, the effect was determined against P. berghei after ip parasite inoculation, which could overestimate TI.
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For series of bis amidines and bis guanidines possessing the same internitrogen spacer,
(CH2)12, the basicity of cationic heads (pKa values) was found to be strongly correlated
with in vitro antimalarial activity (not shown). In amidine (M and MS series) and guani-
dine series, the positive charges are strongly delocalized and the ability of these groups
to form hydrogen or ionic bonds is higher than that of tertiary amines and quaternary
ammoniums. The pKa values of these compounds does not only indicate the percentage
of the compound protonated at physiologic pH but also its ability to form strong bonds
with the target.

For this second generation of active molecules, MS1, M53, and M60 were selected
as lead compounds. Only MS1 is shown here (Fig. 5) (33). The new compounds (MS1
lead compound) exhibit potent in vitro and in vivo antimalarial activity and are better
tolerated and better absorbed after oral administration (see Vial et al., unpublished
data). However, one of the main drawbacks of bis-cationic salts used in therapy is still
their weak oral absorption due to their positive charge. Despite this improvement
obtained with second-generation compounds, third-generation molecules were
designed to improve oral bioavailability.

Third-Generation Compounds

An alternative approach to enhance the oral bioavailability of these antimalarial
compounds involves the synthesis of nonionic pro-drugs that in vivo can lead to a
quaternary ammonium salt. The pro-drug concept concerns any compound that under-
goes biotransformation prior to exhibiting its pharmacological effects. It has been
widely applied to overcome problems such as a lack of solubility, lack of bioavailability
or lack of stability. It is thus of potential pharmacological interest because it may be an
aid in overcoming the membrane barrier or providing a drug with a more appropriate
pharmacokinetic profile. The pro-drug approach is more discriminating than modify-
ing the global lipophilicity of a molecule, which can lead to all tissues being
nonspecifically exposed to higher levels of drug.

Pro-drug strategies were applied both to quaternary ammonium compounds and
amidine and guanidine derivatives (not shown here). The neutral pro-drug forms can
easily diffuse across biological membranes and, thus, be efficiently absorbed. The
active cationic form is later generated in the blood circulation.

We will only briefly discuss the precursors of thiazolium (34), which have given
promising results, even against human malaria in monkeys.

Precursors of Thiazolium Salts for Delivery of Vitamin B1 in Humans
This pro-drug concept has already been successfully developed to administer

ammonium salts in the oral mode. As an example, thiamine (B1 vitamin), which is
weakly absorbed orally (because of its permanent charge), can be delivered as a neutral
disulfide pro-drug (sulbutiamine, Arcalion®) or thioester (acétiamine, Algo-nevriton®

or Vitanevril®). The bioprecursors undergo an in vivo rearrangement under the action
of glutathione or thioesterase, leading to active ionized thiamine (Fig. 6) (35,36).
Recently, such a strategy has been used to improve delivery of DOPA in the brain (37).

Precursors of Thiazolium Salts to Deliver Bis-quaternary Ammonium Salts
as Antimalarials

We have developed a program based on this strategy and have synthesized both
types of neutral pro-drugs: disulfides (TS) and thioesters (TE) and their corresponding
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quaternarized drugs (T). Thiazolium cycles take the place of polar heads of G25 (first
generation) or MS1 (second generation), with the long lipophilic chain on either nitro-
gen atoms or carbon atoms. Twenty-seven compounds were synthesized in these series
(TS and TE) with various substituants to modify the physicochemical properties and
improve antimalarial activity along with tolerance.

When tested in vitro against P. falciparum, after one cycle of contact with the
compounds, TE and TS bioprecursors were as active as their corresponding drugs, which
suggests a quantitative pro-drug/drug transformation. As for quaternary ammonium com-
pounds, bis-thiazolium forms (T3 and T4, IC50 = 2.25 and 0.65 nM) were much more
active than corresponding monoquaternary thiazolium salts (T1 and T2, IC50 = 70 and
75 nM). Moreover a similar compound, with an alkyl group instead of RS (or RCO),
which cannot undergo enzymatic cleavage leading to thiazolium, is totally inactive (TM1,
IC50> 10 µM). This result suggests that the antimalarial activity is the result of the quater-
nary ammonium compounds formed in vivo and not to the open-ringed derivatives, an
aspect that is currently being investigated. Biological, pharmacological, and toxicologi-
cal data on current lead compounds TE4c and TE4g are given in Table 1.

Thiazolium compounds thus have the same antimalarial activity pattern as first- and
second-generation compounds. The bis compounds exhibited the same range of activ-
ity (i.e., the nanomolar range) as G25. In vivo, pro-drugs revealed better toleration and
absorption than the quaternary ammonium. TS3b, TE4c, and TE4g pro-drugs also pos-
sessed in vivo antimalarial activity against P. vinckei, with a therapeutic index higher
than compounds of the two first generations. Recent results indicated that TE4c was
also active in vivo in Aotus monkeys infected with the human parasite. This approach
has been validated with both series. A judicious choice of the substituent improved the
solubility in water and stability of pro-drugs.

Fig. 6. Neutral disulfide or thioester pro-drugs of thiamine.
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OVERVIEW OF THE BIOLOGICAL POTENCY AGAINST MALARIA

In Vitro Efficacy and Cytotoxic Versus Cytostatic Effect

The new molecules show powerful antimalarial activity with 50% inhibitory concen-
trations (IC50) in the nanomolar range against P. falciparum during its intraerythrocytic
stage. In vitro and in vivo experiments showed sharp dose-response curves (IC90/IC10

10–20), indicating a very specific target that is directly associated with Plasmodium
development (instead of a nonspecific generalized toxic effect). Irrespective of the com-
pounds, inhibitions were complete and very steep curves were obtained with activity
occurring over 1.5 orders of magnitude.

Compounds are much more active against native parasites, with the most sensitive
form the trophozoite stage. This specificity corresponds to the most intense phase of
PL biosynthesis activity during the parasite cycle, thus corroborating the mechanism of
action. At this stage, compounds exert a rapid and irreversible cytotoxic effect, because,
for mature stages, complete clearance of parasitemia was observed after only 5 h of
contact with the drugs.

Compounds Are Similarly Effective Against Pharmacoresistant
and Multiresistant P. falciparum (Clones and Isolates)

In vitro antimalarial activity of PL metabolism inhibitors against resistant or multi-
resistant P. falciparum isolates were studied by several independent laboratories. The
most complete studies were carried out by Pascal Ringwald (OCEAC, Yaoundé,
Cameroon), who has evaluated the in vitro antimalarial activity of compounds G25,
MS1, M53, and T3 against multiresistant P. falciparum isolates from Cameroon (more
than 170). Rather than assessing the pro-drug, we tested the quaternarized derivative
(T3) because, according to the mechanism of action, it should be the active component
present in the plasma compartment.

G25, M53, and T3 were found to be highly effective against P. falciparum isolates,
even against chloroquine-resistant isolates. The IC50 varied only to a minor extent
between the various isolates (not shown). No in vitro cross-resistance was observed
between these compounds and six established antimalarials (chloroquine, mefloquine,
halofantrine, quinine, cycloguanil, artemether). Finally, there was the same pattern of
behavior in the in vitro antimalarial activity of the three series of compounds, strongly
supporting the hypothesis that they share a similar mechanism of action. Compounds
are thus equally effective against strains or isolates resistant to current antimalarials,
highlighting their importance in the setting of multidrug resistance.

Effect on Development of Sexual Stages in Culture and on Transmission
(P. berghei and P. falciparum)

Malaria-control policies must take into account the gametocytocidal or gametocyte
transmission-enhancing properties of drugs. For example, chloroquine can enhance
gametocyte infectivity, thereby enhancing transmission. Conversely, combining an
effective chemotherapeutic with gametocytocidal properties (e.g., artemisinin) with
vector-control intervention is likely, at least in some situations, to be a highly effective
malaria-control strategy (38,39).

Effects on development of sexual stages in culture and on transmission were studied
by the Dutch groups of C. Janse (University of Leiden, P. berghei) and W. Eling (Univer-
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sity of Nijmegen, P. falciparum). G25 did not stimulate gametocyte production or
enhance infectivity, like some others antimalarial drugs. Conversely, G25 likely
represses gametocyte activation, and after standard blood treatment, infective P. falci-
parum gametocytes would be less able to infect the mosquito host. In addition, G25
prevents growth of the parasite oocyst in the mosquito, which could diminish transmis-
sion. The gametocytocidal IC50 of G25 was equal to the minimum inhibitory concen-
tration for asexual stages of P. falciparum isolates. G25 treatment thus impaired the
infectiousness of developing gametocytes and reduced sporogony, particularly when
given during a late phase of maturation.

In Vivo Antimalarial Curative Activity (Rodent Malaria)

Most molecules tested revealed in vivo antimalarial activity in mice infected
with P. berghei, P. vinckei, or P. chabaudi. Parasites invading mature erythrocytes
(P. vinckei and P. chabaudi) were found to be much more sensitive than reticulo-
cyte-invading parasites (P. berghei and P. yoelii). Rapid total disappearance of
parasitemia was observed, indicating rapid antimalarial efficacy in vivo (therapeu-
tic index in the 5–50 range). After a 4-d treatment, compounds exerted their anti-
malarial in vivo activity over a narrow concentration range. G25 was able to cure
P. chabaudi infection at very high parasitemia (at least up to 11%), with an ED50

(efficient dose) of 0.3 mg/kg.

In Vivo Antimalarial Activity Against P. falciparum in Aotus Monkeys

In collaboration with Dr. S. Herrera (Cali, Colombia), 17 monkeys have already
been treated with G25 at different initial parasitemia levels (up to 23%) and with vari-
ous doses (between 0.2 and 0.01 mg/kg). Under these conditions, only two monkeys
died after treatment, one due to a too low dose (0.01 mg/kg, which probably corresponds
to the threshold of sensitivity of a falciparum-infected monkey to G25), and the second
one whose parasitemia leveled off quickly (from 5% to 19% in 2 d). When the
therapeutic window was reduced from 8 to 4 d, anti-PL effector treatment also fully
succeeded in curing P. falciparum-infected Aotus monkeys. In this case there was also
no recrudescence. Doses as low as 0.03 mg/kg of G25 succeeded in curing P. falciparum-
infected Aotus monkeys without recrudescence (six monkeys). The maximal tolerable
dose for these monkeys is around 1.5 mg/kg, corresponding to a therapeutic index higher
than 50, revealing the very high efficiency of G25 against P. falciparum in vivo.

MS1, one lead compound of second-generation active compounds, was also cap-
able of curing highly infected P. falciparum Aotus monkeys. Seven monkeys (at
high initial parasitemia, 4–22%) were treated at 2 or 1.5 mg/kg, twice a day, intra-
muscularly for 4 or 8 d. For all of them, MS1 led to a parasitemia decrease. Clearance
was not complete in only one monkey, whose initial parasitemia was very high (17%);
the monkey died very rapidly with a parasitemia of 14%, 3 d after the beginning of
treatment. The six other monkeys were definitively cured without recrudescence.
This notably included heavily parasitized monkeys (e.g., 17% and 22% initial para-
sitemia) that were treated for only 4 d or with a lower dose, 1.5 mg/kg. At very high
initial parasitemia, 5 d therapy was required to obtain complete parasite clearance
and absence of recrudescence.
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TE4c, a third-generation compound at 2 mg/kg (not tested at lower doses), also
succeeded in curing P. falciparum-infected Aotus monkeys without recrudescence. The
maximal tolerable dose of TE4c for the monkey is around 100 mg/kg, corresponding to
a therapeutic index of higher than 50, revealing the very high in vivo efficiency of anti-
PL effectors against P. falciparum.

In Vitro and In Vivo Efficacy of Phospholipid Inhibitors Against
P. vivax-type Parasites

Experiments carried out by A. Thomas and C. Kocken (BPRC, Rijwik, NL) clearly
showed that P. vivax and P. cynomolgi are very susceptible to the three distinct PL
inhibitor classes of drugs: quaternary ammonium (G25), amidines (M53, M60), and
thiazolium pro-drugs or metabolites (TE4c, T3), with IC50’s very close to those against
P. falciparum (nanomolar range).

The lead compound G25 was further evaluated in vivo against P. cynomolgi, which
is phylogenetically very closely linked to P. vivax. Five P. cynomolgi-infected rhesus
monkeys were treated with G25 twice daily at 0.145 mg/kg intraperitoneally, when
parasitemia ranged from 0.2%–0.5%. All treated monkeys were rapidly and success-
fully cleared of parasitemia without recrudescence, whereas the five control monkeys
had peak parasitemias ranging from 5%–10% 3.5 d after the onset of treatment. The
control monkeys had the first recrudescence at d 10 or 11, but most notably, no para-
sites were detected in G25-treated monkeys, indicating that no recrudescence appeared
in any of the G25 treated monkeys.

Hence, quaternary ammonium (G25), amidines (M53, M60), and thiazolium pro-drugs
or metabolites (TE4c, T3) could also be very useful against human vivax malaria.

MECHANISM OF ACTION

The mode of action is probably through inhibition of de novo PC biosynthesis, as shown
by the early effect on PC biosynthesis and the very close correlation between their PL
antimetabolic and antimalarial activities. The compounds are specific to mature parasites
(trophozoites) (i.e., the most intense phase of PL biosynthesis during the erythrocytic cycle).

Specificity of Action with Respect to Plasmodium PL Metabolism

The compounds tested show a specificity of action in two respects: specificity for
the biosynthesis of PC from choline (among other PLs) and specificity relative to the
synthesis of other macromolecules (nucleic acids and proteins).

There is a very close correlation between the antimalarial activity of the compounds
expressed as IC50 and the PC50 (phosphatiolyl choline) (i.e., the concentration that inhibit
by 50% the biosynthesis of phosphatidylcholine (PC) [not shown]). The PC50 are in the
same order of magnitude as the Ki obtained for the choline transporter. An excess of
choline causes a significant shift in the PC metabolism inhibition curves (not shown).

Selective Uptake of Compounds by Infected Erythrocytes

Synthesis of radiolabeled bis-quaternary ammonium derivatives related to G25 allowed
us to characterize the interaction of the compounds with malarial-infected erythrocytes.

Compound VB5, a benzophenone photoreactive derivative of G25, was concentrated
inside infected erythrocytes to a very large extent with a cellular accumulation ratio
higher than 55. This accumulation is specific to infected erythrocytes and temperature
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dependent. After fractionation of P. falciparum-infected erythrocytes, VB5 was recov-
ered in erythrocytic cytosol and its membrane (65%), whereas 35% of the compound
was in parasite membranes. No saturable component was observed until a concentra-
tion of 0.25 mM VB5. [125I]PL53, a p-azidophenyl photoligand derivative of G25,
showed interaction with a 56 kDA protein present only in the membranous fraction of
infected erythrocytes (Cathiard et al., unpublished results).

Thus, as chloroquine (40) and artemisinine (41), anti-PL effectors selectively
accumulate in infected erythrocytes. This selective accumulation of compounds could
be part of the mechanism of action of our compounds and could be the source of speci-
ficity of the compounds that affect only infected erythrocytes.

HIGHER SENSITIVITY OF HUMAN MALARIA THAN MURINE
MALARIA TO ANTI-PL EFFECTORS

We noted a high discrepancy for the in vivo antimalarial activity of anti-PL effectors
when the compounds were tested in the murine model (P. chabaudi or P. vinckei) and in
the monkey model (P. falciparum), with a therapeutic index ranging from 5–50 to higher
than 50, respectively. This difference likely results from a lower susceptibility of murine
parasites. By contrast, the remarkable in vivo antimalarial activity against P. falciparum
has to be related to the very high activity obtained in vitro (nanomolar range).

The low in vivo antimalarial activity of anti-PL effectors against P. vinckei or P. berghei
likely results from the low susceptibility of murine parasites (as observed in vitro with
P. berghei) rather than from unfavorable pharmacokinetics of these compounds, as
noted in ex vivo tests (G25 or MS1) (not shown).

This difference in parasite susceptibility to our compounds when comparing murine
and human models greatly questions the relevance of the murine model for in vivo
screening of compounds and casts doubt on the possibility for anticipating the antima-
larial activity of our compounds in vivo against P. falciparum. This indicates that the in
vivo antimalarial activity against human malaria in monkeys could be much better than
in the infected rodent model.

TOXICOLOGY AND PHARMACOKINETIC PROPERTIES

In Vitro Specificity of Action Relative to Other Cell Systems

There is a total absence of correlation between concentrations producing 50% inhibition
of parasite growth in vitro (IC50) and concentrations affecting the viability of mammalian
cell lines (e.g., human megakaryocytes, lymphoblastoid and macrophage cell lines, all of
them showing rapid division) with an in vitro selectivity index of 300–38,000. These results
provide evidence that structural prerequisites for the inhibition of PL metabolism are highly
specific to infected cells and certain compounds can now be divested of toxic effects.

Toxicity, Genotoxicity, and Pharmacokinetic Properties
The essential parameters of the main lead compounds are shown in Table 1. The acute

toxicity levels of the compounds (expressed as LD50) were determined after one single-
drug administration. Subacute toxicity was evaluated after twice daily administration for
4 consecutive days to detect any possible cumulative toxicity compared to acute toxicity.
The tested compounds (G25 and MS1) did not show mutagenic activity in the Ames test,
using Salmonella typhimurium, even in the presence of metabolic activation.
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Ex vivo bioassay tests were developed to quantitate the plasma concentration of
candidate antimalarial agents after administration in various animals (Ancelin et al.,
unpublished results). These bioassay tests are very helpful to obtain useful information
regarding plasma levels and pharmacokinetic characteristics of compounds after admin-
istration in animals (especially on the elimination half-time, t1/2, or extrapolated
concentration to zero time, C0, or maximal serum concentration, Cmax) and to predict
their in vivo antimalarial activity. This bioassay can be used to estimate the drug
concentration of active ingredients without using sophisticated methods or equipment
and can be applied to various animal species.

Pharmacokinetics determined using the bioassay method in mouse, dog, and monkey
indicated that compounds exhibited a very fast distribution (<1 h), half-time of elimi-
nation of 5–35 h, and plasma levels that appear to be quite advantageous related to the
in vitro IC50 against P. falciparum.

EXPLORING RESISTANCE REVERSION AND RESISTANCE
INDUCTION

Anti-PL effectors cannot reverse chloroquine or mefloquine resistance of P. falciparum.
Interaction between anti-PL effectors and chloroquine/mefloquine are additive and no
synergy is observed (experiments carried out by Dr. J. Lebras and Dr. L. Basco, Paris).

In vitro experiments using P. falciparum under drug pressure did not lead to the appear-
ance of a clone resistant to G25 (Dr. P. Ringwald, IRD, Yaoundé, Cameroon, 3 mo of drug
pressure, and Dr. P. Rathod, Catholic University, Washington, D.C., USA, 50 d trial).

CONCLUSION AND PROSPECTS

This original pharmacological approach targeting a specific metabolic pathway
of P. falciparum has now been fully validated with malaria-infected mice and Aotus
monkeys infected with virulent P. falciparum isolates. This unique mechanism of
action should make the molecules active against polypharmacoresistant isolates of
P. falciparum and limits the risk of emergence of cross-resistance. Overall, the
three compound generations meet the essential characteristics of potent and realis-
tic antimalarials as shown in Table 2. Both series of pro-drugs showed improved
acute tolerance and absorption. The most interesting results with these new agents
concern their in vivo activity against P. vinckei, which is better than G25. At the
present time, these compounds possesses the highest activity ever obtained in both
modes. The current strategy is to choose one compound to be assessed in preclini-
cal studies. We consider that oral administration is highly practical for dispensa-
ries in endemic countries that often do not have adequate facilities to safely give
drug injections, and it is indispensable for prophylactic or curative treatments for
travelers. The goal of our program is to obtain an oral formulation of our com-
pounds. Three patents have been taken out covering the new chemical structures
and the therapeutic application.

The program still also includes basic studies on the regulation of PL metabolism and
mechanisms involved in possible acquisition of resistance against PL effectors (until
now no evidence of such a process has been found). The pharmacological target is
sufficiently promising that it is now time to invest in studies on its identification, isola-
tion, and molecular characterization.
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Table 2
Essential Characteristics of the Pharmacological Approach

Efficacy of product candidates

• Potent in vitro activity against P. falciparum (IC50 < 5 nM).
• Compounds are equally effective against multiresistant P. falciparum malaria (strains and

isolates).
• Active in vitro against sexual stages of P. falciparum (or P. berghei) with IC50 close to that

against asexual stages and ability to impair zygote/ookinete development.
• Strong evidence of an original mode of action (phospholipid metabolism inhibition).
• Efficacy has been observed ex vivo and in vivo on P. vinckei and P. chabaudi in mice (but

murine parasites are much less sensitive [by 20-fold] to anti-PL effectors than P. falciparum).
• Curative in vivo against human P. falciparum malaria in Aotus monkeys without recrudescence.
• Compounds are likely also effective against P. vivax and similar parasites.
• The bioavailability of the compounds was found to be advantageous (slow blood clearance

and no significant concentration in tissues).
• Attempts to induce drug resistance have failed after 3 months under drug pressure.
• In vitro and in vivo antibabesia activity (B. divergens, B. canis).

Safety

• High in vitro selectivity against hematozoan parasites as compared to mammalian cell lines.
• All leading molecules show a very good therapeutic index (LD50/ED50) of 6–50 in mice, but

higher than 50 in monkeys. Human malaria parasites are much more sensitive (by 20-fold) to
the compounds than rodent malaria parasites.

• Genotoxicity has been tested for the first two generations of compounds.

Chemistry

• Most of them are stable and water soluble.
• Industrial-scale synthesis should be easy and inexpensive.
• Third-generation compounds (bioprecursors) have recently been synthesized in order to improve

oral absorbtion.
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Development of New Malaria Chemotherapy

by Utilization of Parasite-Induced Transport

Annette M. Gero and Alexander L. Weis

INTRODUCTION

This chapter focuses on the changes in the transport of solutes across the malaria-
infected erythrocyte membrane and the possibility of exploiting this process for selec-
tive chemotherapy.

During its development in the host erythrocyte, the malarial parasite causes profound
alterations in the permeability of the host cell membrane. New transport pathways are
induced by the parasite into the host erythrocyte membrane and these transporters have
properties significantly different than those of the host cell. In this chapter, we look
at our current knowledge of how these parasite induced transporters can be used in
the development of new chemotherapeutic agents. Two mechanisms will be discussed:
first, the means by which cytotoxic compounds can be directed into the parasite-infected
erythrocyte through parasite-induced transporters, thereby enhancing their selective
chemotherapeutic potential, and second, the potential for developing antiparasitic
agents that block parasite induced transporters and thereby deprive the parasite of
essential nutrients or biochemical functions.

One of the intriguing aspects of parasitism is the complexity of the interactions
between parasite and host, and the methods by which parasites exploit their hosts and
their environment to satisfy their own needs for growth and reproduction. The induc-
tion of transporters is one such example. When the malarial parasite, Plasmodium
falciparum, invades the human erythrocyte, it develops over a period of 48 h and, sub-
sequently, reproduces itself manyfold. The intraerythrocytic development of the para-
site imposes on the host cell a major new demand for the supply of nutrients and
disposal of waste products. To satisfy these demands, the intraerythrocytic parasite
causes profound alterations in the permeability of the host erythrocyte membrane and
it is now clear that parasite-mediated transport systems are quite different from those of
the uninfected erythrocyte.

There have been many investigations of the transport of solutes and nutrients into
Plasmodium-infected erythrocytes, as well as into the isolated malaria parasite itself.
Solute trafficking in nonhuman malarias has been previously reviewed (1) and the more
recent work on transport in P. falciparum malaria is discussed in Chapter 3 and in
recent comprehensive reviews (2–5).
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The traditional view of how compounds gain access to the intraerythrocytic parasite
is that solutes enter or leave the parasite-infected cells via the erythrocyte cytoplasm.
In passing between internal parasite and the external plasma, compounds have to cross
a series of three membranes: the host erythrocyte membrane (EM), the parasitophorous
vacuole membrane (PVM) and the parasite plasma membrane (PPM) (Fig. 1).

Alternative models have been suggested by which solutes may enter or leave the
parasite within the red cell (Fig. 1). These models suggest that the parasite may have
direct access to the extracellular milieu. This could be via a “metabolic window” formed
at a point of close apposition of the host erythrocyte membrane, the parasitophorous
vacuole membrane and the parasite plasma membrane (6) or via a membranous “duct”
(a tubular structure formed as a continuation of the host erythrocyte membrane and
parasitophorous vacuole membrane (refs. 7 and 8; see Chapter 3). Irrespective of the
routes by which solutes enter and leave the intracellular parasite, the induction of trans-
port pathways in Plasmodium-infected erythrocytes that are different from those in
other mammalian cells offer potential opportunities for antimalarial chemotherapy.
Potential antimalarials might include toxic compounds that are selectively transported
into the parasite-infected erythrocytes by the induced transport systems as well as
compounds that inhibit the parasite-induced transporters.

What Are the Altered /Induced Transporters in Plasmodium-Infected
Erythrocytes?

The membranes of normal mammalian cells, including erythrocytes, are endowed with
many solute transporters that mediate the movement of ions and molecules between the
plasma and the cell cytosol. Following malarial infection of the erythrocyte, there appear to
be at least two types of change in transport. For some solutes, there is simply an increased
flux via transport pathways with properties similar to those of the endogenous host cell
transporters. For example, some nutrients show a marked elevation in transport rates, but
this is via a pathway with kinetic and pharmacological properties similar to those of the
corresponding transporter of uninfected erythrocytes (9). However, for many nutrients,
hours after invasion of the erythrocyte (usually at the trophozoite stage), new “induced”
permeation pathways with functional characteristics quite different from those of the normal
host transporters appear. Studies in a number of laboratories have established that these
transporters have a greatly enhanced permeability to a wide variety of compounds that
include many essential for the survival of the parasite (1). Compounds with increased trans-
port include small carbohydrates (e.g., pentitols, pentoses, hexitols, hexoses) (10,11),
polyamines (12), purine and pyrimidine nucleosides (13–15), most amino acids, sodium,
potassium, calcium, zinc, iron, small peptides (16–18) and several antimalarial drugs.
Lactate also is effluxed through these transporters as a waste product (19–21).

The kinetic and pharmacological properties of these transporters in Plasmodium-
infected cells are quite different from those of the normal red cells. Several of the
pharmacological properties that have important chemotherapeutic implications are as
follows. (1) The parasite-induced pathways are not saturable for substrate concentra-
tion ranges up to millimolar concentrations and show an apparent preference for hydro-
phobic solutes over similarly sized hydrophilic solutes (11,21). (2) The pathways are
not inhibited by the classical inhibitors that inhibit the corresponding transport pathways
in mammalian cells (such as cytochalasin B and nitrobenzyl-thioinosine, which inhibit
mammalian glucose and nucleoside transport, respectively) (13,15). (3) The pathways
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are not stereospecific (as in mammalian cells) and hence do not discriminate between the
sterioisomers of physiological compounds such as arabitol (11), alanine (21,22), nucleo-
sides (23,24), or lactate (20). These characteristics indicate that the transporter may be a
pore or, more likely, a channel, rather than a conventional carrier.

Recently it has been suggested that much of the malaria-induced transport is actu-
ally via one common pathway or transport system (21). The induced transport of
monovalent anions and cations, amino acids, sugars, and nucleosides were all shown to
be blocked by a series of anion transport inhibitors, with the same order of inhibitor
potency for each solute. Furthermore, dose-response curves for the effect of these inhibitors
on the malaria-induced transport of choline (a monovalent cation) were superimposable on
those for the pyrimidine nucleoside, thymidine (a relatively hydrophobic nonelectrolyte).

Fig. 1. Models of “parasite-induced” solute transport in P. falciparum-infected erythro-
cytes. Schematic diagrams showing several proposed models for solute transport pathways
in P. falciparum-infected erythrocytes. (A) parasitophorous duct; (B) metabolic window; (C)
new permeability pathway (NPP). EPM, erythrocyte plasma membrane; PVM, parasite vacu-
olar membrane; PPM, parasite plasma membrane; P, parasite; n, nucleus.



370 Gero and Weis

If there is a single major pathway that mediates the Plasmodium-induced influx of
these disparate solutes, its characteristics are quite unlike those of any transport system
known to be present in normal human erythrocytes, but are similar to those of anion-
selective channels in other cell types (21,25).

Clearly, the transport system has a very broad substrate specificity. It is strongly
anion selective: its permeability to monovalent anions is some 1000 times higher than
its permeability to monovalent cations, with electroneutral zwitterions and uncharged
molecules (such as nucleosides) falling in between. The pathway is non-saturable
within physiological substrate concentration ranges and it shows an apparent prefer-
ence for hydrophobic solutes over similarly sized hydrophilic solutes (11,21).

Considering the importance of the parasite-induced transporter and the need to develop
new antimalarials, it is noteworthy that the inhibition of the induced transporter is fatal
to the parasite. However, additional transport mechanisms have also been character-
ized (Chapter 3), and any transport pathways might be targets for chemotherapy.

INHIBITION OF THE INDUCED TRANSPORTER

The concept that the blocking of the induced transporter by an added compound
could inhibit parasite growth has been studied by various groups using a diverse armory
of compounds ranging from phlorizin to anion transport blockers to inhibitors of car-
boxylic acid translocating systems (Fig. 2).

Inhibition by Phlorizin

Some of the earliest observations suggesting that the induced transporter may have a role
as a potential chemotherapeutic target were reported by Kutner et al. (26). They found that
phlorizin (phloretin-2- -glucoside) inhibited the in vitro growth of P. falciparum with a
median inhibitory concentration (IC50) of 16 µM. The susceptibility to phlorizin was appar-
ent at the trophozoite stage and onward and required 2–8 h of drug exposure for an irrevers-
ible effect. However, most significantly, they also observed that phlorizin inhibited the
parasite-induced transporter with an IC50 of 17 µM, a value that is virtually identical to that
for inhibition of parasite growth. Subsequent studies with a range of phlorizin derivatives
indicated that substitution in the 3-position of the dihydrochalcone ring yielded a wide
spectrum of inhibitory activity, with the nitro and isothiocyano derivatives the most potent
compounds (27).

On the basis of these observations, Kutner et al. (26) suggested that the antimalarial
action of phlorizin was associated, at least in part, with inhibition of the solute transporter
of the host cell membrane induced by the invasion of the parasite. Although the drug
inhibited parasite growth, the phlorizin could be washed out of the cells, albeit with dif-
ficulty, thereby reversing the effect of the drug. This implied that even temporary block-
ing of the transporter had detrimental effects on parasite growth and survival.

Inhibition by Anion Transport Blockers

Kirk et al. (21) subsequently showed that a number of anion transport blockers
potently inhibited the transport of a wide range of solutes into erythrocytes infected in
vitro with P. falciparum. The most effective blockers were 5-nitro-2-(3-phenyl-
propylamino) benzoic acid (NPPB), furosemide, and niflumate; all three blocked the
parasite-induced transport of a range of solutes including monovalent anions and
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cations, neutral amino acids, sugars, and nucleosides. The IC50 values for the inhibition
of induced choline influx were 20 µM for niflumate, 5 µM for furosemide, and 0.8 µM
for NPPB. For each class of solutes tested for inhibition of induced transport, the order
of potency of the inhibitors was always NPPB> furosemide> niflumate. Kirk et al. (21)
concluded that the simplest explanation consistent with their observations was that the
induced transport of a wide range of ions and solutes occurred via a single pathway.
This pathway also showed marked functional similarities to chloride channels in other

Fig. 2. Chemical structures of inhibitors of the parasite-induced transporter or of the parasite
adenosine deaminase.
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cell types. Furosemide also had a toxic effect on parasites grown in vitro. The totality
of these findings raised the possibility that these channels, with their anion selectivity,
were important for the growth of the parasite, and, hence, inhibition of the channels
could open the way for new pharmacological approaches.

At the same time, Gero’s group found that infection of erythrocytes by P. falciparum
induced a permeation pathway for nucleoside uptake (13). This permeation was char-
acterized by the fact that it mediated the transport of L-adenosine, the nonphysiological
isomer of D-adenosine (28). This pathway induced by the parasite was very specific, as
L-adenosine was not transported into normal human erythrocytes or many other mam-
malian cell types. Furthermore, the uptake of L-adenosine into P. falciparum-infected
erythrocytes was potently inhibited by both phlorizin (IC50, 3 µM) and furosemide (IC50,
1 µM), consistent with prior studies (21,26). Piperine also had a substantial inhibitory
effect on L-adenosine transport (IC50, 13 µM). A similar effect was reported in mouse
erythrocytes infected with P. yoelii; the parasite-induced flux of L-adenosine was
inhibited by furosemide (IC50, 15 µM) (23). However, the most significant aspect of the
observations of Upston and Gero (28) was that parasite infection results in the induc-
tion of a system that allows the uptake of a nonphysiological stereoisomer, L-adenos-
ine. This observation provides a new, pharmacological approach based on the potential
of using toxic L-nucleoside analogs to specifically target the parasite without interfer-
ing with host cell metabolism.

Inhibition by Aromatic Acid Derivatives
A number of aromatic acid derivatives have also been shown to be effective in block-

ing permeation pathways and/or inhibiting parasite growth. These groups of compounds
include cinnamic acid derivatives (29) and arylaminobenzoates (30).

Cinnamic acid derivatives (CADs) are known inhibitors of monocarboxylate transport
across mammalian membranes. These derivatives inhibited the growth of intraerythrocytic
P. falciparum in culture (IC50, 50 µM–1.1 mM) (29). The CADs also inhibited the translo-
cation of a number of different types of solutes, and this inhibition correlated with effects on
parasite growth. The impairment of parasite growth by the CADs may have been the result
of inhibition of processes such as lactate transport; lactate production in parasite-infected
erythrocytes is up to 100-fold greater than that in uninfected erythrocytes. CADs thus
provide another experimental tool for defining the properties of induced permeation path-
ways, and the feasibility of then using these pathways as pharmacological loci, although
they are too toxic to be considered potential drugs.

Kirk and Horner (30) have also studied a series of arylaminobenzoates that are
analogs of the chloride channel blocker NPPB. These derivatives effectively blocked
induced solute transport; with choline as the marker solute, transport was substantially
inhibited (IC50 values all in the very low micromolar range). The four most potent
transport inhibitors also potently inhibited parasite growth as measured by [3H] hypox-
anthine incorporation. However, the feasibility of using such compounds as potential
antimalarials is questionable because their in vitro effectiveness is reduced by serum
components. At 2% serum, IC50 values were 17–30 µM and at 8.5% serum, the com-
pounds had little effect at concentrations up to 50 µM. Kirk and Horner (30) concluded
that “if induced transport inhibitors of this type are to be of value as antimalarials, it
will be necessary to dissociate the interaction of the inhibitors with the induced-
transport pathway from their binding to serum components.”
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Inhibition by Sulfonyl Ureas
Another quite different group of compounds that may have some antimalarial poten-

tial by virtue of their blocking-induced permeation pathways are the sulfonyl ureas.
Sulfonyl ureas such as glibenclamide and the structurally related compounds meglitinide
and tolbutamide are used in the treatment of diabetes because they stimulate insulin
release from the pancreas. Their action has been attributed to effects on various ion chan-
nels; glibenclamide has recently been shown to potently inhibit a chloride channel.

All three sulfonyl ureas inhibited the influx of choline into parasite-infected erythro-
cytes, the most effective being glibenclamide with an IC50 of 11 µM (25). Glibencla-
mide and meglitinide also inhibited parasite growth, as measured by [3H] hypoxanthine
incorporation, but as with the arylaminobenzoates, their effectiveness was reduced by
serum components. To be useful as antimalarials such compounds need to be modified
to ensure preferential binding to the induced transporters in the presence of serum.

Protease Inhibitor Pepstatin A
The parasite degrades host cell proteins, predominantly hemoglobin, for its amino

acid requirements; this is carried out by a range of proteases within the parasite acidic
food vacuole (Chapter 4). Not surprisingly, protease inhibitors are lethal to the parasite
and could provide a different form of chemotherapeutic attack on the parasite (31; see
Chapter 18, this volume). However, such inhibitors must first gain entry into the infected
erythrocyte. Saliba and Kirk (32) have noticed an interesting effect involving the pro-
tease inhibitor pepstatin A. They observed that furosemide protected the parasite against
pepstatin A. Furosemide, an inhibitor of the induced transporter as noted previously, has
a cytotoxic effect itself, but at sublethal concentrations, it exerted a protective effect
against the cytotoxic effect of pepstatin A. The IC50 value for inhibition of parasite growth
by pepstatin increased from 9 µM in the absence of furosemide to 70 µM in the presence
of 500 µM furosemide. A possible explanation is that the protease inhibitor enters the
parasitized erythrocyte via a furosemide-sensitive transport pathway. Important implica-
tions of this finding is that quite large solutes may enter via this permeation pathway and
that, as a consequence, this permeation pathway may be used as a means of targeting the
parasite-infected cell by a very wide range of cytotoxic agents.

CHEMOTHERAPY BY TARGETING DRUGS THROUGH
TRANSPORTERS

Although many compounds have been shown to be transported through the parasite-
induced transporter, only purine nucleosides have been investigated as chemotherapeutic
agents employing this pathway. Unlike mammalian cells, the parasite lacks the ability to
synthesize purines de novo and must salvage its purines for growth and reproduction.
Hence, it must acquire its purines by means of salvage mechanisms, and this involves the
induced transporter. Much of the parasite’s purine requirements are salvaged as nucleo-
sides, presenting the opportunity to target toxic analogs of purines to infected cells.

Nucleoside Analogs as Chemotherapeutic Agents
Many cytotoxic nucleoside derivatives that are valuable anticancer and antiviral drugs have

been shown to have potent activity against P. falciparum by interfering with the synthesis of
nucleic acids (33–35, see Chapter 16). Unfortunately, nucleosides are also toxic to normal
cells and they rely on the rapid proliferation of pathogens or tumors for selective activity.
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Nucleosides such as 5-fluoro-2'-deoxy-uridine (FdUrd), 6-thio-guanosine, and
6-mercapto-purine-riboside are used clinically but must be first phosphorylated
within the cell to their respective nucleotides (e.g., 5FdUMP) for pharmacological
activity. Nucleotides are anionic or polyanionic compounds that cannot cross
through cellular membranes. On the other hand, nucleosides and their analogs are
neutral molecules that can enter cells and assume their therapeutic role after intra-
cellular phosphorylation.

Nucleoside Transport in Normal Cells

The nucleoside transporter in mammalian cells has been well characterized (36,37)
and its gene recently cloned (38). In erythrocytes, nucleosides are transported by a
plasma membrane protein. Transport is reversible, energy independent, and nonconcen-
trative, and the substrate specificity is broad in that ribosides and deoxyribosides of
both purines and pyrimidines and structurally diverse cytotoxic nucleosides are trans-
ported. This transporter is potently inhibited by the adenosine analogs nitrobenzyl
thioinosine (NBMPR) and nitrobenzyl thioguanosine (NBTGR) and by a variety of vaso-
dilators such as dipyridamole and dilazep, which are structurally unrelated (36). In human
erythrocytes, the inhibition of nucleoside transport by NBMPR is the result of the
extremely tight but reversible binding of NBMPR (KD, 0.3–1 nM) to specific membrane
binding sites that are either at the transport site or are part of the transport protein (36).

Characteristics of the Mechanisms of Transport for Nucleosides or Bases
into Parasite-Infected Erythrocytes

In the 1970s, studies on rodent and duck Plasmodium-infected cells suggested that
fundamental changes occurred in the uptake and incorporation of labeled purine nucleo-
sides and bases into P. lophurae- and P. berghei-infected erythrocytes when compared
to uninfected erythrocytes (39–41). In particular, in infected erythrocytes adenosine,
hypoxanthine, and inosine appeared to enter the cells through a common permeation
site (39,41). In addition NBMPR failed to block the incorporation of adenosine into
nucleic acids of P. berghei parasites isolated from erythrocytes by saponin lysis (40,42).

More recently, the transport of adenosine has been followed over short periods in
P. falciparum- and P. yoelii-infected erythrocytes (13,14,43,44). When erythrocytes
were infected there was a marked change in the transport characteristics for nucleo-
sides (such as adenosine and the cytotoxic adenosine analog, tubercidin). Further-
more, the nucleoside transport inhibitors, NBMPR, NBTGR, dipyridamole, and
dilazep were ineffective at blocking a large component of the transport of nucleo-
sides into infected cells at concentrations 10,000-fold higher than that required to
block transport in normal erythrocytes. In P. falciparum-infected erythrocytes, the
lack of inhibition by these compounds was related to the stage of development of the
intraerythrocytic parasite and was most pronounced in the mature trophozoite stage, when
the metabolic activity of the parasite is at its maximum. The changes following infection
suggested that an altered or new nucleoside transport mechanism, which had low sensi-
tivity to NMBPR, had been introduced into the host cell membrane (24). Thus, the altered
nucleoside transporters in Plasmodium-infected cell membranes offered an excellent tar-
get for a new chemotherapeutic approach potentially without the problem of toxic side
effects to the host.
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Two approaches utilizing these concepts have been subsequently investigated as
antimalarial regimes; these are presented in the following subsections.

Antimalarial Regime with a Toxic Nucleoside Plus a Transport Inhibitor
The first approach consists of a regime of simultaneous administration of two com-

pounds: a toxic nucleoside that destroys the viability of the intraerythrocytic malarial
parasite and a nucleoside transport inhibitor that protects normal host cells from the
toxicity of the first compound (Fig. 3). The feasibility of this regime has been success-
fully demonstrated in mice infected with P. yoelii or P. berghei by the coadministration
of a lethal concentration of a cytotoxic nucleoside, such as tubercidin or sangivamycin,
in combination with NBMPR. This drug combination administered over 4 consecutive
days was not toxic to noninfected control mice, but in the infected mice, the treatment
significantly decreased parasitemias and doubled survival times (43–45).

Antimalarial Regime with Toxic Compounds That Enter Only Infected Cells
via the Parasite-Induced Transporter

The second approach involves cytotoxic nucleosides that are unable to enter normal
cells through the endogenous nucleoside transporter, but that can specifically enter
infected cells via the parasite-induced transporter. An initial comparison of biochemical
characteristics of the transport of nucleosides in normal and infected cells has revealed
that there are some important structural components of a nucleoside that are necessary for
both their toxicity and their ability to be transported through the altered membrane trans-
porter. Alteration of the purine ring of a nucleoside (particularly at the 6-, 7-, or 8-posi-
tion [e.g., tubercidin and sangivamycin]) can change its role from physiological to
cytotoxic. In particular, the change from the normal D-isomer, to the enantiomer L-form
produces radical alterations of transport ability. Initial studies (23,28) showed that
infected cells had the unique ability to transport L-nucleosides compared to normal mam-
malian cells. The transport of L-nucleosides into parasites was not blocked by NBMPR
but was inhibited by furosemide (23,28), substantiating that these isomers were
transported through the parasite-induced transporter (46). It was also established that the
L-isomers of physiological nucleosides, both purines and pyrimidines (i.e., L-adenosine,
L-guanosine, L-thymidine, L-cytidine, and L-uridine and their 2'-deoxyribo- analogs) were
readily transported through the parasite-induced transporter. On the basis of these obser-
vations, L-nucleoside pro-drugs were designed to be transported specifically into para-
site-infected cells.

Metabolism of L-Nucleosides
A major advantage in the development of a L-nucleoside antimalarial is that L-nucleo-

sides can be metabolized by the enzymes of the parasite but not by those of the erythrocyte
or any other mammalian cells (28). Many enzymes of the parasite are significantly different
to the corresponding enzymes in the host, both quantitatively and qualitatively, such as the
enzymes of purine salvage (47), pyrimidine de novo biosynthesis (48), and exonucleases,
nucleosidases, and phosphodiesterases. It appears that the substrate specificity of many of
these enzymes is significantly different from the host. Relevant to this discussion, the para-
site enzymes can metabolize L-nucleoside pro-drugs, whereas the host enzymes cannot.

One example that has been investigated in detail is adenosine deaminase (ADA).
ADA has much higher enzyme activity in P. falciparum-infected cells [specific activ-
ity 28,500 nmol/mg/h, compared to 37 nmol/mg/h in human erythrocytes (49)] and
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significant differences in its substrate specificities compared with the human enzyme
(50–52). It was shown that L-adenosine (6-amino-purine-L-riboside) was deaminated
by parasite ADA and that all synthetic L-nucleoside analogs which have substituents in
the 6-position can also be metabolized. This introduces the concept that a L-nucleoside
altered on the 6-position could be designed as an antimalarial drug.

L-Nucleosides cannot be metabolized by mammalian cell lysates indicating that even
if such compounds could enter normal host cells, they would not be metabolized to the
toxic compound. These concepts have led to the design of several groups of L-nucleo-
side antimalarials.

Fig. 3. Diagrammatic representation of the two-drug regime utilizing the nucleoside trans-
porter induced in the membrane of the malaria infected erythrocyte. (Reprinted from Parasitol-
ogy Today, vol. 8, Gero and Upston, Altered membrane permeability: a new approach to malaria
chemotherapy, pp. 283–286 [1992], with permission from Elsevier Science.)
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There are three different groups of L-nucleoside pro-drugs that have been investi-
gated for potential antimalarial activity. These groups are L-analogs of known toxic
D-nucleosides, L-analogs as adenosine deaminase inhibitors and L-nucleosides as a
carrier to selectively deliver a toxic moiety or molecule.

L-Analogs of Known Toxic D-Nucleosides

Transport and toxicity studies of a large number of L-nucleosides showed that L-enanti-
omers of physiological D-nucleosides entered infected erythrocytes and parasites, but
they exhibited no antimalarial effects. However, L-enantiomers of toxic D-nucleosides,
such as 6-thio-L-guanosine, 6-thio-L-inosine, and L-sangivamycin inhibited both wild-
type and resistant strains of P. falciparum in vitro, with ID50 values of 160 µM, 200 µM,
and 25 µM, respectively (53). None of these compounds entered normal cells, thus
increasing the therapeutic index over the D-analogs. 6-Thio-L-inosine and 6-thio-L-gua-
nosine were not metabolized by the parasite suggesting that their action was by direct
inhibition of the parasite ADA. The D-nucleoside analogs of these compounds success-
fully eliminated P. knowlesi infections in monkeys (54) but have the disadvantage of
being toxic to normal cells. However, as L-enantiomers would enter only parasite-
infected erythrocytes, toxicity against the host should be avoided.

Although the mechanism of action of toxic D-nucleosides depends on their phospho-
rylation to the corresponding nucleotide, it is apparent that, unlike the case with some
virally infected cells, L-nucleosides cannot be phosphorylated in parasite-infected eryth-
rocytes (28,55,56). Hence in the case of the toxic L-nucleosides mentioned earlier (e.g.,
6-thio-L-adenosine, 6-thio-L-guanosine, and L-sangivamycin), they may exert their
effects through a different mechanism other than phosphorylation. L-Toyocamycin and
L-nebularine , although toxic to malaria parasites in their D configuration, had no effect
against infected cells (53).

L-Analogs as Adenosine Deaminase Inhibitors
Parasite adenosine deaminase is present at high activity and has a different substrate

specificity to that of the mammalian enzyme (47,49). It can deaminate L-adenosine to
L-inosine, whereas the mammalian enzyme cannot. Potent known inhibitors of the
mammalian ADA such as 2'-D'-deoxycoformycin and D-coformycin also inhibit the para-
site ADA (50,51). P. falciparum ADA exhibited a Ki for 2'-deoxy-D-coformycin of
11.5 pM, comparable to that for erythrocyte ADA (15 pM) (57). Previous observations
showed that ADA inhibitors eliminated P. knowlesi infections in monkeys (54). However,
preliminary data suggested that 2'-deoxy-D-coformycin does not confer similar toxicity
to cultures of P. falciparum (58). 2'-Deoxy-D-coformycin is an ubiquitous inhibitor of
ADAs (59), which are present in most human tissues and cell lines including erythrocytes
and lymphocytes. The design of an antimalarial targeting ADA as an activator or inhibi-
tor, would need to be strictly specific for P. falciparum ADA.

Recently it has been shown that two L-nucleoside structural analogs of 2'-deoxy-D-
coformycin, namely L-isocoformycin and L-coformycin, were specific inhibitors of
P. falciparum ADA and have no effect on host ADA (53,60). P. falciparum ADA
exhibited a Ki for L-coformycin of 250 pM, and 7 pM for L-isocoformycin. Thus, a
minor modification to a single hydroxyl group on the purine ring of L-coformycin
enhanced the efficacy of the inhibitor some 35-fold. Like 2'-deoxy-D-coformycin,
L-coformycin and L-isocoformycin were competitive inhibitors of P. falciparum ADA.
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Furthermore, the results show that L-isocoformycin and L-coformycin were able to
discriminate between host and parasite ADAs. In addition, a second advantage of
these inhibitors is that, being L-nucleosides, they are unable to enter normal mamma-
lian cells (60).

L-Nucleosides That Act as a “Carrier” to Selectively Deliver a Second Compound,
Such as a Cytotoxic Nucleotide into the Infected Cell*

These compounds are dinucleoside monophosphate dimers in which L-nucleosides
are used to selectively deliver a toxic D-nucleoside (tide) into the parasite-infected
erythrocyte. They are dimers of two nucleosides conjugated through the 3'- and 5'-OH
to a phosphate group. For the structure–activity relationship study, a number of 3'–3'
and 5'–5' dimers were also prepared. The L-nucleosides were used in pure or
anomeric forms. The antimalarial evaluation demonstrated that the - L-nucleoside
containing dimers were usually more active than the - L-nucleoside containing dimers.
The dinucleoside monophosphate dimer is metabolized by the parasite enzymes in situ,
releasing the nucleotide as the suicidal form of the active drug (Fig. 4). These com-
pounds exhibit significant toxicity to P. falciparum in vitro in the ID50 range 1–10 µM.

The carrier moiety of the dimer can consist of L-isomers of any of the physiological
purines or pyrimidines. The toxic D-nucleotides that have been attached to the L-nucleoside
carrier consist of 5-fluoro-2-D-deoxyuridine or purine nucleosides such as D-tubercidin.

This presents the concept of using either a toxic purine or a toxic pyrimidine as a
potential chemotherapeutic agent by virtue of their attachment to an L-nucleoside, as a
“carrier” for selective transport into only parasite-infected erythrocytes.

As discussed earlier, for purine requirements, the parasite relies primarily on salvage
pathways. However, to meet its requirements for pyrimidines, the parasite uses de novo
biosynthesis. This suggests that inhibitors of pyrimidine biosynthesis may serve as
attractive molecular targets in antimalarial drug design (48). This is certainly not a new
concept, but, until now, there has been no way to selectively deliver a cytotoxic
pyrimidine biosynthesis inhibitor to the malarial parasite without producing significant
host toxicity. Thus, although drugs such as the cancer chemotherapeutics 5-fluorou-
racil and 5-fluoro-2’deoxyuridine, which block thymidine biosynthesis by inhibition
of the enzyme thymidylate synthase, also inhibit the growth of Plasmodium (61), they
do so at the expense of excessive toxicity to the host. Hence, a “magic bullet” such as
the L-nucleoside dimers would deliver a cytotoxic pyrimidine to the parasite via the
parasite-infected host cell without affecting the function of healthy cells.

The dimers that consist of combinations of L-purine nucleosides such as L-adenos-
ine, L-deoxy adenosine, and L-guanosine linked via a phosphate group to 5-fluoro-2'-
deoxy-uridine (FdUrd; D-isomer) (Fig. 4), are more toxic to the parasite than FdUrd
alone (ID50 = 35 µM), indicating the potential of releasing the toxic drug in its nucle-
otide form (5FdUMP) in situ in the malarial cell. Normally, 5FdUrd is metabolized to
5FdUMP, which is the cytotoxic form, as a result of potent inhibition of thymidylate
synthetase (62), but it is also toxic to the host. However, L-nucleoside dinucleoside
monophosphate dimers can deliver the cytotoxic pyrimidine nucleotide selectively to
the parasite. Analysis by high-performance liquid chromatography (HPLC) confirmed that

*Note: A number of patents covering these compounds have been filed by Lipitek International and The
University of New South Wales.
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the dinucleoside monophosphate dimers were metabolized, releasing the toxic D-nucleotide
and the L-nucleoside in these cells (Fig. 5). A major advantage is that the dimer carrying the
toxic nucleotide could not enter normal cells. Additionally, even if the dimer could enter
normal cells, HPLC analysis indicated that no metabolism or cleavage of the dimers occur-
red in lysates of uninfected red cells or lymphocytes (Gero and Weis, unpublished data).

A further major advantage of the dinucleoside monophosphate dimers is that after
cleavage by the parasite, neither of the products of these pro-drugs (the L-nucleoside
carrier or the toxic mononucleotides) can re-enter uninfected host cells if they were to
be released into the serum. L-adenosine is excreted unchanged in the urine of mice
approx 21 h after administration (63). When evaluated for toxicity in mice, the
dinucleoside monophosphate dimers were found to be nontoxic to healthy animals,
even at the highest dose tested (400 mg/kg).

Recent work by Dunn, Weis, and Gero has shown that furosemide inhibits the
transport of these dimers, confirming their transport through the parasite-induced trans-
porter. Additionally, furosemide (10 µM) reduced parasite death when incubated in
vitro in combination with the dimers.

Future Potential for the Design of Antimalarials Based on the
Parasite-Induced Transporter

As dinucleoside monophosphate dimers readily enter the parasite-infected erythro-
cyte through the induced transporter, the question arises as to how large a molecule can
be transported via this system to target the parasite. It has been shown that infected
erythrocytes are permeable to dipeptides and tripeptides (16–18). Parasite growth is
also inhibited by various antibodies and peptides containing 28 to 32 amino acid resi-
dues (64) and antisense oligonucleotides (65). Clearly, all these various compounds

Fig. 4. Structure and cleavage products of one example of an L-dinucleoside monophospate dimer.
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Fig. 5. Analysis by (HPLC) of a dinucleoside monophosphate dimer after incubation with a
preparation of P. falciparum-infected erythrocytes. (A) The ultraviolet detection of the
compound alone at 254 nm eluted from a nucleotide column. (B) The spectrum of malaria
infected erythrocytes. (C) The spectrum of infected erythrocytes incubated with the dimer,
showing transport of the dimer into the infected cell and two additional peaks of the two meta-
bolic products, the structures of which are shown in Fig. 4.
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must enter the parasite-infected cell to exert their effects. These various observations
suggest that a range of compounds of quite different sizes are accommodated by
changes in the permeability of the host cell.

Furthermore, the characteristics of the parasite-induced transporter, particularly the
ability to transport L-nucleosides, suggest the possibility of a completely new range of
antimalarials. For example, conjugation of known antimalarials to an L-nucleoside
carrier would provide even greater antimalarial efficacy and specificity. Conjugation
of an L-nucleoside to other pro-drugs (other than a nucleotide) could result in an entirely
new battery of antimalarials that act as suicide inhibitors by virtue of their metabolism
specifically within the parasite. The list of possible permutations and combinations of
carrier plus toxic moiety is long. The development of the L-nucleosides dimers illus-
trates that alterations caused by the parasite can be exploited in the design of compounds
that will, in turn, selectively destroy it.

In summary, the altered permeability of the parasite-infected erythrocyte offers the
potential of developing a very wide range of antimalarials to target this alteration in the
parasitized cell as a new and innovative form of chemotherapy. The observations to
date suggest that a wide range of solutes, of quite different structures and quite differ-
ent sizes, can permeate the parasitized cell, and it may be that future antimalarials of
this type can be even more diverse in structure and form than those developed to date.
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