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Preface

Malaria is a devastating disease that extracts huge health and economic costs from

the poorest countries in endemic regions. Malaria is caused by single celled para-

sites, belonging to the genus Plasmodium that have infected humans (and related

primates) for thousands of years. In its different specific and clinical guises, malaria

is one of the strongest selective forces to have shaped our recent evolution. These

parasites have already evaded one attempt at eradication in the mid twentieth

century. Now, there are renewed attempts to control and eventually eradicate

what remains one of the world’s biggest killers.

With ambitious new targets set to reduce the global burden of malaria, we must

urgently develop new tools for disease control, as well as optimising and re-

evaluating our current tools. An indispensable part of controlling malaria is the

capability of treating the disease effectively, despite the ability of this highly

mutable parasite to develop resistance sooner or later to all classes of antimalarials.

Understanding of how antimalarial drugs might work, how best to use them and how

to assess for resistance to them has expanded considerably in the past few years. This

book aims to capture these recent advances in our understanding of all antimalarial

classes, and discuss how this information is pertinent for treating patients.

The introductory chapter details the disease, its current political, financial and

technical context, alongside the policies and tools required to make eradication a

possibility. Subsequent chapters cover the history, chemistry, mechanisms of action

and resistance, preclinical and clinical use, pharmacokinetics and safety and tolerabil-

ity of our current antimalarial drug armamentarium. Each chapter reflects the unique

perspectives of its expert authors, and often describes new ideas and directions for

study. There is particular emphasis on artemisinins (and related next generation

peroxides) that have become the frontline treatment for malaria, as part of artemisi-

nin-based combination therapies (ACTs). The artemisinins may have become estab-

lished in ACTs in the past decade, but they are now being challenged by the potential

for resistance that has recently been described and is only just being defined.

Other chapters authoritatively discuss our antimalarial drug development pipe-

line and how this is being shaped by public/private partnerships; molecular markers
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of antimalarial drug resistance, their use in monitoring treatment failures and the

insights they provide into the action of these drugs; malaria prevention strategies,

including chemoprophylaxis, where the risk of catching malaria is balanced against

the risk of side effects of drugs and the critical use of diagnostics to improve the

identification of malaria and to refine treatment strategies.

The treatment and prevention of malaria is a fascinating and complex subject –

made all the more interesting now that malaria eradication is back on the global

agenda. We hope that readers will be stimulated by this volume and that they may

find its contents useful in dealing with malaria.

London, United Kingdom Henry M. Staines

Sanjeev Krishna
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Antimalarial Drugs and the Control

and Elimination of Malaria

Karen I. Barnes

Abstract Malaria remains a massive global public health problem despite being

readily preventable and treatable. The past decade has seen unprecedented levels of

political, technical and financial support that have facilitated the scaling-up of

malaria control interventions, particularly the implementation of artemisinin-

based combination therapy (ACT) policies. During this window of opportunity

for reducing the burden of malaria globally and possibly eventually eliminating

malaria, attention now needs to be focussed on ensuring that countries select and

implement treatment policies that are not only highly effective, but will also have a

prolonged useful therapeutic life, reduce malaria transmission safely and effec-

tively and, where applicable, be active against P. vivax. To reduce the probability of
resistance, antimalarials should be used in quality-assured fixed-dose combinations

and treatment doses need to be optimised on the basis of pharmacokinetic

assessments conducted within therapeutic efficacy studies in each key target popu-

lation. As important is ensuring optimal targeting and adherence with these treat-

ment policies.

1 Introduction

Malaria is a massive global public health problem. Nearly half the world’s popula-

tion lives at risk of malaria, which causes an estimated one million deaths and 450

million Plasmodium falciparum and 390 million P. vivax cases each year [1, 2].

Those with malaria also carry an increased burden of HIV/AIDS, measles, respira-

tory tract infections, diarrhoea, malnutrition and anaemia [3]. Malaria in pregnancy

increases the infant risk of low birth weight, abortions and stillbirths, in addition to
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the maternal burdens of anaemia, severe malaria and maternal mortality [4]. The

indirect burden of malaria includes its adverse effects on education, worker pro-

ductivity and investment. It has been estimated that malaria costs Africa $12 billion

per year, with a fivefold reduction in per capita gross domestic product (GDP) after

controlling for other socio-economic determinants [5].

Efforts to reduce malaria morbidity and mortality include control of the mos-

quito vector (using insecticide-treated bed nets and indoor residual spraying) and

prompt treatment with effective antimalarials. Unprecedented levels of political,

technical and financial support have facilitated the scaling-up of malaria control

interventions, particularly changes in malaria treatment policy from the inexpen-

sive yet failing monotherapies, chloroquine and sulfadoxine–pyrimethamine, to the

recommended artemisinin-based combination therapies (ACTs). ACTs are gener-

ally considered as the best current treatment of uncomplicated falciparum malaria

[6], as they have high cure rates, have more rapid parasite clearance times and have

the potential to reduce both antimalarial resistance and malaria transmission. Over

the last decade, the bar for recommending an antimalarial regimen as policy for

uncomplicated falciparum malaria was raised from requiring an adequate clinical

and parasitological response (ACPR) rate at 14 days of merely 75%, to at least 95%

at �28 days [6]. Fortunately, there are now a number of ACTs in most settings that

meet this stringent criterion. While most malaria endemic countries have adopted

ACT policies, the implementation of these policies has been slower.

The extent to which malaria can be eradicated in the foreseeable future is a

subject of active debate, but it is generally agreed that the tools are available to

reduce the global burden of malaria substantially. How these tools are selected and,

more importantly, deployed will be critical in determining the success achieved.

Optimising the impact of ACTs on the control and eventual elimination of malaria

depends on careful selection of the regimen implemented. In addition to the usual

considerations of effectiveness, safety and cost, treatment policy selection should

consider the likely useful therapeutic life (the time until ACPR rates at �28 days

decrease below 90%), impact on malaria transmission and, where relevant, efficacy

against non-falciparum malaria. As important are the selection of evidence-based

dosage regimens that are appropriate for each key target population, especially

young children and pregnant women [7], and optimising the implementation

strategies deployed to ensure high coverage and adherence rates among those

with malaria, while limiting use among those with non-malarial febrile illnesses [8].

2 Malaria: The Basics

All malaria is transmitted by female mosquitoes of the genus Anopheles. Humans

are mainly infected by four species of Plasmodium: P. falciparum, P. vivax,
P. ovale and P. malariae, although human infections with the monkey malaria

parasite, P. knowlesi have also been reported recently in the forested regions of

Southeast Asia [9]. The majority of all human malaria cases are caused by
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P. falciparum and P. vivax, although the burden of P. ovale andmalariae are poorly
defined. Although almost all severe malaria is caused by P. falciparum, severe
disease and malaria-related deaths have also been reported with P. vivax and

P. knowlesi.
The sporozoite form of the parasite is inoculated into humans when bitten by an

infected female Anopholesmosquito. Sporozoites rapidly enter the liver cells where

they multiply to form thousands of merozoites. These then enter the bloodstream

where they invade red blood cells and multiply to form new merozoites. Infected

red blood cells burst, releasing merozoites that infect new red blood cells. This is

referred to as the asexual blood stage, the stage of the plasmodial life cycle that

causes the clinical signs and symptoms of malaria. Some merozoites that invade the

red blood cells develop into gametocytes, the sexual stages of the parasite.

Gametocytes are ingested by the mosquito when it takes a blood meal. In the

mosquito gut, the gametocytes develop into gametes and fuse to form a zygote.

After fertilisation, the zygote transforms into a motile ookinete, which penetrates

the mosquito stomach wall and becomes an oocyst. The oocyst divides to produce

sporozoites, which move into the salivary glands, from where another human can be

infected when the mosquito takes a blood meal (Fig. 1).

Fig. 1 The lifecycle of the malaria parasite in the human host and Anopholene mosquito vector
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Malaria transmission rates are determined by the parasite reservoir in a commu-

nity and the abundance and behaviour of the mosquito vectors [10]. The probability

of a mosquito being infected depends on the prevalence, duration and density of

viable gametocyte carriage in the human host, although additional immunological

factors also affect transmissibility [11]. There are many factors that can lead to an

increase in the duration and density of P. falciparum gametocyte carriage. Most of

these are not well defined, but gametocyte numbers increase with the density and

duration of asexual parasitaemia (emphasising the importance of prompt treat-

ment), anaemia and drug resistance [11, 12].

3 Treating Malaria to Prevent Transmission

While eliminating the asexual stages of plasmodial infections is the focus of

treatment of individual symptomatic patients, at a population level, limiting the

transmission of malaria, and in particular, the transmission of resistant parasites is

pivotal for decreasing the community’s burden of malaria. In considering antima-

larial drug effects on transmissibility, three different components need to be consid-

ered (a) activity against asexual stages and early gametocytes, (b) activity against

mature infectious gametocytes and (c) sporontocidal effects in the mosquito [13].

Early access to effective treatment of the asexual blood stage can reduce the

incidence and prevalence of malaria in a community, although the effects are

greater in areas of low transmission where a higher proportion of the infectious

reservoir is in non-immune and thus symptomatic individuals, who are more likely

to seek antimalarial treatment [13]. However, achieving malaria control and even-

tually elimination requires a complete parasitological cure, including killing of the

parasites in the sexual (gametocyte) stages that are responsible for malaria trans-

mission [11, 14]. P. falciparum gametocytes are relatively insensitive to most

antimalarials, other than the artemisinins and primaquine [15]. It has been

suggested that artemisinins predominantly inhibit gametocyte development,

whereas primaquine accelerates gametocyte clearance in P. falciparum malaria

[16]. ACTs have the advantage of being the only antimalarials currently available

that rapidly reduce both asexual and gametocyte stages of P. falciparum. When

compared with amodiaquine plus sulfadoxine–pyrimethamine treatment, ACTs

reduced the duration of gametocyte carriage (quantified using nucleic acid

sequence-based amplification) fourfold [17]. The large-scale deployment of

ACTs contributed to a marked reduction in the number of malaria cases seen in a

number of countries, mostly in areas of low to moderate intensity transmission

[18–23].

As the effect of the artemisinins on P. falciparum gametocytes is not complete,

patients treated with artemisinins can still transmit malaria [24–26]. Mature

gametocytes are resistant to almost all of the antimalarial drugs that affect the

asexual stages and the only licenced drug that can ensure complete killing of

P. falciparum gametocytes is primaquine. This 8-aminoquinoline is very effective
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in preventing transmission, even when administered as a single dose. The addition

of primaquine to artesunate plus sulfadoxine–pyrimethamine in Tanzania, when

compared with artesunate plus sulfadoxine–pyrimethamine alone, resulted in a

further fourfold reduction of the duration of gametocyte carriage [17], and an

even greater reduction in sub-microscopic gametocytaemia [27]. However,

primaquine may cause methaemoglobinaemia and haemolysis, which can be severe

and occasionally life threatening. Haemolysis occurs most frequently (but not only)

in patients with certain glucose-6-phosphate dehydrogenase (G6PD)-deficiency

variants, particularly when a prolonged course of treatment is used. Primaquine is

contraindicated in pregnancy, lactation, infants and young children and in those

with haemolytic anaemia, methaemoglobinaemia or severe G6PD deficiency. As

G6PD-deficient variants protect against P. falciparum and vivax malaria, this

abnormality is most prevalent in malaria-endemic areas [6, 28–32]. The key

operational question now is whether the benefits of adding primaquine (probably

as a single dose) to ACTs in order to further reduce transmission exceed the risks.

Unfortunately, there are remarkably limited data available to inform this decision,

as summarised by Baird [33]: “Despite more than 50 years of continuous use in

millions of people annually as the only drug available for its therapeutic indication,

it is not known how primaquine acts or how it should be taken.”

Lastly, atovaquone and the antifolate antimalarials reduce transmission by

decreasing the formation of sporozoites in the Anopheline mosquito. For

antifolates, this effect is reduced by antifolate resistance, creating a further trans-

mission advantage for resistant parasites [13]. Also, atovaquone–proguanil offers

the further benefit of acting as a causal prophylactic agent, but atovaquone rapidly

selects for the cytochrome b mutation associated with high-level resistance. The

possible role of atovaquone–proguanil alone or in combination with artesunate in

attempts to contain or eliminate malaria deserves further study.

4 Antimalarial Resistance: The Major Threat to Malaria

Control and Elimination

Parasite resistance to antimalarial medicines is a major threat to achieving malaria

control and eventual elimination. Antimalarial resistance in P. falciparum parasites

results in an enormous public health and economic burden. The rise in malaria-

related hospital admissions and malaria mortality across west, east and southern

Africa during the 1990s is largely accounted for by the continued use of the cheap

monotherapies, chloroquine and sulfadoxine–pyrimethamine, despite widespread

high levels of resistance [34–37]. Lower levels of resistance are associated with

return of illness, anaemia and increased gametocyte carriage (which fuels malaria

transmission, particularly of the resistant parasites) and a higher risk of treatment

failure in subsequent infections [38, 39]. Parasite resistance has been documented

for all classes of antimalarials, including – in the Southeast Asian epicentre of drug

Antimalarial Drugs and the Control and Elimination of Malaria 5



resistance along the Thai–Cambodian border – the artemisinin derivatives [40, 41].

If the efficacy of the artemisinin derivatives is lost, then effective control and

elimination will not be possible with currently available tools [13]. Despite these

concerns, the artemisinin-resistance phenotype has been poorly characterised, and

the contribution of host factors remains to be defined. The key features of the

artemisinin-resistant phenotype are prolonged parasite clearance times, despite

apparently adequate drug exposure, and even dose escalation [42, 43]. Although

molecular markers for artemisinin resistance remain elusive, a genetic basis for this

clinical phenotype has been proposed recently based on its high heritability [44].

The recent declines in the clinical effectiveness of all antimalarial drugs, including

the artemisinins, have prompted suggestions to revise the definitions of antimalarial

drug resistance to include a category for extensively drug-resistant (XDR) malaria,

as this approach has proved useful in tuberculosis for individual patient care and for

public health [45].

Antimalarial resistance spreads when parasites are exposed to the selective

window of drug concentrations that are sufficient to kill sensitive but not resistant

parasites [7] (Fig. 2). Drugs with longer terminal elimination half-lives have the

advantage of providing a longer post-treatment prophylactic effect, which appears

to be important for their action in intermittent preventive therapy (IPT) in high-risk

groups such as pregnant women, infants and young children. However, these long-

acting antimalarials have the disadvantage of residual concentrations inhibiting

sensitive parasites far longer than resistant parasites, thus fuelling the spread of

resistance. The window of selection is prolonged with an increase in resistance or in

the terminal elimination half-life (unless these terminal concentrations are too low

even to kill sensitive parasites) (Fig. 2).

Antimalarial resistance spreads because gametocyte carriage and infectivity to

mosquitoes is consistently higher in patients infected with drug-resistant compared

with drug-sensitive parasites. An increase in gametocyte numbers has been

identified as the first indication that an antimalarial is beginning to fail and

emphasises the need for the treatment policy implemented to include drugs that

will kill the sexual stages [12, 13]. Combining antimalarials with differing modes of

action is expected to reduce the probability of a resistant (mutant) parasite surviving

treatment [46]. Despite their mismatched elimination half-lives, ACTs are preferred

to other combination therapies given their potential to reduce malaria transmission

– due to their rapid clearance of asexual parasites together with their partial

gametocidal activity [6]. The gametocyte-reducing effect of widespread use of

artesunate plus mefloquine therapy has resulted not only in the sustained decrease

in malaria transmission described above, but also in decreased mefloquine resis-

tance in northwest Thailand, an area of low-intensity malaria transmission notori-

ous for multi-drug resistance [18, 47]. By contrast, the first and only effort to date in

Africa documenting the routine large-scale surveillance of temporal changes in

resistance after successful implementation of an ACT treatment policy, found that

systematic deployment of artesunate plus sulfadoxine–pyrimethamine had not

delayed the spread of sulfadoxine–pyrimethamine resistance and may in fact have

contributed to the rapid increase in the proportion of parasites carrying quintuple

6 K.I. Barnes



dihydrofolate reductase and dihydropteroate synthetase resistance markers from 11

to 75% over the 5-year study period [48]. Transmission of sulfadoxine–pyri-

methamine resistance occurs intrinsically more readily than with mefloquine,

probably since mefloquine resistance confers a survival disadvantage, while this

does not appear to be the case with sulfadoxine–pyrimethamine.

A further challenge to limiting the rate of spread of ACT resistance is that

expanding ACT access is necessary for reducing malaria morbidity and mortality.

To be accessed promptly, ACTs need to be available near the home. With recent

efforts to reduce the costs of ACTs dramatically, this is becoming achievable even

in the poorest communities. However, such ready access creates creates the oppor-

tunity for widespread and indiscriminate use of antimalarials, which exerts a strong

selective pressure towards resistant parasites towards high levels of resistance [42].

This could be addressed by limiting ACT use to those with a confirmed malaria

diagnosis [6]. While 78 malaria-endemic countries (33 in Africa) have a policy that

Fig. 2 Resistance selection by drugs with long elimination half-lives. The curves show antima-

larial drug concentrations over time for Drug A (dashed line) and Drug B (solid line). The Window

of Selection is the time when antimalarial concentrations are sufficient to clear sensitive but not

resistant parasites. The three dotted lines show hypothetical minimum parasiticidal concentrations

(MPCs) needed for clearing sensitive, partially resistant (Res 1) and highly resistant (Res 2)

parasites. The duration of the window of selection increases with (a) increasing levels of resis-

tance, so is longer for highly resistant than for partially resistant parasites, and (b) terminal

elimination half-life, so is longer for Drug A than for Drug B

Antimalarial Drugs and the Control and Elimination of Malaria 7



patients of all ages with suspected malaria should receive a diagnostic test before

treatment, this policy is only implemented in a minority of African cases – but is

used in more than 80% of suspected cases outside Africa [23]. Other challenges to

the effective targeting of ACTs are that only 38 countries (16 in Africa) are

deploying rapid diagnostic tests at a community level and that ACTs continue to

be used by those with negative malaria tests [23, 49].

Continued use of artemisinin-based monotherapy is considered a major factor in

resistance to the artemisinins emerging and spreading, emphasising the importance

of oral artemisinins being used only in combination with an effective longer acting

antimalarial. This makes fixed dose artemisinin-based combinations highly prefer-

able to loose tablets or blister-packed combinations [6]. To this end, the WHO

recommends the withdrawal of all oral artemisinin-based monotherapies from the

market [23, 42]. Others have argued that oral artesunate monotherapies are still

needed, but should be reserved for use as a 7-day treatment course for patients with

uncomplicated hyperparasitaemia and pregnant women in areas of multi-drug

resistance [50].

De novo antimalarial drug resistance is most likely to occur in hyperpara-

sitaemic patients who are non-immune, particularly if their antimalarial drug

exposure is inadequate [51]. In hyperparasitaemic patients, parasite populations

are larger and recrudescence rates following treatment are high [52]. Drug exposure

can be inadequate due to sub-standard antimalarial quality, poor adherence,

vomiting, unusual pharmacokinetic behaviour or underdosing [7]. Current antima-

larial dosing recommendations are generally based on the lowest effective dose

seen in dose-finding studies, which are conducted early in a drug’s therapeutic life

and thus before parasite resistance has become apparent [7]. Recommending the

lowest effective dose, while justified in terms of cost and safety/tolerability, might

not be the wisest choice as this is likely to select for resistant parasites. For example,

mathematical modelling suggests that, if the recommended 25-mg/kg mefloquine

dose had been deployed initially, instead of 15 mg/kg, then mefloquine resistance

could have been delayed [53]. Furthermore, the relationship between the drug

concentrations actually achieved with the recommended antimalarial dosage regi-

men and the therapeutic response needs to be reassessed once resistance starts to

develop because, by definition, the minimum concentrations required to clear these

resistant parasites has increased [7]. Current dose recommendations also almost

invariably assume that the same weight-adjusted (milligram per kilogram) dose is

effective for all key target population groups [7]. This approach encourages resis-

tance selection, particularly in patients with high parasite burdens and low drug

levels [51]. These are often young children or pregnant women who lack immunity

and so generally have higher parasite densities, and whose larger apparent volumes

of distribution and higher apparent clearance rates result in sub-optimal drug

concentrations for many antimalarials [7, 51]. Despite extensive use for four

decades, it has only been recognised recently that the currently recommended

doses of both sulfadoxine–pyrimethamine and chloroquine achieve substantially

lower plasma drug concentrations in young children than in older patients [54, 55].

Children given the recommended dosage regimens are similarly at increased risk of
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inadequate exposure to both lumefantrine and piperaquine [56, 57]. Similarly,

physiological changes in pregnancy result in decreased exposure to a number of

key antimalarial drugs, including the artemisinins, sulfadoxine, lumefantrine and

mefloquine [7]; no data on the pharmacokinetics of amodiaquine or piperaquine in

pregnancy has been published yet.

To reduce the probability of resistance, quality-assured fixed-dose combination

antimalarials should be used, treatment doses need to be optimised on the basis of

pharmacokinetic assessments conducted within therapeutic efficacy studies in each

key target population and patients with heavy parasite burdens have to be identified

and receive sufficient treatment to prevent recrudescence [51].

5 P. vivax: A Particular Challenge to Malaria Elimination

The focus of malaria control programmes has, to date, been largely on

P. falciparum because this is the major cause of severe malaria and malaria

mortality, especially in sub-Saharan Africa. However, once elimination becomes

the target, P. vivax needs to be given much more attention [58]. It has a more

widespread distribution and infects 130–435 million people a year amongst a

population at risk of approximately 2.85 billion, mostly in Central and Southeast

Asia [33, 59]. P. vivax can undergo sporogeny in mosquitoes at lower temperatures

than P. falciparum and forms a latent liver stage, the hypnozoite, which initiates

relapses (Fig. 1) [60]. Gametocytes of P. vivax appear in the circulation at the same

time as the asexual stages and, although killed by the antimalarial drugs that are

effective against the asexual blood stages (unlike P. falciparum), P. vivax transmits

well at very low parasite densities, so transmission can already have occurred

before a patient has become symptomatic and sought treatment [13]. These factors,

together with the low priority given by policy makers, funders and researchers to

these infections that have been mislabelled “benign” [61], explain why P. vivax
malaria is so widespread and is significantly more difficult to control or eliminate

than falciparum malaria.

The asexual stages of P. vivax are increasingly resistant to chloroquine but

remain highly sensitive to the artemisinins [6, 16]. Amodiaquine, mefloquine,

piperaquine, lumefantrine, sulfadoxine-pyrimethamine and quinine are also effec-

tive in the treatment of chloroquine-resistant asexual blood stages of P. vivax [6, 16,
62–64]. ACTs are the preferred treatment in areas where falciparum malaria is also

endemic or P. vivax is chloroquine resistant [6]. However, ACTs do not provide a

radical cure.

Primaquine is the only radically curative drug for P. vivax (and P. ovale)
malaria; it prevents relapse by clearing the hypnozoite stage when given as a 14-

day course [65]. This prolonged treatment course compromises adherence and

safety, with the main risk being haemolysis (as noted above). Supervision of this

long course of therapy markedly reduces the risk of relapse, and almost all reports

of primaquine resistant malaria are associated with lack of such supervision [66].
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6 Progress Towards Malaria Control and Eventual Elimination

There has been substantial progress in reducing the burden of malaria globally over

the last 60 years, with the number of countries that are malaria-free increasing from

nine in 1945 to 108 today [58]. More than one-third of the 108 malaria-endemic

countries documented reductions in malaria cases of >50% in 2009 compared with

2000, including 11 countries and one area in Africa and 32 countries in other

regions [23]. These impressive results occurred in countries that achieved high

coverage with their vector control and ACT treatment programmes. These

successes have fuelled a wave of optimism that has led to renewed commitments

to achieving the ambitious goal of progressively reducing the burden of malaria,

leading eventually to global eradication1, as outlined in the Roll Back

Malaria Global Malaria Action Plan. This entails three components (a) effective

malaria control2 to reduce malaria morbidity in the majority of malaria-endemic

countries by scaling-up and then sustaining appropriate vector and parasite control

interventions, (b) progressive elimination3 from the margins of malaria transmis-

sion, to “shrink the malaria map”, and (c) research to bring forward better drugs,

diagnostics, insecticides, vaccines and other tools, as well as inform policy and

improve operational implementation of effective strategies [58, 67, 68]. Better

drugs are needed for elimination-specific indications such as mass treatment, curing

asymptomatic infections, curing relapsing liver stages of P. vivax and P. ovale and
preventing transmission [69].

The ACT coverage rates (i.e. the proportion of parasitaemic patients that

promptly receives an adequate dose and duration of ACT treatment) need to be

high to impact on malaria transmission and the spread of resistance. One of the

major deterrents to ensuring widespread access to ACTs is their cost – being tenfold

more expensive than chloroquine and sulfadoxine–pyrimethamine monotherapies.

The patients and governments that most need ACTs can least afford them [70].

Fortunately, international funding commitments for malaria have increased from

around US$ 0.3 billion in 2003 to US$ 1.8 billion in 2010 [23], due to greater

commitments by the US President’s Malaria Initiative, the World Bank and pri-

marily the emergence of the Global Fund and more recently, its innovative Afford-

able Medicines Facility for malaria (AMFm). This increased financial, technical

and political support is resulting in dramatic scale-up of malaria control

interventions in many settings and measurable reductions in malaria burden.

In general, the number of cases fell least in countries with the highest malaria

incidence rates, with the notable exceptions of Zanzibar (United Republic of

1Malaria eradication is the permanent reduction to zero of the worldwide incidence of malaria

infection caused by a specific agent; i.e. applies to a particular malaria parasite species.
2Malaria control is reducing the disease burden to a level at which it is no longer a public health

problem.
3Malaria elimination is interrupting local mosquito-borne malaria transmission in a defined

geographical area, i.e. zero incidence of locally contracted cases.
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Tanzania), Zambia, Eritrea, Rwanda and Sao Tome and Principe, that illustrate that

dramatic reductions in malaria morbidity and mortality can also be achieved in

areas with a high malaria incidence [18–23, 71]. Similar results have also been seen

in more limited geographic areas of the high malaria burden countries of Equatorial

Guinea (Bioko Island), the Gambia, Kenya and Mozambique [72–75].

There is evidence from Bioko Island (Equatorial Guinea), Kenya, Sao Tome and

Principe, Zanzibar and Zambia that large decreases in malaria cases and deaths

have been mirrored by steep declines in all-cause deaths in children under 5 years of

age [20, 71, 73, 74], suggesting that intensive malaria control in African countries

could play an important role in not only achieving the Millennium Development

Goal 6 of reducing malaria incidence and death rates, but also the Millennium

Development Goal 4 of reducing all-cause childhood mortality by two-thirds by

2015 [76].

In 2009, however, there was evidence of an increase in malaria cases in three

countries that had previously reported dramatic reductions in malaria burden

(Rwanda, Sao Tome and Principe and Zambia) [23]. These resurgences highlight

the fragility of malaria control and the critical importance of sustaining control

interventions and surveillance rigorously – particularly in areas that have histori-

cally carried a high malaria burden.

At the other end of the malaria transmission intensity spectrum, tangible prog-

ress is being made. In 2010, both Morocco and Turkmenistan were certified as

having achieved malaria elimination [23]. At least another 27 countries are working

towards malaria elimination; nine countries have interrupted transmission and are

in the phase of preventing re-introduction of malaria; ten countries are

implementing nationwide elimination programmes and eight countries are in the

pre-elimination phase [23]. In Botswana, Cape Verde, Namibia, Sao Tome and

Principe, South Africa and Swaziland, large initial decreases in the number of

malaria cases have been sustained but remain at 10–25% of those reported in

2000 [19, 22, 71]. However, the few remaining cases are proving more difficult

to prevent, to detect and treat promptly, and additional interventions are likely to be

necessary for further reductions in malaria morbidity to be achieved. Encouraging

results of additive benefit are starting to be seen in studies evaluating the combina-

tion of indoor residual spraying with insecticide-treated bed-net deployment [77]

and of adding primaquine to ACTs [17, 27].

Since the current levels of international financial support for malaria control fall

far short of the estimated US$ 6 billion required annually to ensure maximal impact

worldwide [56], it seems even less likely that international funding will be sustained

for the long haul required to achieve the more expensive and ambitious yet possible

goal of malaria eradication. As the risk of malaria decreases, the behaviour of

patients, caregivers, healthcare providers and funders become less likely to take

the steps needed to reduce the malaria burden further until it is eventually

eliminated. Effective information, education and communication campaigns, strong

programmes monitoring the impact of malaria control interventions on disease

burden, good governance and coherent advocacy (that acknowledges the many

demands on limited financial and especially human resources in malaria endemic
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countries) are important tools for encouraging ongoing support, once there are only a

few locally transmitted malaria cases.

The goals and strategies required to achieve elimination of the parasite from

low-transmission settings are very different for those needed for reducing malaria

morbidity and mortality in high-transmission settings. In an elimination

programme, treatment of a sufficient number of infected subjects in a community

to interrupt transmission becomes the primary goal. In order to interrupt transmis-

sion, the individuals who are parasitaemic (infected) and – more importantly in

terms of elimination – gametocytaemic (infectious) need to be treated even if they

are asymptomatic. Two possible approaches to this objective can be adopted – mass

screening and treatment of both infected and infectious individuals (regardless of

whether nor not they are symptomatic), or mass drug administration (MDA) given

to as large a proportion of the population as possible on the grounds that this will

cover a higher proportion of those infected. The lack of a rapid diagnostic method

that is suitable for field use and sensitive enough for diagnosing the lower limit of

parasite and gametocyte densities able to cause and transmit malaria is currently a

major obstacle to using mass screening and treatment in malaria elimination.

MDA is the administration of a complete treatment course of antimalarial

medicines to every individual in a geographically defined area on a specific day.

MDA is not recommended by the World Health Organization, as there is no

evidence of long-term benefits in large population groups [6]. An analysis of 19

MDA projects carried out over the period 1932–1999 found only one study in the

small island population (n ¼ 718) of Aneityum, Vanuatu, where MDA might have

contributed to the elimination of P. falciparum and P. vivax malaria [78, 79]. MDA

has been highly effective in reducing parasite prevalence to a very low level, but

parasitaemia soon rebounds to its previous level once MDA is stopped, as seen in

Garki, Nigeria and Nicaragua [78]. Mass treatment with ACTs alone is unlikely to

be sufficient for malaria elimination – and primaquine and/or atovaquone–

proguanil may be worth adding. In this context, drug safety should be given priority

as drugs are given to a large number of people who are not infected. Thus, more

evidence is needed on the risk:benefit profile of atovaquone–proguanil and

primaquine to inform mass treatment approaches in the context of malaria elimina-

tion programmes [58]. Lessons should also be learnt from the lasting legacy of

MDA of chloroquine and pyrimethamine: the rapid selection of resistant parasites.

7 Conclusions

Prompt effective antimalarial treatment is and will remain pivotal in achieving

malaria control and eventually elimination. The past decade has seen remarkable

progress being made in the fight against malaria. Almost all countries in which

P. falciparum malaria is endemic have adopted ACT policies. High ACT coverage,

together with the scaling-up of effective vector control interventions, has resulted in

documented reductions in malaria cases of >50% in 2008 compared with 2000 in
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43 of the 108 malaria-endemic countries. Unprecedented levels of financial, tech-

nical and political support have made this possible. During this window of oppor-

tunity for reducing the burden of malaria globally and possibly eventually

eliminating malaria, attention now needs to be focussed on ensuring that countries

select treatment policies that not only achieve cure rates >95% [65], but that are

also likely to have a prolonged useful therapeutic life, reduce malaria transmission

safely and effectively and, where applicable, are also active against P. vivax. As
important is ensuring optimal targeting, dosing and adherence with these policies.
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4-Aminoquinolines: Chloroquine, Amodiaquine

and Next-Generation Analogues

Paul M. O’Neill, Victoria E. Barton, Stephen A. Ward, and James Chadwick

Abstract For several decades, the 4-aminoquinolines chloroquine (CQ) and

amodiaquine (AQ) were considered the most important drugs for the control and

eradication of malaria. The success of this class has been based on excellent clinical

efficacy, limited host toxicity, ease of use and simple, cost-effective synthesis.

Importantly, chloroquine therapy is affordable enough for use in the developing

world. However, its value has seriously diminished since the emergence of wide-

spread parasite resistance in every region where P. falciparum is prevalent. Recent

medicinal chemistry campaigns have resulted in the development of short-chain

chloroquine analogues (AQ-13), organometallic antimalarials (ferroquine) and

the “fusion” antimalarial trioxaquine (SAR116242). Projects to reduce the toxicity

of AQ have resulted in the development of metabolically stable AQ analogues

(isoquine/N-tert-butyl isoquine). In addition to these developments, older

4-aminoquinolines such as piperaquine and the related aza-acridine derivative

pyronaridine continue to be developed. It is the aim of this chapter to review

4-aminoquinoline structure–activity relationships and medicinal chemistry develop-

ments in the field and consider the future therapeutic value of CQ and AQ.

P.M. O’Neill (*)

Department of Chemistry, Robert Robinson Laboratories, University of Liverpool, Liverpool

L69 7ZD, UK

Department of Pharmacology, MRC Centre for Drug Safety Science, University of Liverpool,

Liverpool L69 3GE, UK

e-mail: pmoneill@liverpool.ac.uk

V.E. Barton • J. Chadwick

Department of Chemistry, Robert Robinson Laboratories, University of Liverpool, Liverpool

L69 7ZD, UK

S.A. Ward

Liverpool School of Tropical Medicine, Pembroke Place, Liverpool L3 5QA, UK

H.M. Staines and S. Krishna (eds.), Treatment and Prevention of Malaria,
DOI 10.1007/978-3-0346-0480-2_2, # Springer Basel AG 2012

19

mailto:pmoneill@liverpool.ac.uk


1 History and Development

Quinine 1, a member of the cinchona alkaloid family, is one of the oldest antima-

larial agents and was first extracted from cinchona tree bark in the late 1600s. The

cinchona species is native to the Andean region of South America, but when its

therapeutic potential was realised, Dutch and British colonialists quickly

established plantations in their south-east Asian colonies. These plantations were

lost to the Japanese during World War II, stimulating research for synthetic

analogues based on the quinine template, such as the 4-aminoquinoline chloroquine

(CQ 2, Fig. 1) [1].

A thorough historical review of CQ (in honour of chloroquine’s 75th birthday) is

available elsewhere [2]. In short, CQ was first synthesized in 1934 and became the

most widely used antimalarial drug by the 1940s [3]. The success of this class has

been based on excellent clinical efficacy, limited host toxicity, ease of use and

simple, cost-effective synthesis. Importantly, CQ treatment has always been afford-

able – as little as USD 0.10 in Africa [4]. However, the value of quinoline-based

antimalarials has been seriously eroded in recent years, mainly as a result of the

development and spread of parasite resistance [5].

Although much of the current research effort is directed towards the identifica-

tion of novel chemotherapeutic targets, we still do not fully understand the mode of

action and the complete mechanism of resistance to the quinoline compounds,

knowledge that would greatly assist the design of novel, potent and inexpensive

alternative quinoline antimalarials. The search for novel quinoline-based

antimalarials with pharmacological benefits superseding those provided by CQ

has continued throughout the later part of the twentieth century and the early part

of this century since the emergence of CQ resistance.

Comprehensive reviews on the pharmacology [6] and structure activity

relationships [7] have been published previously, so will be only mentioned briefly.

It is the aim of this chapter to review developments in the field that have led to the

next-generation 4-aminoquinolines in the development “pipeline”, in addition to

discussion of the future therapeutic value of CQ and amodiaquine (AQ). We will

begin with studies directed towards an understanding of the molecular mechanism

of action of this important class of drug.
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Fig. 1 Quinine 1 and related

4-aminoquinoline

antimalarial chloroquine, 2
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2 Mode of Action of Quinoline Antimalarials

The precise modes of action of the quinoline antimalarials are still not completely

understood, although various mechanisms have been proposed for the action of CQ

and related compounds [8]. Some of the proposed mechanisms would require

higher drug concentrations than those that can be achieved in vivo and, therefore,

are not considered as convincing as other arguments [9]. Such mechanisms include

the inhibition of protein synthesis [10], the inhibition of food vacuole

phospholipases [11], the inhibition of aspartic proteinases [12] and the effects on

DNA and RNA synthesis [13, 14].

CQ is active against the erythrocytic stages of malaria parasites but not against

pre-erythrocytic or hypnozoite-stage parasites in the liver [15] or mature

gametocytes. Since CQ acts exclusively against those stages of the intra-erythro-

cytic cycle during which the parasite is actively degrading haemoglobin, it was

assumed that CQ somehow interferes with the parasite-feeding process. Although

this is still a matter of some controversy, evidence of proposed mechanisms will be

discussed in the following sections.

2.1 Haem–CQ Drug Complexes

To obtain essential amino acids for its growth and division, the parasite degrades

haemoglobin within the host red blood cell. Digestion of its food source occurs in

an acidic compartment known as the digestive vacuole (DV) (a lysosome-type

structure, approximately pH 5). During feeding, the parasite generates the toxic

and soluble molecule haem [ferriprotoporphyrin IX, FP Fe (II)] and biocrystallises

it at, or within, the surface of lipids to form the major detoxification product

haemozoin (Fig. 2) [16].

Slater et al. [17] demonstrated the ability of CQ to inhibit the in vitro FP

detoxification in the high micro-molar range. The ability of CQ and a number of

other quinoline antimalarial drugs to inhibit both spontaneous FP crystallisation and

parasite extract catalysed crystallisation of FP has since been confirmed [18, 19].

Considerable evidence has been presented in recent years that antimalarial drugs

such as CQ act by forming complexes with haem (FP Fe (II)) and/or the hydroxo- or

aqua complex of haematin (ferriprotoporphyrin IX, Fe (III) FP), derived from

parasite proteolysis of host haemoglobin [20–22] (Fig. 2), although the exact nature

of these complexes is a matter of debate.

Dorn et al. [23, 24] confirmed that CQ forms a complex with the m-oxo dimeric

form of FP (haematin) with a stoichiometry of 1 CQ: 2 m-oxo dimers. In other

studies, CQ was found to bind to monomeric haem to form a highly toxic haem–CQ

complex, which incorporates into the growing dimer chains and terminates the

chain extension, blocking further sequestration of toxic haem and disrupting mem-

brane function (Fig. 2) [25, 26].
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2.2 Accumulation of CQ in the Acidic Food Vacuole

Due to the weak base properties of CQ and related analogues, their effectiveness

has also been shown to be partly dependent upon drug accumulation in the acidic

DV. A number of early studies have suggested that CQ accumulation can be

explained by an ion-trapping or weak-base mechanism [27, 28]. CQ is a diprotic

weak base (pKa1 ¼ 8.1, pKa2 ¼ 10.2) and in its unprotonated form, it diffuses

through the membranes of the parasitised erythrocyte and accumulates in the acidic

DV (pH 5–5.2) [27]. Once inside, the drug becomes protonated and, as a conse-

quence, membrane impermeable and becomes trapped in the acidic compartment of

the parasite (Fig. 3).

Various studies have suggested that the kinetics and saturability of CQ uptake

are best explained by the involvement of a specific transporter [29, 30] or carrier-

mediated mechanism for the uptake of CQ [31]. Another hypothesis by Chou et al.

[32] suggests that free haematin (FP) in the DV might act as an intra-vacuolar

receptor for CQ. Work by Bray et al. also strongly supports this hypothesis [33].

3 CQ Resistance Development

The first incidences of resistance to CQ were reported in 1957. The reasons for the

emergence of resistance are multi-factorial: uncontrolled long-term treatment

regimes, travel activity resulting in spread of resistant strains and frequent feeding

of mosquitoes from several different hosts, to name but a few [34]. The mechanism

by which resistance is acquired is discussed below.

Fig. 2 Degradation of haemoglobin and detoxification mechanisms of the parasite and proposed

target of CQ
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3.1 Parasite-Resistance Mechanisms

It was soon proven that the concentration of CQ inside the DV was reduced in

parasite-resistant strains. The powerful accumulation mechanism of CQ was there-

fore less effective, suggesting mutations in transporter proteins in these resistant

strains. Resistant isolates also have reduced apparent affinity of CQ–FP binding in

the DV, therefore CQ-resistant isolates have evolved a mechanism whereby the

access of CQ to FP is reduced [35].

3.1.1 PfCRT

Another characteristic of CQ-resistant isolates is that their phenotype can be

partially “reversed” by the calcium channel blocker verapamil so that the isolates

become resensitised to CQ [35]. Verapamil was shown to act by increasing the

access of CQ to the FP receptor and this effect is considered a phenotypic marker of

CQ resistance. The characteristic effects of CQ resistance (reduced CQ sensitivity,

reduced CQ uptake and the verapamil effect) have all been attributed to specific

amino acid changes in an integral DV membrane protein, the P. falciparum
chloroquine resistance transporter (PfCRT) [36, 37]. PfCRT mutated at amino

acid 76 appears to be central to the chloroquine resistance phenotype. Mutant

PfCRT seems to allow movement of drugs out of the DV; therefore blocking of

PfCRT by verapamil restores sensitivity.

In brief, there are three proposed models for the resistance mechanism of

PfCRT:

NH
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Membrane
permeable

CQ++pH gradient
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Fig. 3 Ion trapping; diffusion of CQ due to the pH gradient leads to increased concentration of CQ

in the DV
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• The partitioning model: CQ was found to flow out of the DV of CQ-resistant

strains much faster that CQ-sensitive strains, by a verapamil-blockable route

[38]. Initially, this was attributed to changes in DV pH for CQ-sensitive and CQ-

resistant strains. However, it was later shown that CQ-resistant parasites have a

similar resting DV pH, and, therefore, must possess a CQ efflux mechanism in

the DV membrane, increasing the permeability of a particular form of CQ [39].

• The channel model: In this model, mutated PfCRT acts as a channel, providing a

leak pathway for the passive diffusion of protonated CQ, allowing it to flow

freely from the DV [40, 41].

• The carrier model: In this alternate model, mutated PfCRT acts as a carrier,

transporting protonated CQ by facilitated diffusion or active transport across the

DV membrane [42, 43].

The issue of exactly how PfCRT confers this phenotype has been recently

reviewed, although it remains a matter of debate [44].

3.1.2 PfMDR1

A multi-drug resistance homologue in P. falciparum (PfMDR1) has also been

implicated in CQ resistance. PfMDR1 has been demonstrated to reside in the

parasites’ DV membrane with its ATP-binding domain facing the cytoplasm [45].

This suggests that PfMDR1 directs drug movement into the DV. Loss of this drug

import capability could be advantageous to the parasite when the drug targets the

DV. Irrespective of the specifics of MDR1-mediated chloroquine transport, the

protein has been shown to contribute to chloroquine resistance. Sanchez et al.

functionally expressed a number of different polymorphs of pfmdr1 (the gene that

codes for PfMDR1) in Xenopus laevis oocytes in order to characterize the transport
properties of PfMDR1 and its interaction with antimalarial drugs. They

demonstrated that PfMDR1 does indeed transport CQ and that polymorphisms

within PfMDR1 affect the substrate specificity; wild-type PfMDR1 transports

CQ, whereas polymorphic PfMDR1 variants from parasite lines associated with

resistance apparently are not as efficient [46].

3.2 Recycling of CQ

CQ still remains the treatment of choice in a few geographical areas where it can

still be relied upon, although guidelines now instruct the use of combination

chemotherapy to slow the development of resistance to the partner drug [47]. In

some resistance “hot spots”, CQ was completely abandoned for a combination of

sulfadoxine–pyrimethamine almost two decades ago. In such cases, there is evi-

dence to suggest that CQ sensitivity can be restored [48]; 8 years after discontinua-

tion of CQ in Malawi, the pfcrt T76 mutation [49] had disappeared from nearly
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every isolate analysed. Similar observations have been made in Tanzania, South

Africa, China and parts of Thailand [50]. These results have given some hope that

“drug-cycling” may be an option for the future and CQ combinations may be used

effectively again in disease-endemic areas where it was once abandoned [2].

However, the concern with this strategy is that re-selection of resistance mutants

is likely to be very rapid.

Ursing et al. have reported that the failure rate of CQ treatment can be decreased

by giving the drug twice per day rather than as a once daily treatment regimen

[51–53]. Doubling the dosing frequency in this way achieved a high cure rate

despite underlying CQ resistance and without any adverse side effects [51]. This

increase in efficacy can be explained by the pharmacokinetics of CQ; the second

daily dose of CQ acting to raise plasma concentrations to levels where they have

activity against resistant parasites [54]. It has also been shown that the use of this

type of treatment regimen can stabilize the spread of CQ resistance [53, 55]. One

major drawback with this type of double-dose treatment regimen is the narrow

therapeutic index for CQ and, in order for such treatment to be widely used,

extensive safety re-evaluation would need to be performed in large populations to

ensure safety at the population level.

4 Modifications to Improve CQ

CQ, 2 contains a 7-chloroquinoline-substituted ring system with a flexible

pentadiamino side chain. The haem-binding template, 7-chloro- and terminal

amino group are all important for antimalarial activity, as detailed in Fig. 4.

Fig. 4 Exploring the structure–activity relationship (SAR) of CQ: modifications shown led to the

development of new analogues AQ (3), AQ-13 (5) and other short chain analogues (4) which have

good activities against CQ-resistant strains
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Since CQ’s discovery, numerous attempts have been made to prepare a superior

antimalarial quinolone-based drug. The following section briefly summarizes some

of the more important recent advances in the field, with particular emphasis on

4-aminoquinolines that are in clinical and pre-clinical development. For a more in-

depth discussion of 4-aminoquinoline analogue development over the last 10 years,

Kaur et al. have recently published an extensive review [56].

4.1 Modifications to Overcome Resistance: Short-Chain
Analogues

4.1.1 AQ-13

Studies on 4-aminoquinoline structure–activity relationships (SARs) have revealed

that 2-carbon side-chain CQ analogues such as 4 retain activity against CQ-resistant

Plasmodium parasites [57, 58]. Krogstad et al. have synthesized a series of ana-

logues with varying diaminoalkane side chains at the 4-position [57]. Interestingly,

compounds with diaminoalkyl side chains shorter than four carbon atoms or longer

than seven carbon atoms were active against CQ-susceptible, CQ-resistant, and multi-

drug-resistant strains of P. falciparum in vitro (IC50 values of 40–60 nM against the

K1 multi-drug resistant strain) and exhibited no cross-resistance with CQ.

One of these analogues, AQ-13 5, a short-chain aminoquinoline antimalarial

drug, underwent Phase I clinical trials. The mode of action is suggested to be the

same as CQ but the presence of the short linker chain is believed to enable the

molecule to circumvent the parasite-resistance mechanism (PfCRT), making 5

active against CQ-resistant parasites.

Preliminary pharmacokinetic studies indicate that AQ-13 has a similar profile to

that of CQ [59] and the Phase I clinical trials were positive [60], concluding

minimal difference in toxicity compared with CQ. However, since AQ-13 exhibited

increased clearance compared with CQ, dose adjustment is required and an initial

dose-finding Phase II (efficacy) study of AQ-13 in Mali is planned. Since clinical

trials have shown that oral doses of 1,400 and 1,750 mg AQ-13 are as safe as

equivalent oral doses of CQ and have similar pharmacokinetics, more recent trials

were performed to determine if a 2,100 mg dose of AQ-13 (700 mg per day for

3 days) was safe to include as a third arm in Phase II studies in Mali and to

investigate the effects of food (the standardised FDA fatty meal) on the bioavail-

ability and pharmacokinetics of AQ-13. Based on the results, it is proposed to

compare the 1,400, 1,700 and 2,100 mg doses of AQ-13 with each other and with

Coartem in an initial dose-finding efficacy (Phase II) study of AQ-13 in Mali [61].

A possible drawback with these derivatives is the potential to undergo side-chain

dealkylation (for short-chain CQ analogues such as 5 (AQ-13), deethylation is a

particular problem in vivo) [62]. This metabolic transformation significantly
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reduces the lipid solubility of the drug and significantly increases cross-resistance

up to and beyond that seen with CQ [63].

4.1.2 Ferroquine: An Organometallic Antimalarial

Metal complexes have been used as drugs in a variety of diseases [64].

Incorporation of metal fragments into CQ has generally produced an enhancement

of the efficacy of CQ with no acute toxicity. Three novel CQ complexes of

transition metals (Rh, Ru, Au) have been synthesized (6, 7 and 8, Fig. 5) [65, 66],

with the Au–CQ complex 8 in particular, displaying high in vitro activity against

the asexual blood-stage of two CQ-resistant P. falciparum strains.

Four new ferrocene-CQ analogues were developed by Biot and co-workers,

where the carbon chain of CQ was replaced by the hydrophobic ferrocenyl group

[67]. Some of the compounds showed potent antimalarial activity in vivo against

P. berghei and were 22 times more potent against schizonts than CQ in vitro against

a drug-resistant strain of P. falciparum. The same group reported two new ferro-

cene-CQ compounds in 1999, one of which (9) showed very promising antimalarial

activity in vivo against P. berghei and in vitro against CQ-resistant strains of

P. falciparum [68].

Now named ferroquine (SSR-97193, FQ), 9 is the first novel organometallic

antimalarial drug candidate to enter clinical trials. A multi-factorial mechanism of

action is proposed including the ability to target lipids, inhibit the formation of

haemozoin and generate reactive oxygen species [69]. The ferrocene group alone

does not have antimalarial activity but possibly utilises the parasites’ affinity for

iron to increase the probability of encountering the molecule [69, 70]. In addition to

its activity against CQ-resistant P. falciparum isolates, FQ is also highly effective

against drug-resistant P. vivax malaria [71]. A Phase II clinical trial in combination

with artesunate is to be completed by October 2011 to assess activity in

reducing parasitaemia and to explore the pharmacokinetics of ferroquine and its

metabolites [72].
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4.1.3 Piperaquine

Other notable work in the chloroquine SAR field has involved the preparation of

bisquinoline dimers, some of which possess excellent activity against CQ-resistant

parasites. This activity against resistant parasites may be explained by their steric

bulk, which prevents them from fitting into the binding site of PfCRT. Alterna-

tively, the bisquinolines may be more efficiently trapped inside the DV because of

their four positive charges.

Early examples of such agents include bis(quinolyl) piperazines such as

piperaquine, 10 (Fig. 6). Piperaquine was first synthesized in the 1960s and used

extensively in China for prophylaxis and treatment for the next 20 years. With the

development of piperaquine-resistant strains of P. falciparum and the emergence of

the artemisinin derivatives, its use declined during the 1980s [73].

During the next decade, piperaquine was rediscovered as one of a number of

compounds suitable for combination with an artemisinin derivative. The pharma-

cokinetic properties of piperaquine have now been characterised [74], revealing

that it is a highly lipid-soluble drug with a large volume of distribution at steady

state, good bioavailability, long elimination half-life and a clearance rate that is

markedly higher in children than in adults. The tolerability, efficacy, pharmacoki-

netic profile and low cost of piperaquine make it a promising partner drug for use as

part of an artemisinin combination therapy (ACT).

Initial results were encouraging [73, 75], and Phase III clinical trials were

completed in 2009 [76]. A recent report analysing individual patient data analysis

of efficacy and tolerability in acute uncomplicated falciparum malaria, from seven

published randomised clinical trials conducted in Africa and South East Asia

concluded that dihydroartemisinin (DHA)-piperaquine is well tolerated, highly

effective and safe [77]. Although not currently registered in the UK, a fixed

combination called Duo-cotecxin is registered in China, Pakistan, Cambodia and

Myanmar in addition to 18 African countries. Concerns with this combination lie in

the fact that the calculated terminal half-life for piperaquine is around 16.5 days

[78], compared with that of DHA (approximately 0.5 h) [79]; hence, the develop-

ment of resistance could be a possibility due to prolonged exposure of piperaquine

at sub-therapeutic levels effectively as a monotherapy.

A 1,2,4-trioxolane (RBx11160/Arterolane) has also been recently partnered with

piperaquine and progressed to Phase III clinical trials. The clinical trials of

RBx11160 alone identified its tendency to degrade relatively rapidly due to high

levels of iron (II) in infected red blood cells, leading to a clinical efficacy of

60–70% [80]. The combination with a longer lasting drug such as piperaquine,
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with a completely different mechanism of action, may reduce the possibility of

resistance and recrudescence [81]; recent results suggest the combination is highly

active, with patients being free from recrudescence on day 28 after treatment [76].

This combination may also offer an advantage over DHA-piperaquine in the sense

that the artemisinin-based component of the combination is a totally synthetic

1,2,4-trioxolane. This avoids over-reliance on the natural product artemisinin,

whose cost and availability has been shown to fluctuate in recent years [82].

4.1.4 Trioxaquine SAR116242

Combination chemotherapy is now the mainstay of antimalarial treatment; each

novel artemisinin-based antimalarial that reaches clinical trials is usually employed

in an additional trial with an appropriate partner drug. However, a relatively novel

approach is the concept of “covalent biotherapy” – a synthetic hybrid molecule

containing two covalently linked pharmacophores [83]. The hybrid is designed to

target the parasite by two distinct mechanisms thus circumventing resistance

development. The hybrid also has several advantages over multi-component

drugs such as:

• Expense – in principle, the risks and costs involved with a hybrid may not be any

different when compared with those of a single entity.

• Safety – lower risk of drug–drug adverse interactions.

• Matched pharmacokinetics (i.e. a single entity)

A possible disadvantage, however, is that it is more difficult to adjust the ratio of

activities at different targets [84]. Recent examples include trioxaquines developed

by Meunier and co-workers, containing a 1,2,4-trioxane (as the artemisinin-based

component) covalently bound to a 4-aminoquinoline [85]. These novel trioxaquines

were found to be potent against CQ and pyrimethamine-resistant strains, and have

improved antimalarial activity compared with the individual components. Several

trioxaquines were developed over a number of years culminating in the selection of

a drug-development candidate known as SAR116242, 11 (Fig. 7).

The superior antimalarial activity in both CQ-sensitive and CQ-resistant isolates

(IC50 ¼ 10 nM) has been attributed to its dual mechanism of haem alkylation and

haemozoin inhibition. In addition, incorporation of a second cyclohexyl ring within

the linker that joins the two pharmacophores increased the metabolic stability

of this molecule compared with other trioxaquines containing a linear tether [86].
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The drug was synthesised as a mixture of diastereoisomers, but each

diastereoisomer was found to be equipotent in their in vitro antiplasmodial

activities and also displayed similar pharmacological profiles. However, it is not

clear whether the pharmacokinetics and safety profiles of each individual

diasteroisomer are the same. SAR 116242 is undergoing pre-clinical assessment

by Sanofi-Aventis to determine its potential as the first “fusion” antimalarial.

4.1.5 Amodiaquine

Amodiaquine 3 (AQ), a phenyl substituted analogue of CQ, was first found to be

effective against non-human malaria in 1946. Its mechanism of action is thought to

be similar to CQ, but this is again a matter of some controversy [87].

Clinical use of AQ has been severely restricted because of associations with

hepatotoxicity and agranulocytosis. Due to this toxicity, WHO withdrew recom-

mendation for the drug as a monotherapy in the early 1990s. The AQ side chain

contains a 4-aminophenol group; a structural alert for toxicity, because of metabolic

oxidation to a quinoneimine (Fig. 8). Although cross-resistance of CQ and AQ has

been documented for 20 years [88], AQ remains an important drug as it is effective

against many CQ-resistant strains. Therefore, many drug design projects have since

focussed on reducing this toxicity [87].

4.2 Modifications to Reduce Toxicity of AQ

4.2.1 Metabolism of CQ and AQ

CQ is highly lipophilic, as well as being a diacidic base. After oral administration,

CQ is rapidly absorbed from the gastrointestinal tract, having a high bioavailability

of between 80 and 90%. CQ undergoes N-deethylation to give the desethyl

* Structural alert *
N-dealkyation

DEAQ-
rapid formation and

slow to eliminate

Quinoneimine-
leads to hepatotoxicity

and agrulocytosis

* Structural alert *
Quin on eimine formation

OH OH OH OH
NH2

NH

NH N

N

N

N

O

N
GSH

GS

P 450 P 450CYP2C8
NH NH NH

Cl
Cl Cl Cl Cl

N

15 14 3 12 13

N N N

Fig. 8 Metabolism of AQ to toxic quinoneimine and DEAQ metabolites
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compound as a major metabolite which has the same activity as CQ against

sensitive strains, but reduced activity versus CQ-resistant strains [89].

Upon oral administration, AQ is rapidly absorbed and extensively metabolized.

Although AQ has a high absorption rate from the gut due to a large first pass effect,

AQ has a low bioavailability and is considered a pro-drug for desethylamodiaquine

(DEAQ, 14) [90]. In contrast to the metabolism of CQ, AQ also produces a toxic

quinoneimine metabolite 12 (Fig. 8). The metabolites have been detected in vivo by

the excretion of glutathione (GSH) conjugates (such as 13) in experimental animals

[91, 92]. It has been postulated that AQ toxicity involves immune-mediated

mechanisms directed against the drug protein conjugates via in vivo bioactivation

and covalent binding of the drug to proteins [93].

The main metabolite of AQ is DEAQ 14, with other minor metabolites being 2-

hydroxyl-DEAQ and N-bisdesethyl AQ (bis-DEAQ 15) [94] (Fig. 8). The forma-

tion of DEAQ is rapid and its elimination very slow with a terminal half-life of over

100 h [95], as a result the mean plasma concentration of DEAQ is six- to sevenfold

higher than the parent drug. Recent studies have established that the main P450

isoform catalysing the N-dealkylation of amodiaquine is CYP2C8 [96]. Mutations

in PfCRT have been found in resistance isolates and correlate with high-level

resistance to the AQ metabolite DEAQ in in vitro tests.

4.2.2 Modification of Metabolic Structural Alerts

Since AQ retains antimalarial activity against many CQ-resistant parasites, the next

focus was to make a safer, cost-effective alternative. Initial studies involved the

design and synthesis of fluoroamodiaquine (FAQ, 16, Fig. 9) [97] since this

analogue cannot form toxic metabolites by P450-mediated processes and retains

substantial antimalarial activity versus CQ-resistant parasites. However, the resul-

ting N-desethyl 40-fluoro amodiaquine metabolite has significantly reduced activity

against CQ-resistant parasites [97]. Concerns about cost led to the preparation of

HO HO HO

N N N
R

F

NHN

N

More potent than AQ but still toxic and
poor half lives

Fluorine blocks
formation of toxic

metabolite

N N N

NH NH NH

Cl

Cl

Cl Cl Cl

Bis-Mannich series
19 18 AQ 3

5'

4'

3'

Terbuquine series
16 FAQ R=NEt2
17 R=N(CH3)3

5, -phenyl series Fluoro - series

Fig. 9 Modification of structural alerts to reduce toxicity of AQ
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other synthetically accessible analogues; the tebuquine series [98] and the bis-

Mannich series [99] (Fig. 9).

Tebuquine (18), a biaryl analogue of AQ discovered by Parke-Davis, is signifi-

cantly more active than AQ and CQ both in vitro and in vivo and has potent

antimalarial activity and reduced cross-resistance with CQ [100, 101]. Both the

bis-Mannich and terbuquine series were expected to offer advantages over AQ in

the sense that they contain Mannich side chains that are more resistant to cleavage

to N-desalkyl metabolites. A potential drawback with the bis-Mannich class of

antimalarial compounds was recognized by Tingle et al. [102]. They demonstrated

that such compounds have long half-lives, raising concerns over potential drug

toxicity and resistance development. Compounds in the tebuquine series have also

been shown to have unacceptable toxicity profiles that is exacerbated by the long

half-lives [102].

Pyronaridine

Pyronaridine 20 (Fig. 10) is another member of the class of Mannich-base

schizontocides; however, the usual quinoline heterocycle is replaced by an aza-

acridine. Like AQ 2, pyronaridine 20 retains the aminophenol substructure which

can be oxidised to the respective quinoneimine. Since pyronaridine contains two

Mannich-base side chains, it has been suggested that the second Mannich base

moiety prevents the formation of the hazardous thiol addition products by sterically

shielding the quinoneimine from the attack of the sulphur nucleophile [103].

Pyronaridine 20 was developed and used in China since the 1980s, but has not

been registered in other countries. In a clinical study performed in Thailand, high

recrudescence has been observed and in vitro assays revealed the presence of

pyronaridine-resistant strains [104]. Another study in Africa showed high activity

against CQ-resistant field isolates (IC50 values of 0.8–17.9 nM) [105]. Data suggest

there may be some in vitro cross-resistance or at least cross-susceptibility between

pyronaridine 20, CQ 2 and AQ 3. The combination of pyronaridine 20 and the

artemisinin analogue artesunate (Pyramax) is in clinical development and began

Phase III clinical trials in 2006. In terms of safety, pyronaridine-artesunate was well

NCl

NH

HO

N

N

Pyronaridine 20

N OCH3

Fig. 10 Structure of

pyronaridine 20

32 P.M. O’Neill et al.



tolerated in Phase II trials. However, a few patients exhibited raised liver enzymes,

therefore the risk of toxicity to the liver still needs to be closely monitored [106].

Pyramax was submitted to the European Medicines Agency (EMA) for regulatory

approval at the end of March 2010 [107].

Isoquine

An approach to circumvent the facile oxidation of AQ involves the interchange of

the 30-hydroxyl and the 40-Mannich side-chain function of AQ. This provided a new

series of analogues that avoid the formation of toxic quinoneimine metabolites via

cytochrome P450-mediated metabolism (Fig. 11) [108].

While several analogues displayed potent antimalarial activity against both CQ-

sensitive and resistant strains, isoquine 22 (ISQ), the direct isomer of AQ, displayed

potent in vitro antimalarial activity in addition to excellent oral in vivo ED50 and

ED90 activity of 1.6 and 3.7 mg/kg, respectively, against the P. yoelii NS strain

(compared with 7.9 and 7.4 mg/kg for AQ) [109]. Subsequent metabolism studies in

the rat model demonstrated that 22 does not undergo in vivo bioactivation, as

evidenced by the lack of glutathione metabolites in the bile. Unfortunately, pre-

clinical evaluation displayed unacceptably high first pass metabolism to

dealkylated metabolites, which complicated the development and compromised

activity against CQ-resistant strains [110].

Since the metabolic cleavage of the N-diethylamino-group was an issue, the

more metabolically stable N-tert-butyl analogue was developed in the hope that this

N

NH

HO

AQ 3

N

N

NH

HO

21

N

R

Cl Cl

5'-alkyl series
Increases activity but

structural alert
remains.
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structural

alerts
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22 Isoquine (IQ) NR=NEt2
23 GSK369796 NR=NHtBu
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OH
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Cl
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Fig. 11 Modifications of AQ to reduce toxicity of metabolic structural alerts
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would lead to a much simpler metabolic profile and enhanced bioavailability.

Development of the N-tert-butyl analogue 23 (GSK369796) followed (Fig. 11),

which has superior pharmacokinetic and pharmacodynamic profiles to isoquine in

pre-clinical evaluation studies performed by Glaxo SmithKline pharmaceuticals

[110]. In spite of the excellent exposures and near quantitative oral bioavailabilities

in animal models, development of 23 has been discontinued due to the inability to

achieve exposures at doses considered to demonstrate superior drug safety com-

pared with CQ.

40-Fluoro-N-tert-butylamodiaquine FAQ-4 (25) was also identified as a “back-

up” candidate for further development studies based on potent activity versus CQ-

sensitive and resistant parasites, moderate to excellent oral bioavailability, low

toxicity in in vitro studies, and an acceptable safety profile, and this molecule is

undergoing formal pre-clinical evaluation [111].

5 The Future of CQ and AQ

5.1 CQ/AQ Next-Generation Candidates in Clinical Development

4-Aminoquinoline-based drug development projects continue to yield promising

drug candidates and several molecules have entered into pre-clinical development

or clinical trials over the last few years. Projects to reduce resistance development

of CQ have resulted in the development of short-chain chloroquine analogues (AQ-

13), organometallic antimalarials (ferroquine) and a “fusion” trioxaquine antima-

larial (SAR116242). Projects to reduce the toxicity of AQ have resulted in the

development of metabolically stable amodiaquine analogues (isoquine/tert-butyl
isoquine) and aza-acridine derivatives (pyronaridine) (Table 1).

5.2 CQ/AQ Combinations: ACTs and Non-ACTs

The 4-aminoquinolines CQ and AQ have had a revival over the last 20 years due to

the development of ACT. Artesunate-amodiaquine (Coarsucam) was approved for

the WHO pre-qualification project in October 2008. It is expected to have a 25%

share of the ACT market, with another ACT, Coartem (artemether/lumefantrine)

taking the remaining 75% [76].

Methylene blue (MB), a specific inhibitor of P. falciparum glutathione reductase

was the first synthetic antimalarial drug ever used in the early 1900s. Interest in its use

as an antimalarial has recently been revived, due to its potential to reverse CQ

resistance and its affordability [112]. It is thought that MB prevents the crystallisation

of haem to haemozoin in a similar mechanism as the 4-aminoquinolines.
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MB was entered into clinical trials with CQ as a partner drug but this combina-

tion was not sufficiently effective, even at higher doses of MB [113]. More recent

trials with AQ or artesunate as a partner drug provided more optimism; MB-

artesunate achieved a more rapid clearance of P. falciparum parasites than

MB–AQ, but MB–AQ displayed the overall highest efficacy. As MB and AQ are

both available and affordable, the MB–AQ combination would be an inexpensive

non-ACT antimalarial regimen. A larger multi-centre Phase III study is now

planned for the near future.

Another non-ACT combination in Phase II clinical trials is azithromycin/chlo-

roquine (AZ/CQ). Azithromycin is a newer member of the family of macrolide

antibiotics. This combination has entered Phase III clinical trials and is currently the

most promising non-artemisinin-based prophylactic therapy for Intermittent Pre-

ventative Treatment in Pregnant Women (IPTp) [76] and a fixed-dose combination

tablet of AZ/CQ is being developed specifically for this use. The combination is

synergistic against CQ-resistant strains of P. falciparum and has already shown

efficacy in the treatment of symptomatic malaria in sub-Saharan Africa, an area of

high CQ resistance [76]. Both AZ and CQ have demonstrated safety in children

and pregnant women over a number of years and azithromycin provides an addi-

tional benefit in treating and preventing sexually transmitted diseases [114]. A

pivotal study comparing AZ/CQ IPTp with the current adopted therapy

sulfadoxine–pyrimethamine IPTp began in October 2010 and is expected to be

completed by January 2013 [115].

6 Conclusions

Due to the increasing spread of malaria resistance to drugs such as CQ and AQ,

current treatment regimes rely heavily on artemisinin-based therapies. This could

lead to an overdependence on artemisinin availability and may influence cost, so it

is extremely important that 4-aminoquinoline drug development programmes con-

tinue. Costly lessons have been learnt from the loss of sensitivity to one of the

most important drugs for malaria treatment and extreme caution is now taken to

ensure that with every new antimalarial developed, a partner drug is found and

co-administered to reduce the spread of parasite resistance. Increased understand-

ing of 4-aminoquinoline SARs, mechanisms of toxicity and parasite resistance has

aided development of what will hopefully be the next generation of 4-aminoquinolines.

The future of 4-aminoquinolines relies heavily on strong partnerships between the

public health sectors, MMV (Medicines for Malaria Venture) academia and private

pharmaceutical/biotechnology companies to yield a continuing pipeline of 4-

aminoquinoline candidates, which not only overcome resistance development but

also demonstrate increased efficacy compared with CQ. Equally important is a

consideration of the safety attributes of this class since the animal toxicities

observed in industry standard pre-clinical development of next-generation

analogues such as NTB-isoquine (23) 8, in the absence of any prior human
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experience, might have precluded the further development of any 4-aminoquinoline

and indicates limitations of our current pre-clinical testing strategies to accurately

predict human risk in malaria treatment [110].
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Cinchona Alkaloids: Quinine and Quinidine

David J. Sullivan

Abstract For 400 years, quinine has been the effective antimalarial. From a

pulverized bark, which stopped cyclic fevers, to an easily isolated crystal alkaloid,

which launched many pharmaceutical companies, tons of quinine are still purified

for medicinal and beverage use. The quest for quinine synthesis pioneered early

medicinal dyes, antibacterials, and other drugs. In a specialized Plasmodium lyso-

some for hemoglobin degradation, quinine binds heme, which inhibits heme crys-

tallization to kill rapidly. Although quinine drug resistance was described 100 years

ago, unlike chloroquinine or the antifolates that have been rendered ineffective by

the spread of resistant mutants, quinine has only a few persistent, resistant parasites

worldwide. The artemisinin drugs, superior to quinine for severe malaria, have

greatly reduced the use of quinine as an antimalarial. Evidence for prolonged

artemisinin parasite clearance times both renews the quest for rapidly parasiticidal

drugs for severe malaria and possibly holds a place for quinine.

1 Early History of Quinine

Cinchona bark extracts were identified as early as 1632 to be effective in treating

fevers, particularly the tertian fever of malaria [1]. This specific symptomatic

management preceded the identification of the etiologic organism of malaria by

almost 250 years. Many bacterial organisms were not discovered until the use of

microscopy and dyes to contrast them in the late 1800s. Laveran identified the

malaria parasite in Algerian soldiers in the 1880s without dyes [2]. His first descrip-

tion was of an exflagellating male gametocyte, later followed by observations of
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intraerythrocytic forms containing the malaria pigment hemozoin. Later, Ehrlich in

1891 with the use of methylene blue was able to speciate and treat human Plasmo-
dium and put to rest initial doubts of Laveran’s descriptions [3, 4].

Despite historical accounts of the Jesuits in Peru curing the Countess of

Chinchón with local bark, the countess actually died of yellow fever en route to

Europe [5]. There are three other plausible historical accounts of the discovery of

the curative properties of Peruvian (Cinchona) bark. One is of Peruvian Indians

drinking bark teas to stop shivering while mining in the mountains. Another

account relates Indians drinking the bark tea to stop shivering after crossing cold

mountain rivers [6, 7]. PCC Garnham relates a third story in the region of Loxa after

an earthquake felled cinchona trees into a lake, which grew brown with the bark.

This water was curative of malarial fevers [8]. We do know that shipments of bark

arrived in Spain in 1636. Soon cinchona bark became known as Jesuit’s bark or the

Cardinal’s bark [5]. In contrast to some historical accounts, Oliver Cromwell may

not have died from malaria after refusing to take the Catholic bark, but from

septicemia related to kidney stones [9]. The Peruvian bark was much sought after

and soon was worth its weight in gold. Other barks were also sampled for fevers. An

English physician by the name of Stone described the curative properties of willow

bark from which salicylates were later identified [10]. This was the first of many of

our present drugs, which trace an origin to quinine [5, 11].

2 Quinine Extraction

There are approximately 90 varieties of Cinchona, a red bark tree, which is included

in the madder family of which coffee and gardenias are also members. Different

barks of cinchona contain 5–10% quinine [12]. Approximately 1–2 g of pulverized

bark, seeped in boiling water for 10 min will yield about 100 mg of active

ingredient. In 1820, Pelletier and Caventou identified a straightforward process

for crystal purification of the active quinine salt [13]. Pulverized bark was soaked in

water and crystal formed from acidified water due to the poor solubility of quinine

crystals relative to the other alkaloids in the bark. Unlike others, they made their

process freely available. The black residue leftover was not active but the four

active alkaloids extracted were quinine and quinidine, cinchoine and cinchoinidine.

Much later, Gammie reported a process from India where 100 parts of pulverized

powder was mixed with 8 parts caustic soda, 500 parts water and 600 parts fuel and

kerosene oil [14]. The alkaloids were absorbed by the oil; the oil was transferred to

heated acid water, and then cooled for crystallization. Sulfuric acid was used to

make quinine sulfate and hydrochloric acid for quinine hydrochlorate. Even today

the process requires 500–1,000 metric tons of bark to produce hundreds of tons of

quinine. About half of current twenty-first century production is used for beverages

and the rest for medicines. Many pharmaceutical companies such as Boehringer

Mannheim (which had a cinchona tree on its original logo) originated by extracting

and providing quinine [15]. In addition to malaria, quinine was used in many
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remedies for headache, nausea, or as part of a mixture for a general cure-all or

analgesic. In the United States, the Federal Drug Association approved quinine in

combination with arsenic, amylocaine, belladonna, strychnine, bismuth and iron as

part of early twentieth-century popular remedies, as seen in Table 1. The first

Federal Drug Association approval for malaria was Mal-Caps in February 1939

by Portia Laboratories with the ingredients quinine sulfate and sodium bicarbonate.

3 Synthesis

The quest for synthesis was long a holy grail of medicinal chemistry, producing

many useful drugs and companies along the way. Adolph Strecker in Oslo deter-

mined the chemical formula for quinine: –C20H24N2O2 [16]. William Henry

Perkins was trying to synthesize quinine from the oxidation of allyltoluidine

(C10H12N) and instead produced the color mauve, which was colorfast [17]. This

was the first synthesis of a color dye rather than being a plant-derived one. The

colored synthetic dye textile industry was begun [5]. Paul Ehrlich is credited with

the “magic bullet” concept of specific drugs for microbes, based largely on dyes.

Suramin was a dye discovered to be curative for African sleeping sickness [18] and

was followed by the synthesis of methylene blue successful for both malaria and

African sleeping sickness [19]. Many antipsychotic and antidepressant drugs were

discovered after experiments with side-group substitutions on the methylene blue

scaffold [20]. In a dye-based rational drug discovery process, the sulfur group was

incorporated into Prontosil [21]. This was fortunately first tested in animals where

the active sulfa group was cleaved to have an antibacterial effect. This sulfur-based

scaffold was the basis for many antibacterial and anticancer therapeutics. The

potent antibacterial quinolones were produced during later experiments with chlo-

roquine synthesis [22]. Nalixic acid was not very bioavailable or potent, but

addition of the fluorines greatly improved the antibacterial properties of this

therapeutic class [23], which also incidentally has weak antimalarial activity first

described by Krishna and colleagues with ciprofloxacin [24], which later led to

more investigation of the fluoroquinolones [25].

The true synthesis of quinine is a story of deconstruction and reconstruction.

Pasteur by acid catalysis and isomerization of quinine, produced d-quinotoxine
[26]. Rabe and Kindler (1903–1918) later described the synthesis of d-quinotoxine
back to quinine in a short communication [27]. Prelog and Prostenik first degraded

quinotoxine to homomeroquinene, then described the resynthesis of quinotoxine

[26, 27]. Woodward and colleagues start from 7-hydroxyisoquinoline and publish

the synthesis to homomeroquinene [28]. This completed the synthesis but without

any stereochemical resolution. Quinine has four stereogenic sites with a possible 16

different configurations, of which quinine is one. Woodward’s student Gilbert Stork

completed the full stereochemical synthesis in sufficient yield in 2001 [27]. This

was one of the major challenges in medicinal chemistry [26].
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4 Mechanism of Action

Quinine and quinidine act rapidly on blood-stage parasites [29]. They are not active

against liver stage and gametocytes at pharmacologic relevant doses [30, 31].

Importantly, while the curative properties have saved billions of people, the lack

of activity against the gametocytes infective for mosquitoes does not halt the

transmission cycle. A present day hope for the artemisinin class of drugs is its

relative, but not absolute, potency against the gametocytes [30]. Artemisinin lowers

a day-seven gametocyte count, but its population effect on lowering transmission

remains to be proven. Despite this deficiency, quinine was successful in mass

quinization campaigns, which conquered malaria in temperate Italy at the start of

the twentieth century [32].

Early morphologic effects of quinine show digestive vacuolar swelling and

pigment clumping [33]. Krishna and colleagues delineated the effects to stages

actively degrading hemoglobin from late ring to early schizont stages [29]. Paul

Roepe defined high concentrations of quinolines for very short intervals as also

being active [34]. Many have postulated additional mechanisms of action for

quinine against blood-stage parasites [35–38]. While possible, these additional

mechanisms also have to be confined to the stages actively degrading hemoglobin.

The quinolines as a class are now considered to inhibit the process of heme

crystal formation in the digestive vacuole [39, 40]. Quinine binds to heme

reversibly by p–p interactions with heme [36]. The quinoline nucleus is important

for heme binding and the side groups are important for both heme crystal inhibition

and digestive vacuole localization as weak bases [41, 42]. Roepe has also described

covalent interactions of quinine and quinidine with heme [43, 44]. The abundance

and activity of these covalent complexes have not been demonstrated in intraery-

throcytic parasites. Stereoisomers like 9-epi-quinine are not active against the

parasite which suggests specific transport might be important, as these inactive

isomers can bind heme and are equally active in the inhibition of heme crystal

formation [35]. Sullivan showed that quinidine has a slower off rate of heme

crystals after both chloroquine and quinine were individually bound to crystals in

equal amounts in a radiolabeled assay. Chloroquine may have a faster on and off

rate but once bound quinidine was slower to be removed from crystals [39, 40, 45].

This differential off rate from insoluble heme crystals complicates models of drug

resistance based on transport of soluble drug.

In other cell types, quinine and quinidine inhibit potassium channels and stimu-

late otic cells to cause tinnitus. Potassium channels have been identified in Plasmo-
dium but activity of quinine or quinidine has not been tested, due to a lack of

functional characterization [46–48]. In the human ether-a-go-go related gene

(hERG) channel, quinolines bind and inhibit the channel only when it is open

causing a delayed rectification of intracellular potassium [49]. Other drugs that
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also inhibit the channel include the tricyclic antidepressants, macrolides like eryth-

romycin and less so azithromycin, antifungal azoles, fluoroquinolines, antihis-

tamines and pentamidine [50, 51]. Many of these classes also exhibit moderate

inhibition of Plasmodium signifying a decrease in parasitemia by a 10- to a 100-fold

amount per 48–72 h cycle rather than the more potent quinolines which decrease by

a 100- to almost a 1,000-fold every cycle [52]. Artemisinin is the most rapidly

Plasmodium-cidal drug with a 10,000-fold drop in parasitemia with treatment. The

pharmacodynamics of quinoline action has been partially described [53–56]. Some

work has shown that, at low concentrations of quinine (below 500 nM) elimination

of parasites is concentration dependent. Above thresholds of 500 nM to 1 mM
exposure time regulates parasite clearance in vitro [57]. Most likely, some of

both are demonstrated in the killing of Plasmodium. The quinolines do accumulate

in the digestive vacuole in excess of predictions made by the Henderson–

Hasselbach equilibrium based on pH gradients presumably because of either

heme or heme crystal binding [35, 39, 58]. Morphologic effects on the parasite

by quinine were first described in Dar es Salaam in the late 1800s by Robert Koch.

Sometimes in patient blood films shrunken pynotic parasites are visualized at late

ring stage with larger digestive vacuoles [33].

5 Structure Activity

None of the alterations to quinine have improved its action against the parasites.

The methoxy group of the quinoline ring and the vinyl group of quinuclidine are not

required for antimalarial activity. The secondary alcohol group is essential for

activity. Reduction of the alcohol group increases toxicity as well as mitigating

antimalarial activity [35]. The 9-epiquinine (8S, 9S) and 9-epiquinidine (8R, 9R)
stereoisomers were 100 times less potent against sensitive parasites, with IC50

values of close to 3,000 nM against clone D-6, but ten times less potent against

chloroquine-resistant parasite clone W-2 with IC50 values close to 1,000 nM

[59–61]. Quinidine (8R, 9S) and dihydroquinidine were slightly more potent than

quinine (8S, 9R) and dihydroquinine at 10 nM rather than 30 nM for D-6 and at

approximately 60 nM rather than 120 nM for W-2. The dihydroquinolines have a

saturated vinyl group. Replacement of the quinuclidine vinyl group with carboxyl-

ate greatly reduced activity. In mefloquine, the vinyl-quinuclidine is lost retaining

the 4-quinolinemethanol. Mefloquine has equal potency of stereoisomers about the

C-11 hydroxy portion [62].

6 Quinine Failure

Drug failure has to be distinguished from Plasmodium drug resistance in the case of

quinine. The most common cause of quinine drug failure has been inadequate

compliance with a full course of therapy [63]. Other causes of apparent drug failure
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include poor quality drug, rare variants of accelerated host metabolism of quinine in

spite of adequate dosing, poor absorption from the intestinal tract, underdosing of

drug and delay in initiation of treatment such that the disease progresses [63].

Because of the side effects of quinine that include tinnitus, nausea, headache,

abdominal pain, and visual defects (so called cinchonism), many people do not

finish a complete course, stopping when the symptoms from drug exceed symptoms

from disease [64]. Counterfeit drugs, substandard drugs, or variation in drug dose

has been associated with the cinchona alkaloids for centuries [65, 66]. Many of the

more than 100 species of the trees had different amounts of quinine or quinidine in

the bark from 1 to 15%. In the late 1800s and early 1900s, many different

manufacturers had diverse quality drugs on the market. Rarely, quinine failure

has been documented with inadequate levels despite similar observed dosing in

cohorts treated at the same time with the same drug. William Fletcher in the 1920s

documented failure in a case given adequate drugs [67]. White and colleagues also

documented in a Thailand individual, suboptimum drug levels in spite of adequate

dosing that resulted in prolongation of therapy [68]. If a patient is ill, poor

absorption from the intestine may result in inadequate levels. The different salts

of quinine also do differ substantially in molecular weight. Quinine and quinidine

have a molecular weight of 324. At the extremes, quinine bisulfate salt has a

molecular weight of 520 with 324 mg of quinine base, while quinine

dihydrochloride salt has a molecular weight of 360 with 324 mg of quinine base.

The ratio of salt to base can therefore range from 1.7 to 1.2, which can produce

confusion and underdosing, if more than 500 mg of quinine is intended but 400 mg

of quinine in the bisulfate salt is given. Table 2 illustrates the relative ratios.

7 Quinine Resistance

True drug resistance was first documented in 1910 in German railroad workers in

Brazil. Arthur Neiva in a classic report written in German and Portuguese entitled

“About the formation of a quinine resistant race of the malaria parasite” describes

the setting for the requirement of increasing the dosing for prophylaxis [68]. The

Table 2 Comparison of quinine and quinidine base and salt weights from formulations

Drug Molecular

weight

Base Salt Base/salt ratio mg Base in 650 mg

of salt dose

Quinine 324.4 100 0

Quinine sulfate 422 100 130 0.77 500

Quinine hydrochloride 360 100 111 0.90 586

Quinine hyrobromide 405 100 125 0.80 520

Quinine ethylcarbonate 396 100 122 0.82 533

Quinine bisulfate 520 100 160 0.63 406

Quinine dihyrochloride 397 100 122 0.82 533

Quinidine gluconate 518 100 160 0.63 406

Quinidine 324 100 0
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drug was from a reputable manufacturer (Merck). The population was 3,500

railroad workers who also brought families with them. During the preparatory

phase, no work was performed during the malaria peak period. Still, 36% of the

workers were sick with a high mortality. They worked in deep water and slept in

open grass at night. Chagas and Neiva recommended prophylaxis of “Chinin,” but

the workers refused. Next, enforcement of quinine prophylaxis through controlled

administration with the threat of mandatory layoff without compliance was the

policy. However, the workers’ families did not receive the drug and were constantly

sick with malaria and required symptomatic treatment. In the first year, 1/2 of a

gram was given every 3 days. Only workers not taking chinin had malaria. In the

second season, however, malaria appeared in workers taking chinin. A common

pattern was also that workers, on holiday in Rio, showed symptoms of malaria when

not taking chinin. The dose was increased to 0.5 g every 2 days during the second

season, again with 100% prevention in active workers but increasing number of

cases in returning workers from Rio. Neiva called these individuals repositories of

adapted parasites. During the peak malaria time of the second season, symptoms

appeared in the workers who had not stopped taking chinin. The dose was increased

to ½ gram every day, with prevention in the workers, except those taking lesser

doses. They concluded that the parasites acquired resistance from the blood of

untreated families or returning workers from Rio. The parasites had time to adjust

with a subgroup that was constantly exposed to drug during all life stages. In

January of 1908, the number of workers increased to 4,000, with regular chinin

intake only in railroad workers. Neiva observed highly resistant parasites surviving

in both workers taking daily chinin and less frequent doses. The infection rate was

8–10%. Only if there had not been a single interruption of chinin daily were patients

symptom-free. Even if workers left the region and stopped taking chinin, malaria

was observed 3–30 days later. Resistance was observed in setting of interruptions

and where some parasites had been consistently exposed to chinin and still sur-

vived. Chinin treatment for the entire population is reasonable if everyone takes

medication without interruption. A follow up paper describes the high doses of

quinine necessary to treat workers returning to Germany [68]. As many as Thirty-

four of 90 patients had P. falciparum, with some persistent parasitemias despite 32

grams in 21 days and documentation of drug in urine.

The observation that followed was of specific geographic requirements for

increased dosing. Different places in Italy and Sardina required more than 8 times

the doses needed for cure of Indian and African falciparum malaria in the 1930s

[69]. In recent decades since culturing P. falciparum has become possible, a

diversity of isolates have widely different concentrations needed to inhibit half of

the parasites. A general agreement is an IC50 value of 500 nM for a cutoff of

quinine-resistant parasites. Unlike chloroquine, which has a clear demarcation

between chloroquine sensitive and resistant parasites around 100 nM, quinine has

a continuous incremental gradient of IC50 values. Some studies report higher IC50

values of 800–1,000 nM. A group at the NIH focused on chloroquine resistance,

published IC50 values to both chloroquine and quinine on almost 100 different

laboratory isolates from around the world (Fig. 1) [70]. Only eight isolates were
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resistant to quinine, with an incremental drop in IC50 values amongst the isolates.

Two-thirds were resistant to chloroquine, with a steep shoulder from a sensitive

IC50 value of less than 30 nM to the resistant IC50 value of over 100 nM for

chloroquine. There was no correlation of quinine resistance with chloroquine

resistance (Fig. 1).

The spread of worldwide clinical quinine resistance has been sporadic and not

sustained. A graph of chloroquine resistance as percentage of isolates tested from

patient studies with more than 15 subjects depicts high chloroquine resistance in

Southeast Asia, increasing chloroquine resistance in Africa but steady low quinine

resistance in around 10% of isolates (Fig. 2). This has been the pattern, with quinine

resistance being sporadic and staying less than 20% of isolates (Table 3). With

increasing use of artemisinin in this century, documentation of quinine resistance

has been decreasing. In western Cambodia over the years from 2001 to 2007, the

geometric mean IC50 value has been 140 nM compared with 90 nM in eastern

Cambodia [91]. Furthermore, looking at the trends over the same time span for

quinine IC50, an IC50 below 300 nM was noted, except for 2007 in western

Cambodia. Table 3 and Fig. 2 also show that the percentage of worldwide qui-

nine-resistant isolates in ex vivo drug-sensitivity testing is lower than half.

Quinine is active against the gametocytes of P. vivax and P. malariae but not

P. falciparum. In general, P. vivax gametocytes are more sensitive to drugs than the
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Fig. 1 Comparison of incremental IC50 values from more than 100 worldwide laboratory isolates

shows a clear separation in chloroquine (filled triangles) between 50 and 100 nM. The quinine

(empty circles) IC50 values when also ordered by decreasing values instead show a small step-

value difference. Correlation of quinine IC50 value paired with the chloroquine IC50 value (cross)
shows that the resistance to either is rarely correlated. The isolate number is a descending rank

order number for chloroquine and quinine, except when the quinine value is paired with

chloroquine
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gametocytes of P. falciparum. The avian malaria P. relictum also has somewhat

drug-resistant gametocytes [67]. In separate reports quinine has a delayed parasite

clearance time unique to P. malariae. Chloroquine or atebrine would clear parasites
in 3–4 days, while quinine would take 6–9 days. Fletcher first analyzed cases in the

1920s with delayed parasite clearance for P. malariae (Table 4) [67]. Young and

Eyles also noted the delayed parasite clearance with quinine rather than with

quinacrine [92]. P. vivax was cleared much faster even with higher parasite

densities. Delayed parasite clearance kinetics is not a phenotype unique to the

artemisinin drugs and P. falciparum.

8 Molecular-Resistance Mechanisms

Like other quinolines, quinine resistant parasites have less intracellular drug

concentrations. Recent experimental data suggest two phenotypes involved with

quinine resistance: lowered drug accumulation [93] and a resistance to toxic effects

2010200019901980
0

20

40

60

80

100

Year

P
er

ce
nt

 R
es

is
ta

nt
 P

at
ie

nt
 Is

ol
at

es
F

or
 C

hl
or

oq
ui

ne
 o

r 
Q

ui
ni

ne

Fig. 2 Quinine-resistant IC50 value determined from ex vivo patient isolates not adapted to

laboratory culture show that as a percent of a total number, quinine resistance from Africa (filled
circles), from Southeast Asia (large empty circle) or from South America (small empty circle),
remains approximately 10% over the past 30 years. In contrast, the percent resistant to chloroquine

in Southeast Asia (empty triangle) was close to 90% over the past 30 years, while in Africa (filled
triangle) the percentage rapidly climbed from 10% to more than 80%. A single value of 97%

chloroquine resistance from South America was not graphed. See Table 3 for study details and

references
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of the drug on the parasite. Roepe and colleagues show, at similar intracellular drug

concentrations, different toxicity on different isolates [34, 94]. Fidock and

colleagues have transferred the same chloroquine-resistant transporter (PfCRT) or

the sodium–proton exchanger (PfNHE) into two different isolates to show different

tolerance to the same extracellular concentrations of parasiticidal quinolines [95].

While the resistance to quinolines involves different transporters and varies

between Plasmodium species, data are emerging implicating the multidrug resis-

tance transporter, PfMDR1, the multidrug resistance protein, PfMRP, and PfCRT

and PfNHE as all being involved in quinoline resistance [93, 96]. The wild type

MDR1 transports vinblastine, chloroquine, and quinine [97]. The “resistance”

mutations in PfMDR1 do not transport quinine or chloroquine but can still transport

vinblastine. The related halofantrine, in contrast, is not transported by wildtype

mdr1 but can be effluxed out of Xenopus oocytes by mutant PfMDR1. Importantly,

quinine can act as an inhibitor of vinblastine transport. Quinine may be acting in a

dual role as both inhibitor and substrate of this transporter, compatible with the

suggestion that its binding pocket is separate from its transport site. Quinine and

mefloquine compete for binding of labeled chloroquine with higher affinity than

chloroquine to the PfMDR1 protein [98]. Selection of PfCRT mutations leads to

chloroquine resistance and increased sensitivity to quinine [99]. Clinically, the

association of quinine resistance with PfHNE is not epidemiologically as strong

as chloroquine with PfCRT [100].

Table 4 Parasite clearance times for P. malariae, P. vivax, and P. falciparum among cinchona

alkaloids adapted from Fletcher [67]

Quinine Quinidine Cinchonidine

Quartan P. malariae

Number of patients 6 9 1

PCT (days) 6.8 3.7 5

STD PCT (days) 1.7 2.1

GEOMEAN Parasitemia 793.7 266 333

Par/ml per day reduction 116 70 66

Tertian P. vivax

Number of patients 5 4 3

PCT (days) 2.8 2.5 2.7

STD PCT (days) 1.1 1.0 1.2

GEOMEAN Parasitemia 1,408.8 759.6 584.8

Par/ml per day reduction 503.1 303.9 219.3

Malignant tertian P. falciparum

Number of patients 6 6 5

PCT (days) 2.8 2.3 5.2

STD PCT (days) 0.4 0.8 3.6

GEOMEAN Parasitemia 3,984.2 3,549.5 1,727.5

Par/ml per day reduction 1,406.2 1,521.2 332.2
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9 Toxicity

Quinine received 2.4 million prescriptions in England in 2000–2001 [101]. Toxic

overdose is associated with blindness and cardiac toxicity. The maximum daily

dose for humans is 33 mg/kg or 2 g for a 60 kg human. Intake of 2–8 g can kill an

adult and 900–2,400 mg can kill a child. In a patient (without malaria), levels over

15 mg/L increase risk of blindness and cardiotoxicity [102, 103]. Besides the use of

oral charcoal and benzodiazepines, treatment for quinine overdose is supportive. In

a case report, complete visual loss, tinnitus and bilateral hearing loss, headache, and

diminished taste sensation from quinine have been managed successfully with the

calcium antagonist flunarizine and stellate ganglia block [104]. However, most

experts report marginal to no success with ganglion block for blindness [105–107].

In mice, the single oral lethal dose 50 is 1,100 mg/kg, rabbits 208 mg/kg, and rhesus

monkeys 13 mg/kg [108].

Blackwater fever is a syndrome of hemolysis, fever, and black urine or hemo-

globinuria [109]. In the first half of the nineteenth century, it was associated

with Europeans residing in the tropics, having little immunity to P. falciparum
[110]. A rate of 15% in some populations has been reported. Parasitemia at time of

presentation was usually not high. While quinine was the most consistent initiator

of blackwater fever, it did occur in the setting of no quinine [109]. Acute hemoglo-

binuria can be caused by high parasitemia in its own right, glucose-6-phosphate

dehydrogenase (G6PD) deficiency-induced hemolysis, and drug-related hemolysis,

most notably for sulfa drugs and quinine [110]. Largely with the implementation of

chloroquine use in the 1950s, the incidence of blackwater fever decreased.

Recently, anecdotal cases have been reported in African individuals with and

without G6PD deficiency timed with quinine use and history of frequent recurring

infections [111]. A recent larger series of 21 cases was documented in Europeans

who had lived in sub-Saharan Africa from 1990 to 1999 [112]. Two-thirds had

normal G6PD levels and about one-third had low parasitemias. The

arylaminoalcohols, quinine, mefloquine, and halofantrine were associated in more

than 80% of case presentations [113].

In the use of quinine for leg cramps in the absence of malaria parasites, a

quinine-induced thrombocytopenia can occur (“cocktail purpura”). This was first

noted in the literature by Dr. Vipan in 1865 in The Lancet in four cases following

quinine therapy [114]. The first case was a lady of 50 years prescribed quinine for

heart neuralgia. She developed purpura and a bloody discharge at the site of

therapeutic chest blistering. Quinine was stopped with resolution of purpura in a

few days. The purpura recurred months later with quinine retreatment for dental

neuralgia. The second case was a lady with tertian malaria treated with quinine,

which developed purpura on the second day. The purpura resolved by day 7 after

quinine cessation. In the third case, a boy with general disability and no specific

diseases developed purpura a few days following quinine therapy. Despite purpura,

the physician continued quinine until bleeding gums developed. The fourth

case was a patient taking quinine for 2 weeks for hay fever who developed purpura
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3 days after the physician’s visit. Dr. Vipan closed with the statement “If these few

notes on the effects of quinine prove of any use to the profession or add one drop to

the ocean of science, the purpose of the writer will be fully answered” [114].

The mechanism of purpura has been drug-induced antibodies to quinine or

quinidine [115]. The precipitating drug exposure can be cocktail purpura from

bitter lemon or tonic water containing about 80 mg/L or about 20 mg per cocktail.

Quinine, cyclosporine, mitomycin C, and ticlopidine were the most common drugs

causing thrombotic thrombocytopenic purpura and hemolytic uremic syndrome

[116]. Antibodies bind tightly to drug adherent on platelets on glycoproteins GP

IIb–IIIa and/or GP Ib-V–IX [117]. Hemolytic uremic syndrome can also be from

antibodies binding to endothelial cells [116, 118, 119]. As much as 82% of the

thrombocytopenia cases reported nocturnal leg cramps as the reason for taking

quinine [120]. From 1969 to 2000, the FDA received 113 cases of quinine-induced

thrombocytopenia (3.6 per year). The cases peaked in 1996 with about 20 decreas-

ing with the FDA elimination of quinine from over-the-counter formularies [121].

After the FDA ban on quinine for leg cramps, the FDA recently reported 38 cases of

quinine-associated thrombocytopenia and 2 deaths with the continued use of

quinine from the period April 2005 to October 2008 (8.4 cases of thrombocytopenia

each year) [122]. A recent Cochrane review for leg cramps and quinine use looked

at 23 trials with 1,586 participants, who met the clinical evidence criteria [123].

Quinine at 300 mg per night reduced cramp number by almost 30% from 8.4

cramps per week to 6.3 cramps per week. They found that besides minor gastroin-

testinal symptoms, serious adverse effects were not greater than placebo up to 60

days of use. Equipoise exists for quinine use in leg cramps.

10 Quinine Pharmacokinetics

The usual adult dose for treating uncomplicated malaria is 10 mg/kg of salt three

times a day for 7–14 days. This dosing regimen can be shortened, if quinine is

combined with an antibiotic with antimalarial activity, such as clindamycin (10 mg/kg

twice daily for 3–7 days) or doxycycline (100 mg once a day for 7 days, if not

contraindicated). Dosing after meals decreases the gastric irritation. Totaquine is a

mixture of about 75% of the total crystallizable cinchona alkaloids containing about

20% quinine [92, 124]. The cinchona alkaloids are of similar potency to quinine

[125, 126]. Quinine and quinidine is usually completely absorbed from the gastro-

intestinal tract, reaching peak levels in 1–3 h [127]. The elimination half-time

increases from healthy subjects (~10 h) to uncomplicated malaria (15 h) to severe

malaria (about 20 h) [128]. In the presence of parasitemia, a greater amount of

quinine is found in the red blood cell fraction, which quickly decreases. Plasma

levels remain elevated because of the increase in the acidic/basic glycoprotein,

which is an acute-phase serum protein. The Cmax after a 20 mg/kg loading dose is

15–16 mg/L. Levels can sometimes reach 20 mg/L in malaria patients but free

quinine remains in the nontoxic range below 2 mg/L, with the increase in the acidic/
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basic glycoprotein [102]. Only 20% of quinine is removed in the urine with the rest

transformed in the liver to 3- and 2-hydroxyquinine by cytochrome P450 3A4, and

then to more water-soluble molecules [129]. Of the cytochrome P450s, 2D6 is

inhibited by quinine or quinidine via the nitrogen association with aspartate amino

acid number 301 [130]. A growing much-needed evidence base is beginning to

explore the interaction of the quinolines, like quinine, with the highly active

antiretrovirals [131–133]. The ingestion of a liter of tonic water with 80 mg of

quinine does not inhibit cytochrome 2D6 [134].

The pharmacodynamic relationship of quinine was studied in 30 adult patients

[54]. The mean parasite clearance time was 73 h with a standard deviation of 24 h.

Patients with an area under the concentration time curve less than 20 mg/L from 3

to7 days had a 5.3 relative risk increase in recrudescence. The authors determined a

minimum parasiticidal concentration of 3.4 mg/L in the plasma and minimal

inhibitory concentration of 0.7 mg/L. Treatment for more than 6 days was required

to cure patients. In contrast to a 4 log drop in parasites with artemisinins, the

parasite reduction was 250-fold per 48 h cycle [54]. These data are in approximate

agreement of the mean plasma concentration for the four cinchona alkaloids of

5 mg/L for quinine, 1 mg/L for quinidine, 0.1 mg/L for cinchonine, and 2.5 mg/L

for cinchonidine [135].

11 Usage in Severe Malaria

If there has been no previous treatment with quinine or quinidine and a patient is

severely ill, then a loading dose of quinine or quinidine is recommended [136], if

artesunate is unavailable. For quinine treatment of adults, this would consist of an

intravenous infusion of 20 mg/kg of dihydrochloride salt, given over 2–4 h,

followed every 8 h by an infusion of 10 mg (salt)/kg given over 2–4 h. Children

in Africa can be treated with 20 mg salt/kg as a loading dose, infused as for adults or

given by intramuscular injection [137]. If the intramuscular route is used, then the

quinine is diluted (1:1, vol:vol with normal saline), and the loading dose is split in

two and given to the anterior thigh to minimize local toxicity while preserving

appropriate pharmacokinetic profiles. Maintenance doses can be continued by the

intramuscular route every 8–12 h. Conversion to the oral route of treatment is

recommended as soon as this can be tolerated. If there is multiorgan failure, then a

dose reduction is suggested after 48 h of treatment (usually applicable to adults).

Dosing regimens are different for quinidine, for which electrocardiographic

monitoring is recommended also because of the greater risk of associated

cardiotoxicity [136]. Both drugs require monitoring of glucose for hypoglycemia,

which can be persistently severe in pregnancy. This occurs in 50% of pregnant

women treated with quinine versus 10% in the nonpregnant population [136].
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12 Conclusions

Quinine has been a tremendous success helping to eliminate malaria in mass

quinization campaigns in Italy [32]. Through the centuries, quinine has saved

countless lives. With the small increase in quinine resistance in Southeast Asia,

addition of the antibacterials tetracycline or clindamycin prolonged effectiveness of

quinine in severe malaria [138, 139]. Recently, the artemisinin combination therapy

and intravenous artesunate have proven superior to quinine for severe malaria

[140–143]. Recent reports of artemisinin-associated delayed parasite clearance

times in the absence of an increase in clinically relevant IC50 values have given

many investigators cause for concern regarding the longevity of artemisinin useful-

ness [144, 145]. In addition to novel antimalarials, returning to the rich chemistry of

quinine and its congeners may be able to back up the artemisinins as a rapidly

parasitical drug.
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8-Aminoquinolines: Primaquine

and Tafenoquine

Norman C. Waters and Michael D. Edstein

Abstract 8-Aminoquinolines are an important class of antimalarial drugs because

they are effective against the liver stages of Plasmodium infections and thus are

administered for radical cure and presumptive antirelapse therapy against relapsing

malaria. In this chapter, we discuss two 8-aminoquinolines, primaquine and

tafenoquine. Primaquine was identified in 1946 and has been used extensively to

clear liver-stage parasites, especially those from Plasmodium vivax. These can

persist in the liver for months, as a dormant form of the parasite (the hypnozoite),

which re-emerges much later to cause clinical disease. Tafenoquine, a primaquine

analog, is currently under advanced clinical development. Tafenoquine has a much

longer elimination half-life compared with primaquine (14 days versus 6 h) and is

highly effective both in treating relapses of P. vivax malaria and as a causal

prophylactic agent against P. falciparum and P. vivax malaria. A major drawback

to the 8-aminoquinolines is their toxicity in glucose-6-phosphate dehydrogenase

(G6PD)-deficient individuals. We discuss clinical uses, pharmacokinetics and

metabolism, safety and tolerability, mechanisms of action and drug resistance for

both these drugs.

1 Introduction

The 8-aminoquinolines have a long history, being the first chemotype of synthetic

antimalarials when pamaquine was used from the late 1920s [1]. In 1946, the

screening of a large number of 8-aminoquinolines identified primaquine as a

relatively safe and efficacious compound [2]. Today, additional 8-aminoquinolines

have been synthesised as the search for safer and more efficacious compounds
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continues. From these efforts, tafenoquine is now in advanced clinical development

and may become a new addition to the arsenal of antimalarial drugs.

The 8-aminoquinolines are effective against the exo-erythrocytic liver stages of

the malaria parasite. This is central to preventing relapsing malaria as well as causal

prophylaxis for malaria infections. Causal prophylaxis refers to the killing of

parasites while they are in the liver, and thus prevents infection of erythrocytes

and any signs of clinical disease. The efficacy of 8-aminoquinolines against liver-

stage infection is especially valuable in the clearance of P. vivax and P. ovale, in
which latent liver-stage forms known as hypnozoites can persist in the liver for

months to years. Relapse infection occurs when the hypnozoites exit dormancy and

differentiate into merozoites, which rupture from the hepatocyte to cause a blood-

stage infection. In addition to being the only class of drugs with activity against

hypnozoites, 8-aminoquinolines are active against gametocytes and thus interfere

with malaria transmission.

2 Primaquine

2.1 Chemistry

The chemical name of primaquine is 6-methoxy-8-(4-amino-1-methylbutyl)

aminoquinoline and its chemical formula is C15H12N3O, with a molecular weight

of 259 (Fig. 1). Primaquine is a racemic mixture composed of D- and L-enantiomers,

due to the presence of an asymmetric chiral center. It is water soluble and solutions

are stable when protected from light. Primaquine tablets are given in the form of the

diphosphate salt containing either 13.2 mg (¼ ~7.5 mg base) or 26.3 mg (¼ ~15 mg

base).

2.2 Clinical Use

There are three established indications for the use of primaquine: causal prophy-

laxis for all species of malaria, presumptive antirelapse therapy (terminal prophy-

laxis or postexposure prophylaxis) for P. vivax and P. ovale and radical cure of

P. vivax and P. ovale infections. Since the use of primaquine depends on the species

of parasite, an understanding of malaria endemicity is necessary for adequate

N

NH

O

H2NFig. 1 Structure of

Primaquine
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prophylaxis use and highlights the importance of diagnostics for appropriate treat-

ment. Primaquine primarily targets the exo-erythrocytic stage of the parasite’s life

cycle. It is much less effective at killing the asexual blood-stage parasites of

P. falciparum, as evidenced by in vivo and in vitro studies [3–5]. Asexual blood

stages of P. vivax, however, are more sensitive to primaquine and administration of

a daily dose of 45 mg for 14 days to human subjects demonstrated 80% efficacy in

clearing parasitaemia with the primaquine-tolerant Chesson strain of P. vivax [6]. In
less tolerant strains of P. vivax, such as those found in Thailand, a daily dose of

30 mg (0.5 mg/kg) of primaquine was 100% effective at clearing blood-stage

parasitaemia [7, 8].

2.3 Chemoprophylaxis

Causal prophylaxis of primaquine is dependent on the dose and the timing of

administration. Although primaquine is not currently labeled for use as a causal

prophylactic agent, in experimental challenge studies, a single 30-mg primaquine

dose given 1 day following infection with P. falciparum sporozoites prevented the

development of blood-stage parasitaemia. However, lower doses or doses given

before or on the day of challenge did not provide adequate protection against

P. falciparum [3, 9]. Daily primaquine dosing before infection and throughout the

exo-erythrocytic development prevented malaria [9, 10]. These studies demonstrate

that there is a small therapeutic window for primaquine.

Discrepancy exists regarding the minimal effective dose of primaquine for

causal prophylaxis against Plasmodium spp. [11, 12]. Several studies support that

the most effective dose for primaquine prophylaxis is 30 mg daily. A daily dose of

30 mg primaquine was administered for one year to non-immune Indonesian adults

and was found to be 90% and 94% efficacious against P. vivax and P. falciparum,
respectively [13, 14]. Efficacy dropped when an alternate-day dosing scheme

of 30 mg primaquine was administered [15]. Similar results were observed in

a prophylaxis study of Colombian soldiers, with protective efficacies of 94%

(P. falciparum) and 85% (P. vivax) following 30-mg primaquine daily for 16

weeks [16].

2.4 Presumptive Antirelapse Therapy and Radical Cure

The prevention of P. vivax and P. ovale relapse infection is unique to primaquine.

Primaquine is FDA approved and licensed for presumptive antirelapse therapy and

radical cure of P. vivax and P. ovale. The licensure approval was based on data

gathered from US soldiers returning from the Korean War in the 1950s. To prevent

P. vivax relapse from returning soldiers, a daily dose of 15 mg primaquine for 14

days was used. This dose was used for two reasons; the Korean P. vivax strain
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infecting US military personnel was efficiently cleared with this dosing regimen

and haemolytic anaemia in individuals with glucose-6-phosphate dehydrogenase

(G6PD) deficiency, a condition more prevalent in African Americans, was less

likely to cause a life-threatening condition with this dose [17]. This approved

dosing scheme persisted in the face of clinical data suggesting that P. vivax strains
from Southeast Asia and Oceania were tolerant of a 15-mg dose and therefore

higher doses were required [18]. Subsequently, reports from nearly all P. vivax
endemic areas indicate that the standard daily 15 mg primaquine dose for 14 days

has failed to prevent relapses [11, 12].

It has been suggested that the total dose of primaquine may be more important

than the particular regimen used as presumptive antirelapse or radical cure therapy

[19–21]. For example, a total dose of 420 mg was equally effective if given at

30 mg/day for 14 days or 60 mg/day for 7 days [22]. This observation was supported

by a recent evaluation of numerous P. vivax antirelapse therapy trials in which total
primaquine dose was assessed [23]. Collectively, it was demonstrated that treat-

ment success positively correlated with increasing primaquine dose as a function of

body weight. This observation supports recent recommendations of a primaquine

therapeutic dose of 0.5 mg/kg daily for 14 days [12]. It was further recognised that

additional factors such as geographical-specific relapse rates and tolerance to

primaquine should be considered when advocating the most efficacious antirelapse

therapy. It should be noted that although higher doses of primaquine have been

advocated, US FDA approval is only for the 15 mg/day for 14 days regimen [11].

Poor compliance with the 14-day standard primaquine therapy and treatment

studies suggesting total dose is more important than dosing schedule have led to the

investigation of regimens using higher doses of primaquine over a shorter time

period for radical cure of P. vivax. Studies conducted in Vietnam found that 96% of

the subjects treated with 200 mg artesunate twice daily for 2 days followed by

22.5 mg primaquine twice daily for 7 days cleared blood and liver stage infection

based on a 28-day follow-up period [24]. A study conducted in Thailand

investigated the administration of either a 30-mg primaquine daily dose for

7 days versus a 60-mg primaquine daily dose for 7 days for the treatment of

P. vivax. Both dosing regimens were well tolerated and 28-day relapse rates were

11% and 4%, respectively [25]. Similarly, a study testing the antirelapse efficacy of

artesunate followed by various doses of primaquine found that 30 mg twice daily

for 7 days was as effective as the standard 14 day regimen of 15 mg daily [26]. The

short half-life of artesunate suggests that the higher dose of primaquine was the

predominant factor for the relative efficacy. Collectively these results suggest that a

1-week course of primaquine could be effective for the treatment of P. vivax.

2.5 Drug Combinations

Several reasons exist to investigate partnering drugs with primaquine: to increase

efficacy, shorten the 14-day regime to a dosing schedule that will improve
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compliance and circumvent the rise of chloroquine-resistant P. vivax. For

antirelapse or radical cure therapy, primaquine is usually partnered with another

antimalarial drug such as chloroquine (25 mg/kg over 3 days). Since primaquine

lacks substantial activity against the asexual erythrocytic stages of P. falciparum
and acts slowly against blood stages of P. vivax, a blood schizontocide drug should
be administered with primaquine [11]. Early studies suggest that the addition of

chloroquine or quinine potentiated the activity of primaquine [27]. A recent report

demonstrates that synergy between primaquine and chloroquine may be attributed

to the ability of primaquine to increase the accumulation of chloroquine within the

parasite [28].

Evaluation of nine different trials that compared a 14-day primaquine plus

chloroquine with a 5-day primaquine plus chloroquine regimen concluded that

the 14-day primaquine regimen was superior to chloroquine alone or 5-day

primaquine plus chloroquine [29]. This evaluation, however, did not take into

account the dose of either chloroquine or primaquine. As an alternative to chloro-

quine plus primaquine for the treatment of vivax malaria, artesunate plus

primaquine combinations have been shown to produce markedly shorter parasite

and fever clearance times [24, 30]. Although artesunate has no radical curative

activity, the rapid action of artemisinins on the blood stages of P. vivax is highly

beneficial to the patient, in that infection and malaria symptoms are aborted at a

much faster rate than with chloroquine. Furthermore, with increasing reports of

chloroquine-resistant P. vivax malaria in Oceania, Southeast Asia, the Indian

subcontinent and the Americas [14], artesunate may be considered a potential

replacement for chloroquine for aborting an acute attack of vivax malaria.

2.6 Transmission Blocking

In a few malaria-endemic areas, the addition of a single dose of 45 mg primaquine

to the treatment regimen had been advocated to reduce gametocyte burden and

thus interfere with the transmission cycle of the malaria parasite. Early studies

demonstrated that primaquine is a potent gametocytocidal and sporontocidal

agent [31]. Several clinical studies demonstrated a primaquine-dependent reduction

in gametocyte clearance times, when administered as a single 0.5-mg/kg dose

to artesunate or quinine [32], a single 45-mg dose to chloroquine–sulfadoxine–pyr-

imethamine [33] and a single 0.75-mg/kg dose to artesunate–sulfadoxine–pyri-

methamine [34] as compared with treatment groups receiving the various drug

combinations without primaquine.

One study did not observe any significant advantage in adding a single 0.75-mg/kg

primaquine dose to artesunate–sulfadoxine–pyrimethamine in reducing the game-

tocyte burden [35]. Discrepancies may be attributed to the methods and the accu-

racy of detecting submicroscopic levels of gametocytes, as artesunate possesses

gametocytocidal activity. The absence of an additive effect of primaquine is

consistent with the suggestion that the most effective way to prevent
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gametocytaemia is to clear asexual blood forms [36]. Since artesunate does not kill

mature gametocytes [37], unlike primaquine, and treatment with particular

antimalarials induces gametocytogenesis [38], additional transmission-blocking

studies are required to address the benefit of adding primaquine to treatment

regimens. Future studies are essential since ongoing efforts are aimed at eliminating

malaria [39].

2.7 Mechanism of Action

The mechanism of action by which primaquine exerts its antimalarial activity is

largely unknown but the mitochondria may be the biological target of primaquine.

Specifically, primaquine accumulates within the mitochondria, resulting in swelling

and structural changes within the inner membranes [40–44], thus destroying mito-

chondrial function [45–47]. Primaquine is quickly metabolised to several reactive

intermediates that are responsible for toxicity to erythrocytes (discussed below) and

also apparently for antimalarial activity [48, 49]. Several of the active metabolites

are structurally similar to naphthoquinones [50]. The antimalarial activity of

naphthoquinones, such as atovaquone, is due to inhibition of mitochondrial func-

tion [51, 52]. Atovaquone has been shown to collapse the mitochondrial electron

membrane potential, resulting in disruption of pyrimidine biosynthesis [53, 54].

Since asexual blood stage parasites rely on glycolysis for their energy source rather

than oxidative phosphorylation-generated ATP, a role in pyrimidine biosynthesis

would support the essentiality of the mitochondria for asexual growth and explain

the blood-stage antimalarial activity of atovaquone. Primaquine, however, is not an

effective blood-stage antimalarial against P. falciparum. Interestingly, swelling of

host cell mitochondria was not observed and hydroxynaphthoquinone and

naphthoquinone are approximately 1,000-fold more potent against the plasmodial

cytochrome bc1 complex than the mammalian complex [51]. These selectivity

differences are believed to be a result of structural differences within the plasmodial

bc1 complex that increases the affinity for selected antimalarials such as atovaquone

and 8-aminoquinolines [55].

The metabolism of primaquine produces reactive intermediates that ultimately

results in the accumulation of free radicals, hydrogen peroxides and superoxides

which may be responsible for antimalarial activity [56]. Such weak activity of

primaquine in vitro may be indicative of the fact that primaquine requires metabo-

lism for antimalarial activity [57]. A similar mode of antimalarial action has been

suggested for artemisinins, which are metabolized into free radicals [58]. These free

radicals may disrupt oxidation–reduction systems, inactivate specific enzymes or

attach to and disrupt biological membranes [59].

Although a generalised mechanism of action has been discussed for Plasmo-
dium, it should be acknowledged that different mechanisms may exist depending on

the species of Plasmodium. For example, primaquine appears to be effective against

asexual blood stages of P. berghei [43, 60] and P. vivax [6–8]; however, it is a poor
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inhibitor of P. falciparum asexual stages [3]. Additionally, there are discrepancies

and inconsistencies with the mechanisms of action of primaquine when compared

with that of artemisinins (free radicals and oxidative stress) and atovaquone (col-

lapse mitochondrial electron membrane potential) because the in vitro and in vivo

efficiencies and stage specificity of primaquine are clearly different to artemisinins

and atovaquone.

2.8 Pharmacokinetics and Metabolism

An oral dose of primaquine is rapidly absorbed, with a mean bioavailability of 96%

[61]. Primaquine exhibits linear and first-order kinetics over the dose range of

15–45 mg. The maximum drug concentration (Cmax) and the time to achieve the

maximum concentration (tmax) in plasma were 53 ng/mL and 2 h, respectively,

following a single dose of 15 mg primaquine to healthy subjects [56]. Primaquine is

extensively distributed into body tissues, with an apparent volume of distribution of

200–300 L and a systemic clearance varying between 30 and 40 L/h. The elimina-

tion half-life of primaquine is about 6 h [61, 62]. The pharmacokinetic properties of

primaquine are comparable between G6PD-normal and G6PD-deficient healthy

subjects [63]. Recently, sex-related differences were reported in the pharmacoki-

netics of primaquine, following multiple dosing of 30 mg primaquine for 14 days,

with females having significantly slower clearance (0.31 L/h/kg versus 0.55 L/h/kg)

and a lower apparent volume of distribution (3.42 L/kg versus 4.59 L/kg) when

compared with males [64]. Further, studies are required to determine whether the

increased exposure to primaquine in females leads to increased risk of toxicity

compared with males, given the same maintenance dosage.

Excretion studies using 14C-labeled primaquine demonstrated that 64% of the

radio label was found in the urine within 143 h after an oral dose [65]. Primaquine is

rapidly and completely metabolised, as only 1–4% of the initial compound is found

in the urine [61, 66]. Metabolism of primaquine results in the accumulation of

numerous unstable intermediates [48]. The major plasma metabolite of primaquine

is the inactive carboxyprimaquine but this is thought to be further metabolised as it

is not found in urine [65]. Additional metabolites include 5-hydroxyprimaquine,

5,6-dihydroxy-8-aminoquinoline, 6-desmethylprimaquine, 5,6-dihydroxyprimaquine,

and 6-methoxy-8-aminoquinoline. It is these later metabolites that are believed to

generate oxygen-active species responsible for toxicity of parasite and host cells.

Several different approaches have been investigated to increase the bioavailabil-

ity and the stability of primaquine. These include different mechanisms of

drug administration such as transdermal delivery systems [67], galactose-coated

polypropyleneimine nanoparticles as the primaquine vehicle [68] and primaquine

encapsulation into liposomes and nanoparticles [69, 70]. These approaches increa-

sed stability or exposure time to drug; however, to date, these approaches have not

advanced into clinical development to improve the quality of primaquine.
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An additional approach used to increase stability and bioavailability is the

conjugation of primaquine with amino acids [71] or with polymers of polyaspartamide

[72]. The amino acid derivative demonstrated improved stability; however, these

conjugates may be readily removed from primaquine via action of aminopeptidases

[73]. Polyaspartamide conjugates significantly decreased parasitaemia levels and

increased the survival times of mice infected with P. berghei compared with

untreated or glucosamine-conjugated primaquine-treated mice. Radical cure, how-

ever, was not achieved, as all tested mice eventually died [72]. Nevertheless, these

approaches support the proposal that modification or conjugation of primaquine and

its analogs may be a viable alternative to increase the efficacy of primaquine.

Detailed pharmacokinetic studies must be completed to assess the improved stabil-

ity and bioavailability of these conjugates over the parent compound.

2.9 Safety and Tolerability

The toxicities associated with primaquine and other 8-aminoquinolines are well

known [74]. Haemolytic anaemia is the most serious condition induced by

primaquine in G6PD-deficient individuals [75, 76]. Erythrocytes, especially those

infected with malaria parasites are prone to oxidative stress. Reduced glutathione

(GSH) is important in the detoxification of free radicals. Once oxidised to glutathi-

one disulfide (GSSG), GSH levels are reinstated by the activity of glutathione

reductase and NAPDH. Because erythrocytes lack mitochondria, the pentose-phos-

phate pathway is the only source of NADPH. In G6PD-deficient individuals,

NADPH levels are inadequate to restore GSH levels resulting in a compromised

antioxidant system; thus, the erythrocytes do not have efficient protective

mechanisms to handle oxidative stress. Primaquine is rapidly metabolised into

hydroxylated intermediates that result in the generation of peroxides, superoxides

and hydroxyated free radicals [49]. In G6PD-deficient individuals, erythrocytes are

susceptible to these free radicals, which denature haemoglobin to form Heinz

bodies that then react with erythrocyte membranes. This process causes premature

lysis or subsequent clearing by the spleen [77, 78]. Although administration of

primaquine to G6PD-deficient individuals can cause haemolytic anaemia, there are

several factors such as polymorphic variation in G6PD alleles, total drug dose, and

duration of the treatment that may modulate the severity of the haemolysis.

Nevertheless, G6PD deficiency should be evaluated before the administration of

primaquine [11]. Primaquine at the approved dosages for radical cure and presumptive

antirelapse therapy is safe when administered to individuals with normal G6PD

levels.

Methaemoglobinaemia is also a common toxicity associated with primaquine,

which can, in some cases, require treatment with methylene blue. Methaemoglobin

(MetHb) is an oxidised form of haemoglobin that cannot bind and transport oxygen

to various tissues. Normal MetHb levels are less than 1% of total haemoglobin;

however, in individuals deficient for G6PD or methaemoglobin reductase (an
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NADH-dependent enzyme that converts MetHb to haemoglobin) or under extreme

oxidative stress, the levels of MetHb may increase to harmful levels, resulting in

cyanosis. Primaquine increases the rate of MetHb formation [79] through oxidative

stress via the free-radical metabolites of primaquine. MetHb levels as high as 11%

have been reported in healthy Caucasians treated with primaquine [80]. In

individuals without anemia, primaquine-induced methaemoglobinaemia, however,

is a well-tolerated condition that is alleviated upon the discontinuation of

primaquine dosing [11].

Gastrointestinal (GI) discomfort has been associated with primaquine in a dose-

dependent manner [80–82]. Symptoms include cramping, nausea, diarrhoea and

vomiting. Most of these symptoms are mild and are often avoided, if primaquine is

taken with food [80].

2.10 Primaquine Resistance

Experimentally induced primaquine resistance has been developed in P. berghei
and P. knowlesi [83, 84]. These controlled experiments were later supported with

field reports that indicated the existence of primaquine-tolerant P. vivax [85].

Several reports suggest resistance to standard antirelapse primaquine therapy;

however, factors such as noncompliance with the 14-day treatment [12] or inade-

quate weight-based dose could also explain the observed failures rather than

inherited resistance [86]. P. vivax strains from Southeast Asia and the Southwest

Pacific are more tolerant to primaquine than elsewhere [19]. These tolerant strains,

however, can be effectively treated with increased doses of primaquine [11].

Although little evidence exists to support primaquine-resistant exo-erythrocytic

stages including hypnozoites, several reports have described multiple relapses of

P. vivax in military personnel after primaquine treatment [87, 88]. Further well-

controlled studies where treatment compliance is known and primaquine is

administered in a weight-based dose would help resolve the resistance issue.

3 Tafenoquine

3.1 Historical Development

Originally labeled as WR238605 or SB-252263 and now named tafenoquine,

the drug is a new 8-aminoquinoline antimalarial being codeveloped by Glaxo-

SmithKline Pharmaceuticals and the US Army as a replacement for primaquine

for radical cure of P. vivaxmalaria and as a potential prophylactic agent [89–91]. In

an effort to develop less toxic, more active and longer acting 8-aminoquinolines,

tafenoquine was first synthesised by the US Army at the Walter Reed Army
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Institute of Research in 1979. Although tafenoquine is a primaquine analog, it

possesses different physicochemical properties, antimalarial potency and toxico-

logical and pharmacokinetic properties compared with primaquine. In in vitro

testing and in vivo preclinical animal models tafenoquine is more active than

primaquine. To date, it has been evaluated in more than 2,000 human subjects in

clinical studies.

On an equimolar basis, in vitro antimalarial susceptibility studies have shown

tafenoquine to exhibit equivalent activity (IC50 of 0.7–1.5 mM) to primaquine

against culture-adapted chloroquine-sensitive strains, but was considerably more

active than primaquine against multidrug-resistant P. falciparum lines, with IC50

values ranging from 0.06 to 0.3 mM [92]. It is conceivable that tafenoquine’s

enhanced blood schizontocidal potency compared with primaquine is because it

exerts greater oxidative stress on multidrug-resistant parasitised erythrocytes [93].

In contrast to culture-adapted multidrug-resistant P. falciparum lines, tafenoquine

was only marginally more active than primaquine against wild isolates of

P. falciparum from central, west and east Africa (mean IC50 values of 4.43 mM
versus 6.82 mM) [94, 95]. The enantiomers of tafenoquine have similar levels of

in vitro antimalarial activity against the drug-sensitive D6 and multidrug-resistant

W2, TM90-C2a and TM90-C2b strains of P. falciparum (D. K. Kyle personal

communication).

In the rodent–P. berghei Peters 4-day suppressive test, tafenoquine was about

9 times more active as a blood schizontocide than primaquine against the drug-

sensitive P. berghei N strain and 4–5 times as active as primaquine against highly

resistant chloroquine, mefloquine or halofantrine strains of P. berghei [95]. In
addition to developing new schizontocidal drugs, the capacity to interrupt malaria

transmission is also of great importance. Tafenoquine possesses significant

sporontocidal activity against P. berghei, with a minimum effective dose of

25 mg/kg that prevents mosquitoes from developing sporozoites [96]. Tafenoquine

also has gametocytocidal activity, with a significant reduction in the number of

gametocytes in the blood of P. berghei-infected mice treated with 25 mg/kg,

resulting in a twofold extension of mice survival time [90].

In the rhesus monkey–P. cynomolgimodel, tafenoquine was effective as a causal

prophylactic agent against pre-erythrocytic tissue stages of sporozoite-induced

P. cynomolgi malaria [97]. The causal prophylactic ED50 (50% effective dose) of

tafenoquine was 0.125 mg/kg/day or 0.27 mM/kg/day for 3 days, which was 14

times more effective than primaquine, with an ED50 of 1 mg/kg/day or 3.86 mM/kg/

day for 3 days. Tafenoquine was also a highly effective agent against liver stages of

P. cynomolgi, with an ED50 of 0.172 mg/kg/day or 0.371 mM/kg/day for 7 days and

was 7 times more potent than primaquine, with an ED50 of 0.712 mg/kg/day or

2.75 mM/kg/day for 7 days [98].

Although developed primarily as an antirelapse agent, tafenoquine has also been

found to possess significant blood schizontocidal activity against trophozoite-

induced infections in simian–malaria models. Against P. cynomolgi B and

P. fragile, which are recognised as biological counterparts of P. vivax and

P. falciparum infections in humans, respectively [99], tafenoquine at a dose of
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3.16 mg/kg/day for 7 days led to a cure for established trophozoite induced

infections in monkeys with both these parasites [100]. In contrast, primaquine

was only partially curative (25% for P. cynomolgi B and 67% for P. fragile) at a
dose of 10 mg/kg/day for 7 days. Tafenoquine was also effective against blood-

induced vivax malaria infections of the chloroquine-resistant AMRU1 strain in the

Aotusmonkey–P. vivaxmodel. Parasite clearance of the AMRU1 strain occurred at

a dose of 0.3 mg/kg tafenoquine daily for 3 days and cures were achieved at 3 mg/

kg daily for 3 days [101].

In addition to tafenoquine’s greater in vitro and in vivo antimalarial activities

compared with primaquine in preclinical studies, it is less toxic than primaquine. In

acute oral toxicity studies, tafenoquine’s LD50 (50% lethal dose) of 0.78 and

0.64 mM/kg in rats and guinea pigs, respectively, was markedly less toxic than

primaquine, with corresponding LD50 values of 0.46 and 0.12 mM/kg [98]. In

subchronic and chronic studies of tafenoquine (WR 238605 IND #38503), the

compound was also found to be less toxic than primaquine. For example, in dog

toxicology studies, 3 and 9 mg/kg/day of primaquine orally for 28 days resulted in

muscle necrosis, coma and death, whereas tafenoquine up to a maximum tested

dose of 16 mg/kg/day for 28 days did not produce these adverse events [102].

3.2 Chemistry

The chemical name for the racemic tafenoquine is (�)-8-[(4-amino-1-methylbutyl)

amino]-2,6-dimethoxy-4-methyl-5-(3-trifluoromethylphenoxy) quinoline succi-

nate. The structural formula for tafenoquine is shown in Fig. 2. Its chemical formula

is C24H28N3O3·C4H6O4, with molecular weights of 463 for the base and 581 for the

succinate salt. Tafenoquine is an off-white to pink/orange/brown solid powder with

a strong phenolic odor. It is poorly soluble in water and stable at room temperature,

when stored in amber bottles for at least 10 years. The formulated product of

tafenoquine is a hard gelatin capsule containing 250 mg tafenoquine succinate

equivalent to 200 mg of the free base. Tafenoquine capsules should be stored

below 30�C and protected from light.

N

O

F

F F

O

O

NH
H2NFig. 2 Structure of

Tafenoquine
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3.3 Mechanism of Action and Development of Resistance

As already indicated, the exact mechanism of action of 8-aminoquinolines is not

well understood. It has been proposed that the blood-stage activity of 8-

aminoquinolines may be derived from an oxidative stress mechanism since it is

known that primaquine stimulates the hexose monophosphate shunt, increases

hydrogen peroxide and MetHb production and decreases glutathione levels in the

erythrocyte [93, 103, 104]. Similar to chloroquine, the blood-stage activity of

tafenoquine may be through inhibition of haematin polymerisation. In contrast to

the inactive primaquine (IC50 > 2,500 mM), tafenoquine (IC50 of 16 mM) inhibited

haematin polymerisation more efficiently than did chloroquine (IC50 of 80 mM)

[92]. Other suggested modes of action of tafenoquine include drug-induced mito-

chondrial dysfunction or inhibition of receptor recycling by endosomes [105, 106].

In vitro studies have also shown a positive correlation between tafenoquine and

primaquine (r2 ¼ 0.61) against seven P. falciparum lines, with different levels of

susceptibility to chloroquine and mefloquine [92]. In contrast, no correlation exists

between tafenoquine and either chloroquine or mefloquine, suggesting a lack of

cross-resistance between tafenoquine and chloroquine or mefloquine.

3.4 Pharmacokinetics and Metabolism

The pharmacokinetics of tafenoquine has been investigated following both single

and multiple oral administration of the drug in healthy subjects. Single-dose studies

ranging from 4 to 600 mg tafenoquine have been carried out in 48 healthy males

(Caucasian [n ¼ 20], African American [n ¼ 12] and Hispanic [n ¼ 16]) in the

fasting state [98]. The absorption half-life of tafenoquine was 1.7 h, suggesting

rapid absorption of the compound. However, the tmax of 13.8 h implied prolonged

absorption of tafenoquine from the gut. Plasma tafenoquine concentrations declined

in a mono-exponential manner and the drug was slowly cleared, with an elimination

half-life of 14 days. The Cmax and area under the drug concentration curve of

tafenoquine were linear over the doses studied. The tafenoquine concentration–time

data were best described by a one-compartment model, with first-order absorption

and elimination. Tafenoquine had a low oral clearance (CL/F, 5.7 L/h) and a large

apparent volume of distribution (V/F, 2,558 L), suggesting extensive tissue binding.
Whole blood concentrations of tafenoquine were 1.8-fold higher than

corresponding plasma concentrations, reflecting an accumulation of the drug in

erythrocytes, which may contribute to the greater potency of tafenoquine compared

with primaquine, which does not concentrate in erythrocytes [61].

The population pharmacokinetics of tafenoquine has also been determined in

healthy Thai and Australian soldiers after receiving tafenoquine for malaria pro-

phylaxis. A one-compartment model with first-order absorption and elimination

was found to best describe the population pharmacokinetics of tafenoquine. In the
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Thai study, 104 soldiers received a loading dose of 400 mg tafenoquine daily for

3 days followed by 400 mg tafenoquine monthly for 5 consecutive months [107].

Blood samples were randomly collected from each soldier on several occasions

each month. The population estimates of the first-order absorption rate constant

(Ka), CL/F and V/F were 0.69/h, 3.20 L/h and 1,820 L, respectively. The absorption

and elimination half-lives were 1.0 h and 16.4 days, respectively. The covariants,

age and weight influenced the volume of distribution. The one subject who

contracted malaria had a higher plasma clearance, but this was not considered to

have sufficient impact to warrant a change in dosing.

In the Australian study, 490 soldiers received a loading dose of 200 mg

tafenoquine daily for 3 days followed by a weekly dose of 200 mg tafenoquine

for 6 months [108]. Blood samples were collected from each soldier after the last

loading dose and then at weeks 4, 8 and 16. Typical values of Ka, CL/F and V/F
were 0.24/h, 4.37 L/h and 1,901 L, respectively. The V/F was similar to that

reported in the Thai soldiers, but the systemic CL/F was greater (4.37 L/h versus

3.20 L/h). The derived elimination half-life of tafenoquine in the Australian soldiers

of 12.7 days was slightly shorter than the 14 and 16 days reported previously in

healthy Caucasians, African-Americans and Hispanic subjects [98] and in Thai

soldiers [107], respectively, which may partly reflect the fact that the last samples

were drawn at only up to 1 week post dose and therefore, the presumed “terminal”

phase may have included some components of the distribution phase. The mean

values for CL/F and V/F obtained in the fed Australian soldiers were 30–35% lower

than values derived in the fasted healthy subjects participating in the single dose

escalating study of tafenoquine. A possible explanation for the disparity is that a

high-fat meal can increase the oral bioavailability (F) of tafenoquine by up to 40%

(A. K. Miller personal communication), which when comparing the two studies

would bring the respective CL/F and V/F values into closer agreement after

correcting for F.
Limited investigations have been carried out on the metabolism of tafenoquine.

In vitro rat liver microsomal studies have identified tafenoquine to be metabolised

to aminophenolic compounds that undergo air oxidation to a mixture of quinones

and quinoneimines [109]. Similar to primaquine, the metabolism of tafenoquine is

difficult to study, because its structure contains several metabolically labile constit-

uent groups, and its intermediates are unstable and possess amphoteric properties

[74]. So far, no metabolites of tafenoquine have been identified in either human

plasma or urine.

3.5 Safety and Tolerability

In single dose escalating pharmacokinetic studies in healthy subjects, only a few GI

side effects such as heartburn, flatulence, vomiting and diarrhoea were seen in those

subjects who received the higher doses of 300–600 mg tafenoquine [98]. These side

effects were few and were not unexpected, based on past experiences with
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primaquine. Methaemoglobinaemia, haemolytic anaemia, thrombocytopenia, or

changes in white blood cell counts or electrocardiograms were not observed in

the subjects. Because tafenoquine is related to primaquine, it can cause methaemo-

globinaemia and haemolytic anaemia in individuals with deficiency of G6PD. Thus,

all individuals who receive an 8-aminoquinoline should undergo laboratory testing

for confirmation of a normal G6PD status [110]. This is potentially tafenoquine’s

major drawback for use worldwide as G6PD is one of the most common human

genetic polymorphisms. Although malaria patients with anemia may be at greater

risk, methaemoglobinaemia generally is not a serious concern when <20% of

haemoglobin is in the MetHb form and only rarely will testing for methaemoglo-

binaemia be indicated on clinical grounds, such as the presence of bluish mucous

membranes [111].

In individuals with severe G6PD deficiency, such as the Mediterranean variety,

tafenoquine or primaquine should not be used. Even individuals with the low-grade

deficiency (A-) variant of G6PD, which is most commonly found in Africa, can be

at risk of developing haemolysis when exposed to tafenoquine. In a Kenyan field

study, two women who were inadvertently given tafenoquine (400 mg daily for

3 days) experienced a haemolytic reaction when their G6PD deficiency status was

incorrectly recorded during screening [112]. One woman, who was later found to be

heterozygous for the (A-) G6PD variant, developed intravascular haemolysis and

required a 2-unit blood transfusion. Haemolysis did not continue after the acute

event, no renal compromise was seen in spite of blackwater urine, and she restored

and maintained normal haematologic parameters for 6 months after the event. The

other woman, who was later found to be homozygous for the (A-) G6PD variant,

remained asymptomatic despite an acute 30 g/L decrease in haemoglobin, which

was noticed only because of routine blood tests. She restored her haemoglobin level

without intervention.

3.6 Clinical Use

3.6.1 Chemoprophylaxis against P. falciparum and P. vivax Malaria

The development and spread of multiple drug-resistant P. falciparum malaria in

many parts of the world highlights the need to develop new, safe, well-tolerated and

effective chemoprophylactic agents for travellers and in special risk groups such as

military personnel. A long-acting drug that acts on all stages of the malaria parasite

could be a significant addition to the limited armamentarium for protecting

individuals against malaria infections. Tafenoquine is a long-acting antimalarial

and, based on preclinical studies acts on all stages of the parasite, including the pre-

erythrocytic stages providing causal prophylactic activity. Table 1 summarises the

Phase II and III studies on the safety, tolerability and protective efficacy of

tafenoquine in its clinical development.
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3.6.2 Presumptive Antirelapse Therapy and Radical Cure

Tafenoquine was also developed as a potential replacement of primaquine for

presumptive antirelapse therapy and radical cure. Table 2 summarises the clinical

development of tafenoquine for antirelapse therapy.

3.7 Future Potential

Tafenoquine is a unique antimalarial drug that is active against all stages of

Plasmodium spp. Although clinical studies of tafenoquine have shown the long-

acting 8-aminoquinoline to have comparable efficacy to primaquine for radical cure

and presumptive antirelapse therapy, the markedly shorter regime of tafenoquine

compared with primaquine (3 days versus 14 days) is more convenient and with

improved compliance one could expect the number of relapses of P. vivax malaria

to decrease markedly. For the treatment of uncomplicated P. falciparum,
artemisinin-based combination therapies (ACTs) are now recommended for first-

line treatment worldwide. Because of tafenoquine’s long elimination half-life of

14 days, it could be considered as a partner drug with an artemisinin derivative such

as artesunate. Today, however, we have very efficacious and well-tolerated ACTs

for the treatment of falciparum malaria [125]. Thus, it may be more prudent to limit

the use of tafenoquine to treating P. vivax and P. ovale infections, and for selected

applications, including prophylaxis (short and long-term) for special risk groups

such as military personnel.

Furthermore, since tafenoquine possesses both gametocytocidal and sporon-

tocidal activity it is a promising candidate agent for transmission-blocking public

health applications. Because of its long half-life, tafenoquine has enormous poten-

tial for malaria control and possibly the elimination of the disease. To test this latter

concept will be difficult. Perhaps tafenoquine could be evaluated for transmission

blocking in an area of low endemicity, with controlled geographical access such as

an island. For malaria elimination, tafenoquine could be used in mass drug admin-

istration to eliminate residual parasites in an entire population [112] and, thus,

would be an excellent drug for the eradication of malaria under the new initiative by

the Bill and Melinda Gates Foundation [126].

Before these possible public health applications of tafenoquine can be

implemented, a regimen that can safely be given to G6PD-deficient individuals

needs to be developed. Alternatively, a field friendly, rapid and inexpensive G6PD

test needs to be produced so that the G6PD status of the individual can be

ascertained prior to tafenoquine administration. A clinical dose-escalating study

in G6PD-deficient subjects is planned to better quantify and characterise the risk of

tafenoquine use in this important risk group [117].
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Other 4-Methanolquinolines, Amyl Alcohols

and Phentathrenes: Mefloquine, Lumefantrine

and Halofantrine

Francois Nosten, Penelope A. Phillips-Howard, and Feiko O. ter Kuile

Abstract This chapter describes mefloquine, pyronaridine, halofantrine,

piperaquine and lumefantrine under the broader title of the 4-methanolquinolines,

amyl alcohols and phentathrenes. We provide a brief resume of each drug, in terms

of their chemical properties, formulae, pharmacokinetics, clinical indications for

use, and their efficacy and safety. Recognizing the limited number of antimalarials

available, and in the developmental pipeline, attention is focussed on describing the

history of each drug and how their indications have evolved as data on safety in

human populations accumulates over time, and how patterns of use have changed

with growing multiple drug resistance. Their combined use with the artemisinin

derivatives is briefly described and readers are recommended to consult other

chapters in this book which more fully describe such combinations.
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1 Mefloquine

1.1 Structure and Action

Mefloquine hydrochloride is a 4-quinolinemethol derivative synthesised as a struc-

tural analogue (2-aryl substituted chemical) of quinine. Its full chemical name is

(R*, S*)-(�)-a-2-piperidinyl-2,8-bis (trifluoromethyl)-4-quinolinemethanol hydro-

chloride. Its formula is C17H16F6N2O (Fig. 1). Mefloquine was discovered by the

Experimental Therapeutics Division of the Walter Reed Army Institute of Research

(WRAIR) in the 1970s for chemoprophylaxis (250 mg weekly) and therapy

(15–25 mg/kg) and was approved by the U.S. Food and Drug Administration in

1989.

Mefloquine is a blood schizonticide, active against the erythrocytic stages of

Plasmodium falciparum and P. vivax, with no effect on the exoerythrocytic

(hepatic) stages of the parasite, and with limited information of its effect on

P. ovale, P. malariae and P. knowlesi. Studies indicate mefloquine interferes with

the transport of haemoglobin and other substances from the host erythrocyte to the

food vacuole of the malaria parasite, causing swelling and cytotoxicity [1]. Meflo-

quine strongly inhibits endocytosis in the D10 strain of P. falciparum using several

lines of evidence: a reduction in haemoglobin levels in the parasite as assessed by

Western blotting, decreased levels of accumulation of biotinylated dextran by the

parasite in preloaded erythrocytes, significantly lower concentrations of fluorescent

dextran in the food vacuole, and a reduced percentage of parasites with multiple

transport vesicles [2].

Mefloquine is a chiral molecule; it has two asymmetric carbon atoms and exists in

two racemic forms (erythro and threo), each of which is composed of a pair of optical

isomers, i.e. (�)-erythro-enantiomers and the (�)-threo-epimers. Clinically, the

racemic mixture of the erythro-enantiomers is used [3]. Unlike other antimalarial

drugs such as chloroquine, halofantrine, and lumefantrine, there is stereoselectivity
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Fig. 1 Structure of mefloquine hydrochloride and its two enantiomers
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in its antimalarial activity, with the (+)-isomer ~1.7 times more potent than the

(�)-isomer in vitro [4, 5].

1.2 Pharmacokinetics

Mefloquine is moderately well absorbed orally and extensively distributed and is

98% bound to plasma proteins. Splitting 25 mg/kg mefloquine into 2 or 3 doses

given 16–24 h apart reduces vomiting, improves oral bioavailability and the

therapeutic response in the treatment of acute falciparum malaria [6]. Food

increases its bioavailability by up to 40%. The parent compound is metabolized

by the cytochrome P450 enzyme CYP3A4 to two major metabolites: carboxy- and

hydroxyl-mefloquine, which are inactive against P. falciparum. Mefloquine is

eliminated slowly and has a terminal elimination half-life of ~3 weeks in volunteers

and 2 weeks in patients. Total clearance, which is essentially hepatic, is 30 ml/min

in volunteers. A steady-state plasma concentration of 1,000–2,000 mg/l is reached
after 7–10 weeks following weekly 250 mg prophylaxis and it is therefore

recommended to start medication at least 2 weeks before travel. There are

stereoselective differences in their pharmacokinetics and the ability of the meflo-

quine enantiomers to cause certain adverse effects [5]. In humans, the plasma

concentration of the (�) enantiomer is approximately threefold higher than the

(+) enantiomer, reflecting the stereoselectivity in the clearance and volume distri-

bution [5, 7–11]. Co-administration with artemisinin does not appear to influence

mefloquine enantiomer pharmacokinetics [12].

1.3 Clinical Use

One tablet of 250 mg mefloquine hydrochloride per week (adult dose; equivalent to

228 mg of the free base) has been used for prophylaxis in travellers, including for

young children and pregnant women. The limited data available on the use of

mefloquine in human pregnancy are reassuring and do not indicate an increased

teratogenic risk [13]. A retrospective study of 208 women on the Thai–Burmese

border treated with mefloquine found an increased risk of stillbirths [14], however,

this finding was not confirmed in a large prospective trial of mefloquine prophylaxis

in Malawian pregnant women [15] and remains unexplained. As a treatment, it is

now mainly used in combination with artesunate, a water-soluble artemisinin

derivative. It is available as a loose combination (as part of a blister pack containing

both drugs), and as a new fixed-dose combination developed with support from the

Drugs for Neglected Diseases Initiative (DNDi) and produced by Farmanguinhos/

Fiocruz, Brazil and Cipla, India. The treatment dose is 25 mg/kg of mefloquine and

12 mg/kg of artesunate given as 8.3 and 4 mg/kg/day over 3 days, respectively.

Tablets of the new fixed-dose combination come in adult and child “strengths”,
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with several co-blistered formulations of the loose combinations made by different

manufacturers. Mefloquine is also being explored for a new indication as intermit-

tent preventive therapy (IPT) against malaria. Two trials evaluating the role of

mefloquine as IPT in infants (IPTi) [16] and in pregnant women (IPTp) [17] found

mefloquine to be very effective, but the low tolerability limited its acceptance for

use as IPTi. Further IPTp studies are ongoing in five countries in Africa with the

lower 15 mg/kg dose in pregnancy.

1.4 Resistance

Most experience with mefloquine as monotherapy and later in combination with the

artemisinin derivatives has been gained from areas of multiple drug resistance in

Southeast Asia, such as on the Thai–Burmese (Myanmar) border. Thailand was the

first country to use mefloquine for first-line treatment of acute malaria. From 1985

to 1990, it was recommended in combination with sulfadoxine and pyrimethamine,

as “MSP” in a fixed-dose combination, at a single dose of ~15/30/1.5 mg/kg,

providing a 98% cure rate after its introduction in 1985, however, this dropped to

<50% in children by 1990 [18]. Because of high levels of existing parasite

resistance to SP, and lack of additional therapeutic efficacy over mefloquine

alone, the SP component was dropped [18, 19] and replaced by mefloquine

monotherapy; initially at a single dose of 15 mg/kg. High levels of treatment failure

with this dose [18, 20] prompted 25 mg/kg dosing [21–23], split (750 and 500 mg,

16–24 h apart) to reduce vomiting [24]. Within 8 years, mefloquine monotherapy

failure rates on the Thai–Burmese border reached 60% and, following extensive

testing, the combination of mefloquine 25 mg/kg with artesunate 12 mg/kg given

over 3 days (MAS3) became the new standard therapy [25]. This therapy, combined

with early diagnosis and use of insecticide treated nets, reduced P. falciparum
malaria incidence, and halted, and later reversed the progression of mefloquine

resistance [26–28]. The combination offered a potential public health solution for

multiple drug-resistant P. falciparum, and allowed time for the development of

other new drugs [1].

In vivo resistance to mefloquine, mediated mainly by an increase in gene copy

number and expression of the P. falciparum multi-drug resistance (MDR) gene-1

(pfmdr1), a gene encoding a parasite-transport protein [29, 30], has been confirmed.

This has been reported on the borders of Thailand with Burma (Myanmar) and

Cambodia, in the western provinces of Cambodia, the eastern states of Burma

(Myanmar) and its border with China, along the Laos and Burma borders, the

adjacent Thai–Cambodian border and in southern Vietnam. It is likely the initial

deployment of low dose of mefloquine may have encouraged resistance. Theoreti-

cal evidence suggests that initial use of higher doses, preferably in combination

with an artemisinin derivative, is less likely to lead to resistance [31].
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1.5 Tolerability

Preclinical studies demonstrate mefloquine to be safe and effective [32], and

extensive clinical experience to date supports this. Nevertheless, widespread

deployment of mefloquine for treatment and prophylaxis has been hampered by

concerns about its tolerability. Side effects following treatment are common; they

are usually mild and restricted to dizziness/vertigo and gastro-intestinal distur-

bances [24]. Vomiting after mefloquine is a problem in young children, but can

be mitigated by splitting the dose over 2 or 3 days, and by fever reduction [24, 33].

In older children and adults, mild neuro-psychiatric events (headache, dizziness,

insomnia and vivid dreams) are reported in ~25% of patients treated with 25 mg/kg

mefloquine.

Mefloquine is also associated with a self-limiting acute neuropsychiatric syn-

drome manifest by encephalopathy, convulsions or psychosis [34–36], apparent in

international travellers taking 250 mg mefloquine each week for prophylaxis

[35, 37]. Mefloquine is thus contraindicated for prophylaxis in patients with active

depression, a recent history of depression, generalised anxiety disorder, psychosis,

or schizophrenia or other major psychiatric disorders, or with a history of

convulsions [38]. These contraindications are prevalent in 9–10% of the mili-

tary [39] and civilian [40] populations presenting for malaria chemoprophylaxis

[41], but are not documented in endemic populations. While the mechanism is not

yet fully understood, neuropsychiatric events have been demonstrated to be

associated with dose in humans [42, 43]. The rates in travellers are estimated to

be 1:10,000 persons, equally frequent with chloroquine prophylaxis, but higher than

in similar populations that used other forms of prophylaxis [35, 44]. The incidence

following treatment doses is 1:1,000 in Asian patients [45], 1:200 in Caucasian or

African patients with uncomplicated malaria and 1:20 in patients recovering from

severe malaria [46]. Previous history of psychiatric illness or epilepsy is a risk

factor. Females and individuals of low body mass index are also at apparent greater

risk. Neuropsychiatric reactions are more common if mefloquine was used in the

previous 2 months, and thus should not be used to treat recrudescent infections

within 2 months of treatment.

Total (racemic) concentrations of mefloquine are ~30-fold higher in brain than

in plasma [47]. In man, approximately threefold higher concentrations of the

(�)-enantiomer is observed in plasma, and 1.5-fold higher in brain, but post-

mortem studies demonstrated stereoselective brain penetration, greater for the

(+)-enantiomer, with (�) and (+) concentrations at ~23- versus 56-fold higher in

the brain’s white matter compared with plasma (the reverse is found in rat models

where the penetration of the (�)-enantiomer is greater than that of its antipode)

[7, 47–49]. There is a growing body of evidence on the mechanisms of possible

neurotoxicity (see reviews [50] and [41]). The high level of accumulation of

mefloquine in brain tissue may be associated with direct neurotoxic damage and

cell death, with binding to neuroreceptors and cholinesterases, inhibition of sarco

(endo)plasmic reticulum Ca2+ ATPase (SERCA) activity and interference with
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cellular Ca2+ homeostasis and reductions in central nervous system efflux in indi-

viduals possessing certain (human) MDR1 polymorphisms [50].

1.6 The Future

Using mefloquine as a scaffold, WRAIR has constructed a library of 200 potential

next generation quinoline methanol compounds to identify leads that possess

biological properties consistent with the target product profile for malaria chemo-

prophylaxis but less susceptible to passage across the blood–brain barrier (to reduce

adverse neurological effects) [51, 52]. During a programme to examine the bio-

chemical basis of side effects, investigators discovered that the (�)-(R,S)-enantio-

mer is a potent adenosine A2A receptor antagonist, resulting in a programme to

develop novel adenosine A2A antagonists for the management of Parkinson’s

disease [53, 54]. Mefloquine is effective against JC virus and is reported to have

successfully treated progressive multifocal leuko-encephalopathy (a progressive,

usually fatal, demyelinating disease caused by the JC virus) [55, 56]. Mefloquine

is undergoing in vitro and in vivo studies to evaluate its effectiveness for the treat-

ment of helminth infections [57], including those caused by Schistosoma [58],

Clonorchis and Paragonimus [59].

2 Pyronaridine

2.1 Structure and Action

Pyronaridine is a Mannich base with a pyronaridine nucleus synthesised from

mepacrine (9 amino acridine). Its formula is C29H32CIN5O2 (Fig. 2). It was

synthesised in 1970 in China and is available as a free base and as a tetraphosphate,

the salt used in current formulations. It was used in China as a monotherapy in

the 1980s and 1990s but has now been developed as a combination therapy with

Fig. 2 Structure of

pyronaridine
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artesunate by Shin Poong Pharmaceutical (Korea) and Medicines for Malaria

Venture (MMV, Switzerland).

Pyronaridine is active against asexual forms of Plasmodium by forming

complexes with ferriprotoporphyrin IX. Growth studies of P. falciparum K1 in

culture demonstrate the ability of pyronaridine to inhibit in vitro b-haematin

formation, to form a complex with a stoichiometry of 1:2, to enhance haematin-

induced red blood cell lysis, and to inhibit glutathione-dependent degradation of

haematin [60]. However, observations that pyronaridine exerted this mechanism of

action in situ, based on showing antagonism of pyronaridine in combination with

antimalarials (chloroquine, mefloquine, and quinine) that inhibit b-haematin for-

mation, were equivocal. Interestingly pyronaridine is also active against young

gametocytes (stage II and III) in vitro [61], although recent clinical studies did

not detect a difference in gametocyte carriage following treatment with the fixed

combination artesunate–pyronaridine when compared with artemether– lumefantrine

[62]. The compound is also a poor substrate and an inhibitor of the Permeability

glycoprotein (P-gp) ATP-dependant transporter, a product of the human multidrug

resistance-1 (MDR1;ABCB1) gene that influences the passage of many drugs

across epithelial barriers. The P-gp-mediated efflux could attenuate oral absorption

of the drug when the luminal concentration falls; however, this is likely to play

a minimal role in the initial absorption of the drug.

2.2 Pharmacokinetics

The pharmacokinetic properties of pyronaridine are not well characterised. The

drug is readily absorbed from the small intestine following oral administration and

is widely distributed in most tissues [63]. The peak value of the drug in the blood is

reached at around 8 h post-administration, and it shows a poor permeability across

the blood–brain barrier. Pyronaridine concentrates preferentially in infected red

blood cells and its distribution and elimination are influenced by age and disease

status. It is eliminated slowly, with the half-life currently estimated at 18 days in

patients with malaria [64]. Improvements to the assay that measures blood

concentrations are likely to reveal a longer half-life.

2.3 Resistance

Resistance is known to have developed in P. falciparum when the drug was used in

China but the molecular mechanism is unknown. High recurrence rates were noted

in early clinical trials in Thailand [65] and cross-resistance with chloroquine was

suggested in vitro [66]. Pyronaridine is not used as a single agent anymore but only

in combination with artesunate to prevent the emergence of de novo resistance.
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3 Halofantrine

3.1 Structure, Action and Resistance

Halofantrine belongs to the phenanthrene methanol group and was developed by

WRAIR in the 1960s and then by Smith Klein, now GlaxoSmithKlein. It is a small

chiral molecule and the chemical formula is C26H30Cl2F3NO (Fig. 3). The oral

formulation is in tablets containing 250 mg of hydrochloride salt. Like other

quinoline derivatives, the mode of action of halofantrine appears to be in the

inhibition of the formation of b-haematin crystals but the precise mechanism of

action is unclear. Recently it was shown that halofantrine forms complexes with

ferriprotoporphyrin IX and that the inhibition of the haemozoin formation occurs

principally at the lipid–aqueous interface, an environment more compatible with

the crystal structure of halofantrine–ferriprotoporphyrin IX [67]. Halofantrine is

poorly and erratically absorbed due to its low solubility. Absorption is enhanced by

fat co-administration. The principal active metabolite is N-desbutyl-halofantrine.
The terminal half-life in patients with malaria is ~4.7 days, making it a relatively

rapidly eliminated antimalarial when compared with other drugs of the same group.

As halofantrine was withdrawn from use due to the discovery of halofantrine

cardiotoxicity (see below), there are few studies on the development of resistance

to this drug. Molecular studies have demonstrated that mutations in pfmdr1 result in
altered halofantrine transport, suggesting a role for this efflux transport mechanism

in resistance to this drug [68]. Cross-resistance with mefloquine was shown in

clinical studies in South East Asia [69] and it is likely that the drug shares common

resistance mechanisms with mefloquine and lumefantrine due to their chemical

similarities.

Fig. 3 Structure of halofantrine
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3.2 Tolerability

Initially, halofantrine looked like a promising drug for the treatment of uncompli-

cated falciparum infections caused by chloroquine-resistant parasites. It rapidly

cleared parasites and was well tolerated. The first report of the cardiotoxicity of

halofantrine in 1993 [70], came as a surprise since the drug had been developed in

full compliance with GCP standards. Halofantrine and its principal quinidine-like

metabolite have a Class III effect on cardiac repolarization [71]. It causes a dose-

dependent blockade of the Ikr channel (through hERG) by binding to the open or

inactivated state. This translates on an ECG to a marked prolongation of the QT

interval and is more marked when halofantrine is given after mefloquine, probably

as a result of the inhibition of the slow delayed rectifier potassium channel Iks [72].
This QT prolongation, seen at therapeutic doses, increases the risk of the potentially

fatal Torsade de Pointes and since the first report, several sudden deaths have been

related to the drug. Because of this, halofantrine has been withdrawn in many

countries and from international guidelines on the treatment of malaria.

4 Piperaquine

4.1 Structure and Action

Piperaquine is a bis-amino 4 quinoline synthesised more than 50 years ago by

Rhone-Poulenc (France). It was abandoned and rediscovered in China by the

Shanghai Research Institute of Pharmaceutical Industry. The drug was used on

a large scale (140,000,000 doses) for prophylaxis and treatment of chloroquine

resistant P. falciparum between 1978 and 1994, but resistance developed in the

1990s. Piperaquine is a lipophilic compound and its chemical formula is

C29H32Cl2N6 (Fig. 4). The full mechanism of action is unknown but piperaquine

concentrates in the parasite food vacuole and inhibits the dimerisation of haematin

by binding. Recent work by Warhurst and colleagues has shed more light on the

possible mode of action [73]. The high activity of piperaquine against chloroquine-

resistant falciparum could be explained by its high lipid accumulation ratio (LAR)

leading to an increase in b-haematin inhibition in vacuolar lipids where the crystals

of haemozoin are produced. The drug may also act by blocking efflux from the food

Fig. 4 Structure of

piperaquine
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vacuole by hydrophobic interaction with the parasite chloroqine-resistance trans-

porter, pfcrt [73].

4.2 Pharmacokinetics

Piperaquine is lipophilic and exhibits considerable inter-individual variability in

pharmacokinetics. It accumulates preferentially in infected red blood cells and this

affects the plasma/blood concentration ratio. Like chloroquine, it has a large

apparent volume of distribution and a slow elimination. The terminal elimination

half-life is probably longer than previously thought and could exceed 30 days [74].

This is valuable for ensuring a prolonged post-treatment prophylactic effect and

when the drug is used for IPT. In children, studies have shown that, dose adjustment

may be needed [75]. Likewise, pregnant women may have lower piperaquine

exposure than non-pregnant women, and the dosage in pregnancy may also need

to be adjusted. Piperaquine has two major metabolites: a carboxylic acid and

a mono-N-oxidated piperaquine product.

4.3 Resistance

Resistance to piperaquine is known to have developed in vivo in China when it was

used as monotherapy but there is no indication that it has spread elsewhere. There

is no specific molecular marker of resistance to piperaquine and the role of the

P. falciparum transport proteins pfmdr1 and pfcrt remains unclear [76, 77]. In

clinical use, piperaquine is now used in a fixed combination with dihydro-

artemisinin (DHA) developed by Holleypharm (China) and Sigma-Tau (Italy) in

partnership with MMV (Switzerland). DHA-piperaquine is one of the most

promising artemisinin-based combination therapies (ACTs) in the antimalarial

armamentarium.

5 Lumefantrine

5.1 Structure and Action

Lumefantrine is a racemic 2,4,7,9-substituted fluorine derivative belonging to the

arylamino-alcohol group of antimalarials with a molecular structure reminiscent of

halofantrine. It was originally synthesised by the Academy of Military Sciences in

Beijing (PRC) in the 1980s. Its chemical formula is C30H32Cl3NO (Fig. 5). It is

insoluble in water and the two enantiomers have equal antimalarial activities.
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Lumefantrine is active against P. falciparum and P. vivax asexual stages but not

against pre-erythrocytic liver stages, including hynozoites, or against gametocytes.

The mode of action of lumefantrine is not known precisely but by similarity of

structure with the antimalarials of the same group, it is assumed that lumefantrine

kills parasites by inhibiting the polymerisation of heme.

5.2 Pharmacokinetics

The pharmacokinetics of lumefantrine have been extensively described in various

populations (European, Asian and African) in adults, children and also in pregnant

women. The drug is slowly absorbed (time to peak concentrations is approximately

6 h) and metabolised to desbutyl-lumefantrine via CYP3A4 but largely eliminated

as parent compound via the liver in faeces and urine. The absorption is dose limited,

so the total daily dose must be given on two separate occasions in order to be

absorbed, the first serious impediment to observance [78]. The terminal elimination

half-life is approximately 4.5 days, reminiscent of halofantrine and much shorter

than mefloquine or piperaquine. Lumefantrine is highly lipophilic and has a low and

variable bioavailability. This is a major contributor to the observed inter-individual

variability in its kinetics. The relative fraction of the dose absorbed is also highly

variable between patients and between doses. This is probably explained by the

combined effects of illness on intestinal mobility, increased food intake with

recovery and decreasing parasitaemia. Co-administration of food (or some fat)

has a marked effect on the absorption of lumefantrine and this is the second

major impediment to observance. Recent studies have shown that as little as 1.2 g

of fat was needed for optimum lumefantrine absorption [71]. Unfortunately, this

was not taken into account when the paediatric formulation of artemether–lume-

fantrine (Coartem) was developed. Initially, a 4-dose regimen of Coartem was

recommended based on the initial Chinese trials. However this resulted in low

cure rates in Thailand [79] but it helped in defining the lumefantrine exposure–cure

Fig. 5 Structure of

lumefantrine
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rate relationship. The most determinant factors of cure were found to be the initial

parasite load and the Area Under the plasma concentration Curve (AUC) of

lumefantrine. A useful surrogate of the AUC is the day 7 lumefantrine concentra-

tion. A plasma lumefantrine concentration of 280 ng/ml was found to be a useful

discriminating cut-off to determine subsequent risk of recrudescence [80] and, in

the absence of resistance, a day 7 concentration of 500 ng/ml would be expected to

cure >90% of patients [81]. After too many years of delay, the 6-dose regimen

became universally recommended. For pregnancy, however, this standard regimen

is associated with lower plasma concentrations because of the increased volume of

distribution and faster elimination, which will lead to treatment failures [82].

Modelling suggests that longer courses are needed to achieve lumefantrine con-

centrations comparable to that in non-pregnant patients [75].

5.3 Resistance

Resistance to lumefantrine can be readily obtained in vitro and in animal models.

In vitro, single-nucleotide polymorphisms in the pfmdr1 gene have been asso-

ciated with increased IC50 values for lumefantrine [83]. An increase in pfmdr1
copy number also resulted in decreased in vitro susceptibility and increased risk of

failure in patients receiving the 4-dose regimen [80]. Interestingly, resistance to

lumefantrine in P. falciparum could be associated with the loss of chloroquine

resistance (i.e. the loss of the pfcrt K76T mutation) [84]. Lumefantrine is not used

as a single drug but only in combination with artemether (see Coartem). Its future

depends on controlling the emergence of resistance to the artemisinin derivatives

and/or to the emergence of resistance to lumefantrine itself or through cross

resistance with mefloquine.
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Antifolates: Pyrimethamine, Proguanil,

Sulphadoxine and Dapsone

Alexis Nzila

Abstract The inhibition or disruption of folate metabolism remains an attractive

target for the discovery of new antimalarial drugs. The importance of this pathway

was proved in the 1940s with the discovery of the triazine proguanil. Proguanil is

converted in vivo to the active metabolite, cycloguanil, an inhibitor of the

dihydrofolate reductase enzyme. Proguanil has mainly been used for prophylaxis

and currently is used in combination with atovaquone (Malarone®) for this purpose.

Pyrimethamine was discovered based on its similarity to cycloguanil, and has been

combined with the sulpha drug sulphadoxine. This combination of pyrimethamine/

sulphadoxine has been the drug of choice to replace chloroquine in the treatment of

uncomplicated malaria. However, resistance to pyrimethamine/sulphadoxine is

now common, and its use is now restricted to the treatment of malaria in pregnancy,

and “intermittent preventive treatment.” Efforts are under way to discover and

develop new antifolates. In this chapter, I summarize our knowledge of folate

metabolism in the malarial parasite, and discuss the role and place of antifolates

in the treatment of malaria and new strategies of folate disruption as a drug target.

1 Folate Biochemistry

Antifolates block the synthesis or conversion of folate derivatives. Folate derivatives

are important cellular cofactors for the production of deoxythymidylate (dTMP)

and, thus, synthesis of DNA. In mammals and plants, the folate pathway also gene-

rates the amino acidmethionine, mediates themetabolism of histidine, glutamic acid

and serine and controls the initiation of protein synthesis in mitochondria through

formylation of methionine [1, 2]. Thus, rapidly dividing cells, such as cancer cells
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and malaria parasites, rely on the availability of folates. The antifolate methotrexate

has been in use for over 60 years as an anticancer drug, and currently, disruption of

folate metabolism is central in anticancer chemotherapy [2].

Plasmodium falciparum relies completely on the de novo synthesis pathway of

dTMP and is unable to salvage pyrimidine from the exogenous medium. Thus, the

folate pathway is critical to the parasite’s survival [3]. Figure 1 summarizes the

folate biochemical pathway in P. falciparum [4]. The important enzymes, with

regard to antifolate activity, are dihydrofolate reductase (DHFR) and dihydrop-

teroate synthase (DHPS). Indeed, all antifolates currently in use target these two

enzymes. Pyrimethamine and proguanil are the archetypal DHFR inhibitors

(Fig. 2a). Drugs that target DHPS are sulpha-based and they include sulphonamide

(sulphadoxine) and sulfone (dapsone) (Fig. 2b). In the past, attempts were made to

use the DHPS inhibitors alone as antimalarial agents [5]. However, this approach

was abandoned because of their low efficacy and unacceptable toxicity. The interest

in this class of antifolates was fostered when it was demonstrated that they

synergized with DHFR inhibitors [6], leading to their use in combination.

2 Combination with Proguanil

2.1 Proguanil with the Antifolate Dapsone

Proguanil was the first antifolate against malaria to be discovered [7]. This drug is

metabolized to its triazine form, cycloguanil, an inhibitor of DHFR [8] (Fig. 2a). It

has been used alone as a prophylactic agent against malaria [9]. However, selection

of mutations in DHFR, as the result of pyrimethamine use, is associated with

decreased cycloguanil activity [10]. Thus, proguanil efficacy is reduced in areas

of pyrimethamine resistance (see Sect. 6.5.1). An attempt was made to combine

proguanil with dapsone for malaria treatment [11], and an artemisinin-based com-

bination of proguanil/dapsone/artesunate was also evaluated [12]. However, these

combinations have been abandoned because of the reduced activity of cycloguanil

(the active metabolite of proguanil). Even if these drugs were developed, dapsone

toxicity would have been a limitation (see Sect. 4).

2.2 Proguanil with a Non-Sulpha-Based Drug, Atovaquone

Proguanil has also been combined with atovaquone, an inhibitor of electron-trans-

port to the cytochrome bc1 complex (coenzyme Q); this combination, known as

Malarone®, is primarily used as a prophylactic agent against malaria [13].

Proguanil is converted to cycloguanil, an inhibitor of DHFR, and at the same

time, proguanil synergizes with atovaquone (as an inhibitor of electron transport).
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As a result, the sum of both effects account for the in vivo efficacy of Malarone® but

in areas of high pyrimethamine resistance (where cycloguanil would be inactive),

the potency of Malarone® would primarily be borne by the synergistic effect of

proguanil/atovaquone on electron transport (see Sect. 5).

3 Combination with Pyrimethamine

Pyrimethamine, an inhibitor of DFHR, is a derivative of 2,4-diaminopyrimidine

that was initially synthesized as an anticancer drug and was identified as an

antimalarial based on its structural similarity to proguanil [14]. This drug has

been the most widely used antimalarial antifolate agent thus far. It was first used

as a monotherapy (known as Daraprim®) [15] and then was combined with

sulphadoxine or sulphalene (see below).

3.1 Uncomplicated Malaria Treatment

Pyrimethamine was combined with sulphadoxine (this drug is known as Fansidar®)

or sulphalene, under the name of Metakelfin®, for the treatment of uncomplicated

malaria. These two sulpha drugs have a long elimination profile, like pyrimeth-

amine, with half-lives >80 h [16]. On the other hand, pyrimethamine has

been combined with the short-acting dapsone, under the name of Maloprim®. The

half-life of dapsone is around 24 h [17] and, as a result, from the second day of

treatment, the synergistic property of the combination is substantially reduced,

decreasing the drug efficacy, and explaining the relatively low efficacy of this

drug combination [18].

Though the efficacy of Fansidar® and Metakelfin® is comparable [19], Fansidar®

has been more widely used than Metakelfin® (partly due to dapsone related toxicity)

[19]. However, the efficacy of Fansidar® has been compromised as a result of the

emergence of pyrimethamine- and sulphadoxine-resistant parasites, leading to its

discontinuation as a drug for mass treatment of malaria in Africa [20, 21].

Combinations of pyrimethamine/sulphadoxine/artesunate and pyrimethamine/

sulphadoxine/amodiaquine have been evaluated in several malaria-endemic areas

[22]; however, a combination including a failing drug would be of limited benefit.

3.2 Intermittent Preventive Treatment

A body of evidence has shown that the administration of one dose of pyrimeth-

amine/sulphadoxine in the second and third trimester in asymptomatic pregnant

women is associated with a reduction of placental parasitaemia, maternal anemia
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and low birth weight [23, 24]. This led the World Health Organization to recom-

mend Intermittent Preventive Treatment (IPT) in pregnant women living in

malaria-endemic areas, and this concept has now been extended to infants and

children [23]. Pyrimethamine/sulphadoxine has been the drug of choice for IPT,

even in areas with moderate levels of pyrimethamine/sulphadoxine resistance

[23, 25]; however, in the context of high pyrimethamine/sulphadoxine resistance,

its efficacy is greatly compromised [26]. Alternative drugs are being evaluated,

including the combination of pyrimethamine/sulphadoxine with other antimalarials

such as piperaquine and mefloquine [27, 28].

4 Combination with Chlorproguanil

The potency of proguanil led to the search for analogs with higher activity. These

studies resulted in the discovery of two important molecules, among others,

chlorproguanil and BRL 6331 (WR 99210). Only the information on chlorproguanil

is summarized here since BRL 6331 has not reached clinical stages in human trials;

however, information on this compound can be found elsewhere [10, 29].

Chlorproguanil is generated by chlorination of proguanil, and is metabolized

in vivo to chlorcycloguanil, the active metabolite (Fig. 2a), which is more active

than cycloguanil and pyrimethamine [30, 31]. Chlorproguanil was recommended

for prophylaxis but was not used as much as proguanil [9]. This antifolate has been

combined with dapsone for the treatment of uncomplicated malaria, and a combi-

nation of chlorproguanil/dapsone/artesunate was also investigated. However, these

drugs have been discontinued because of dapsone toxicity in glucose-6-phosphate-

dehydrogenase (G6PD)-deficient patients [32, 33].

5 Antifolate Resistance

5.1 Resistance to the Combination Pyrimethamine/Sulphadoxine

Predominantly, pyrimethamine/sulphadoxine resistance is attributable to parasites

that carry point mutations at codons 108 (Ser to Asn), 51 (Asn to Ile) and 59 (Cys to

Arg) of dhfr. These are triple-mutant parasites. Resistance is augmented by point

mutations at codons 437 (Ala to Gly) and/or 540 (Lys to Glu) or 437 and/or 581

(Ala to Lys) of the dhps gene [20, 21]. High levels of pyrimethamine/sulphadoxine

resistance are associated with the selection of an additional mutation at codon 164

(Ile to Leu) of dhfr. Interestingly, the existence of this mutation in Africa has been a

matter of debate [34–37] but there is now compelling evidence that it does occur in

African isolates [30, 38–40]. While 164-Leu was not found to be associated with

in vivo pyrimethamine/sulphadoxine resistance in Kenya [41], recently, Karema
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et al. have demonstrated substantially reduced pyrimethamine/sulphadoxine effi-

cacy in an area of Rwanda with high 164-Leu prevalence [38].

Resistance to cycloguanil (the active metabolite of proguanil) is associated with

mutation at codons 108 (Ser to Thr) and 16 (Ala to Val). At present, these mutations

have been described in South America only, an area where proguanil has been

widely as a prophylactic agent [20, 21]. The selection of pyrimethamine resistance

has a bearing on the activity of cycloguanil. Indeed, parasites resistant to pyrimeth-

amine are also resistant to cycloguanil, and this cross resistance is the result of the

selection of point mutations in DHFR. This explains why the efficacy of proguanil

is compromised in areas where resistance to Fansidar is high [20, 21].

The GTP-cyclohydrolase I enzyme (GTP-CH) catalyzes the first step of folate

biosynthesis (Fig. 1). Interestingly, investigations have demonstrated that parasites

highly resistant to the antifolate pyrimethamine, mainly those with the 164-Leu

mutation, have an increased copy number (up to 11) of the gtp-ch gene [42]. The

presence of mutations in DHFR could be associated with reduced enzyme kinetic

properties, leading to a fitness cost [35, 42], though in vitro, these reduced enzyme

kinetic properties have so far yielded contradictory results [43, 44]. Thus, the

increase in copy number of gtp-ch, which is an adaptive phenomenon, could reflect

compensatory mechanisms to maintain sufficient folate product (tetrahydrofolate).

This increase in copy number in association with the presence of the 164-Leu

mutation is a clear indication that GTP-CH modulates antifolate activity [42], along

with changes of amino acids in key positions in DHFR and DHPS enzymes.

5.2 Origin of Antifolate-Resistant Parasites

Several studies have been dedicated to defining the origin of dhfr-mutant parasites.

Similar work was undertaken to study chloroquine resistance, and the results

indicate that chloroquine-resistant strains originated in South-East Asia – an area

known to be the focus for the emergence of the multidrug-resistant parasites – and

spread out globally, and into Africa [45]. The origin of new alleles is studied using

polymerase chain reaction (PCR)-based assays of microsatellite markers, which

consist of many repeated short sequences spread throughout the genome [46].

Reduced microsatellite diversity around the drug-resistant gene indicates selection

of resistant strains as a result of drug pressure, and the evolutionary history of this

drug resistance can be established by comparing microsatellite haplotypes in

regions around the drug-resistant gene. This approach has revealed that African

dhfr triple-mutant parasites originated mainly from South-East Asia [37, 47–50],

though an indigenous origin of some triple mutants, and a few parasites also

carrying 164-Leu was suggested [48, 50, 51]. Interestingly, all studies carried out

so far indicate an African indigenous origin for dhfr double mutants (mutations at

codon 108 and 51 or 108 and 59) [40, 48–52]. These observations indicate that

highly antifolate-resistant parasites may have originated from outside Africa.

Recently, a similar study was carried out to map the origin of dhps mutants. The
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data show that African dhps mutants arose from five geographical foci within

Africa, an indication that mutations in this gene may not have been imported

from outside Africa [53].

6 Inhibition of Folate Salvage as a Strategy to Increase

Antifolate Activity

The malaria parasite can both salvage folate and synthesize it de novo. Both

pathways increase the availability of folate in cells. The addition of folate

derivatives decreases the activity of antifolate drugs in vitro and in vivo [54, 55].

This clearly shows that folate uptake makes a significant contribution to antifolate

drug efficacy. Therefore, inhibition of this salvage pathway could provide a ratio-

nale for the development of agents that could potentiate the activity of antifolate

drugs acting downstream of the folate uptake processes.

We have demonstrated that probenecid, an inhibitor of anion transporters, at a

concentration of<100 mM, which is readily achievable in vivo in humans, substan-

tially increases the activity of inhibitors of DHFR and DHPS [55, 56]. This

“chemosensitization” (or increase in antifolate activity) was also associated with

a decrease in folate uptake into the parasite. This provides an explanation for how

probenecid increases antifolate activity [56, 57]. Interestingly, this “probenecid

effect” has been tested in vivo and the results indicate that probenecid significantly

increases the efficacy of pyrimethamine/sulphadoxine in African children suffering

from P. falciparum infection [58–60], although in one in vitro study, probenecid did

not potentiate the activity of pyrimethamine [61]. This indicates that inhibitors of

the anion transporters (responsible for the uptake of folate derivatives) could be of

clinical importance in the treatment of malaria with antifolate drugs, as it has now

been proven in cancer treatment [62].

7 Antifolate Anticancer Drugs for the Treatment of Malaria

Our group and others have demonstrated that the anticancer antifolate methotrexate

is active against P. falciparum pyrimethamine-sensitive and pyrimethamine-resis-

tant laboratory strains and field isolates, including those carrying the 164-Leu dhfr
mutation [30, 55, 63–65]. In addition, we have shown that the anticancer antifolates

aminopterin and trimetrexate are potent inhibitors of P. falciparum growth in vitro

[30, 55]. IC90/99 values (inhibitory concentration that kills 90 and 99% of parasites,

respectively) of all these folate-antagonist agents fall between 150 and 350 nM.

Thus, if such concentrations can be achieved in vivo with an acceptable toxicity

profile, these compounds could potentially be used as antimalarial drugs. However,
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anticancer agents in general, and methotrexate in particular, are perceived to be

toxic and thus not suitable for malaria treatment.

A law in toxicology, known as “Paracelsus’ law” states that “all substances are

poisons, and there are none which are not.” The right dose differentiates a poison

from a remedy; this principle is also known as the “dose–response effect” [66, 67].

Thus, a molecule becomes a drug if the dose required to treat a complication is

pharmacologically active with minimal toxicity. This principle has been exploited

in the use of anticancer drugs (thus, known to be toxic at high dose) for the

treatment of nonneoplastic diseases, at low and relatively safe doses [68]. Metho-

trexate is one of the examples that vindicate Paracelsus’ law.

Methotrexate is used at high dose, up to 5,000–12,000 mg/m2/week

(130–300 mg kg�1) for several weeks for the treatment of cancer, and this dose

can yield serum concentrations >1,000 mM, i.e. within the range of concentrations

that are associated with methotrexate life-threatening toxicity [69]. On the other

hand, a 1,000-fold lower dose of methotrexate (LD-methotrexate) [0.1–0.4 mg kg�1]

is used once weekly in the treatment of rheumatoid arthritis, juvenile idiopathic

arthritis in children (including infants <1 year old), and psoriasis [70, 71]. This use

is associated with a relatively low toxicity, and the drug has become one of the

important drugs in the treatment for rheumatoid arthritis.

Interestingly, the proof of concept that methotrexate could be used to treat

malaria was established 40 years ago. Two relatively small clinical trials have

demonstrated that doses as low as 2.5 mg per day for 3–5 days were safe and

effective in treating malaria infection in humans (caused by P. falciparum and/or

P. vivax) [72, 73]. This in vivo efficacy of LD-methotrexate is also supported by

its pharmacokinetic behavior. Indeed, a daily dose of 5 mg in adults (0.035–0.1

mg kg�1) could yield serum methotrexate concentrations between 250 and 500 nM

[74, 75], concentrations that exceed the IC90/99 concentrations required to kill

malaria parasites in vitro [30]. Taken together, this information warrants further

investigation of the drug as an antimalarial. A Phase I evaluation of LD-methotrex-

ate in 25 volunteers has been carried out (clinicaltrial.gov; NCT 00791531), a step

towards its development as an antimalarial. Low dose of the anticancer trimetrexate

also has the potential to become an antimalarial [55, 68].

8 Concluding Remarks

In the face of the burgeoning problem of antimalarial drug resistance, new drugs are

needed. The disruption of folate metabolism as a strategy to identify new

antimalarials, has been exploited for almost 50 years, beginning with the discovery

of proguanil and pyrimethamine. Understanding of both the mode of action of, and

mechanisms of resistance to, these drugs has permitted the search for and design of

new antifolate agents with greater potency, using structure-based drug design,

quantitative structure–activity relationships (QSAR), and X-ray crystallography
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among others [10, 76–80]. This effort has led to the discovery of new antifolates

and some of them have reached advanced preclinical stages [81].

However, while this effort should be pursued, the folate pathway offers other

opportunities for drug discovery. The experience gained from using antifolates in

cancer has generated useful information that can be exploited to discover new

antimalarial strategies. For example, we have provided evidence that the activity

of antifolates can be enhanced despite the development of resistance. This concept

has been vindicated in vivo. We have also demonstrated that some anticancer

antifolates can be used at a low and safe dose to treat malaria. Thus, the opportunity

exists to discover new antifolate drugs and extend the therapeutic life of existing

ones.
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Naphthoquinones: Atovaquone, and Other

Antimalarials Targeting Mitochondrial

Functions

Akhil B. Vaidya

Abstract Mitochondria in malaria parasites are highly divergent from their

counterparts in mammalian hosts. This degree of divergence underlies the validity

of mitochondrial functions as targets for antimalarial drugs. The mitochondrial

electron transport chain (mtETC) at the cytochrome bc1 complex is selectively

inhibited in malaria parasites by atovaquone. Proguanil, the synergistic partner of

atovaquone, appears to target an alternative pathway that generates electropotential

across the inner membrane of parasite mitochondria. However, the rapid emergence

of atovaquone-resistance mutations effectively negates the synergistic effect of

proguanil. New antimalarials targeting the mtETC with reduced propensity for

resistance development could overcome this challenge. A critical function of the

mtETC is to serve mitochondrially located dihydroorotate dehydrogensae

(DHODH), an enzyme of the pyrimidine biosynthesis pathway. Compounds with

selective activity against parasite DHODH are under development as potential new

antimalarials. Recent studies on unusual tricarboxylic acid metabolism and ATP

synthase structure point to additional opportunities for investigations aimed to

identify other selective inhibitors.

1 Introduction

Some of the most potent poisons such as cyanide affect mitochondrial respiration,

blocking electron transport and resulting in bioenergetic crisis leading to death.

Thus, the idea of using antimalarial drugs that affect the mitochondrial electron

transport chain (mtETC) might at first appear to be risky. However, this is precisely

what a currently used antimalarial drug, atovaquone, does by selectively inhibiting
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the parasite mtETC without affecting host mitochondria. The reason for this

selectivity lies in structural differences in the cytochrome b encoded by the parasite
mitochondrial DNA (mtDNA) that distinguishes it from that encoded by the host

mtDNA [1]. Clearly, the great evolutionary distance between the parasites and their

hosts is reflected in the significant differences observed for their essential physio-

logical processes [2]. Such differences provide opportunities for devising means for

selective interference as the basis for developing new antiparasitic drugs. This

chapter will focus on some of the recent findings on the unusual mitochondrion

of malaria parasites, describing its essential functions and the mechanisms by which

some of the antimalarial compounds exert their effects. Some of the insights into

mechanisms of action and synergy between atovaquone and proguanil –

components of the drug Malarone™ – are important in decisions relating to partner

drugs to be used with compounds that target the mtETC.

2 Selective Inhibition of Parasite the mtETC

As with all mitochondria, the main mobile electron carrier for the mtETC in malaria

parasites is ubiquinone (also called coenzyme Q, CoQ; see Fig. 1 for the structures

of CoQ and other compounds discussed here). Unlike the host mitochondria,

however, pyruvate oxidation through the citric acid cycle does not appear to be

the source of reducing equivalents in the parasite mitochondria [2, 3]. Also, the

parasites do not possess a proton-pumping multisubunit NADH dehydrogenase, but

encode a single subunit type II NADH dehydrogenase (NDH2) that reduces CoQ

without contributing to the proton gradient [4, 5]. In addition to the NDH2, four

other dehydrogenases – dihydroorotate dehydrogenase (DHODH), glycerol-3-

phosphate dehydrogenase (GPDH), succinate dehydrogenase (SDH), and

malate–quinone oxidoreductase (MQO) – require CoQ as the electron acceptor.

The reduced ubihydroquinone (CoQH2) is oxidized by the dimeric cytochrome bc1
complex (Complex III), which serves an essential step for the continued provision

of CoQ to mitochondrial dehydrogenases. As depicted in Fig. 2, CoQH2 oxidation

by Complex III is achieved through a process called the Q cycle (see [6, 7] for

reviews) in which electrons from CoQH2 are bifurcated at the quinone oxidation

(QO) site with one electron passed on to the iron–sulfur (2Fe2S) cluster of the

Rieske protein on the way to cytochrome c1 and cytochrome c, while the other

passes on to the quinone reduction (Qi) site through the low- and high-potential

heme bL and bH, reducing a resident quinone to semiquinone. Another round of

CoQH2 oxidation results in the reduction of another molecule of cytochrome c and
full reduction of the semiquinone to CoQH2 at the Qi site. This process results in the

translocation of four protons across the inner mitochondrial membrane and the

reduction of two cytochrome c molecules. The transfer of electrons by the Rieske

iron–sulfur protein requires a large-scale domain movement in which the 2Fe2S

cluster moves from a QO proximal position to the cytochrome c1 proximal position.

Analysis of limited proteolysis and electron paramagnetic resonance measurements

128 A.B. Vaidya



of engineered bacterial cytochrome bc1 complexes showed that atovaquone

inhibited the movement of the Rieske protein [8]. Subtle differences in the highly

conserved QO site residues appear to be responsible for the selectively greater

inhibition of the parasite complex compared to the mammalian complex [9].

Molecular modeling studies based on crystal structures of the yeast and bovine

Complex III in the presence of known QO site inhibitors have postulated an

atovaquone binding site, and have proposed the molecular basis for preferential

binding of atovaquone to the parasite Complex III [10, 11]. Although there are

sufficient caveats in using this surrogate approach, in the absence of authentic

crystal structures of the parasite cytochrome bc1 complex, these studies could

provide guidelines for understanding drug action and approaches for further drug

design. A critical point is the necessity for identifying compounds that would give

the largest therapeutic window so as to minimize the risk of toxicity arising from

inhibition of the host Complex III.

Fig. 1 Structures of compounds discussed in the text. (a) Structures of CoQ and five chemical

classes of cytochrome bc1 complex inhibitors. (b) Structures of two chemical classes that exhibit

selective inhibition of parasite DHODH
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3 Atovaquone Resistance

In early clinical trials with atovaquone as a single agent, recrudescent parasites

emerged in about 30% of the patients [12]. The recrudescent parasites were

>1,000-fold resistant to atovaquone. Even in cultures of P. falciparum,
atovaquone-resistant parasites could be observed at the frequency as high as 10�7

in some strains [13]. Under conditions of suboptimal treatment, several independent

lines of the rodent malaria parasite, P. yoelii, resistant to atovaquone were readily

derived [9]. DNA sequencing of the mitochondrial genome of these resistant

parasites revealed mutations centered around the QO site of cytochrome b,
delineating the putative atovaquone-binding region of the parasite Complex III

[9]. The subtle differences in the structural features of the QO site between the

parasite and the host Complex III that form the basis for selective toxicity of

atovaquone could explain the propensity of resistance development: mutations

could arise in the parasite cytochrome b that would make it more like the host

protein, thereby gaining resistance to atovaquone.

Could this high frequency of resistance development be due to polymorphisms

within the mitochondrial DNA (mtDNA) of malaria parasites in the population?

On the contrary, extensive sequence analyses of mtDNA from geographically

distant P. falciparum have revealed extraordinary sequence conservation [14, 15].

Furthermore, the ease with which atovaquone-resistant parasites could be derived in

cultures of cloned parasites argues against the idea that atovaquone-resistant

mutants are prevalent in the parasite populations. It is worth noting that no wild-type

Fig. 2 A schematic representation of the Q cycle within the Complex III for CoQH2 oxidation.

With two molecules of CoQH2 being oxidized at the QO site of the complex, two electrons are

passed on to cytochrome c, two electrons to a CoQ molecule resident at the Qi site, and four

protons are translocated across the membrane. Transfer of electrons to cytochrome c1 involves a
large-scale movement of the 2Fe2S domain of the Rieske protein. The five chemical classes of

antimalarials shown in the box inhibit this step of electron transport at the QO site
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mtDNA can be detected once atovaquone resistance has arisen in cultured

P. falciparum. Given that the parasite mitochondria contain multiple copies of

mtDNA [16], this observation is consistent with the idea that under selection, the

drug-resistant mutations quickly sweep through the mtDNA population. The

suggested mode of parasite mtDNA replication involves extensive gene conversion

events [17], which could account for the rapid selective sweeps of atovaquone

resistant mutations.

4 Atovaquone–Proguanil Combination

The high frequency of treatment failures in the clinic clearly precluded the use of

atovaquone as a single antimalarial agent. A search for a potential partner showed

proguanil to have synergistic effect with atovaquone in inhibiting P. falciparum
growth in vitro [18]. As an antimalarial known since the 1950s [19, 20], proguanil

already had an established record of efficacy and safety, favoring its choice as a

partner for atovaquone compared to other compounds. A fixed combination of

atovaquone and proguanil, registered as Malarone, was extensively tested in clini-

cal trials and found to be highly effective for the prevention and treatment of

malaria [21]. No treatment failures due to resistance development were reported

in clinical trials of Malarone; however, sporadic cases of prophylaxis and treatment

failures due to cytochrome bmutations have been reported since its wider use in the

field [22–24]. These worrisome reports as well as the high cost of Malarone have

restricted its use primarily to a prophylactic drug prescribed for visitors to malaria

endemic regions.

By inhibiting electron transport through Complex III, atovaquone also prevents

proton translocation, thus decreasing the electropotential across the inner mitochon-

drial membrane of the parasite. Dose-dependent collapse of mitochondrial mem-

brane potential was demonstrated in a flow-cytometric assay with a cationic

fluorescent probe in live intact P. yoelii [25]. The same assay also revealed that

proguanil by itself did not inhibit mtETC nor did it affect mitochondrial membrane

potential [26]. However, when used in combination with atovaquone, proguanil

reduced the concentration at which atovaquone collapsed the mitochondrial mem-

brane potential by about six- to eightfold; it also enhanced the magnitude of the

collapse [26]. This observation provided an initial indication as to the underlying

mechanism for the synergy between atovaquone and proguanil. Importantly, the

active metabolite of proguanil, cycloguanil (a selective inhibitor of the parasite

dihydrofolate reductase, DHFR), did not demonstrate synergy with atovaquone for

neither parasite growth inhibition [18] nor the collapse of the mitochondrial mem-

brane potential [26]. Thus, the synergistic action of proguanil is the property of the

prodrug itself; its metabolic activation is not required. More recent studies

described later have confirmed and extended these findings.
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5 Inhibition of mtETC and the Viability of P. falciparum

In metazoan cells, mitochondria play a major role in programmed cell death with

mtETC inhibition as well as other insults to the mitochondrial physiology leading to

apoptosis. However, apoptotic dismantling of atovaquone-treated parasites has not

been observed [27]. Monitoring the viability of parasites exposed to atovaquone

and the atovaquone–proguanil combination revealed that ring and schizont-stage

P. falciparum remained viable for 48 h, and the trophozoite stages remained viable

for 24 h under treatment [28]. Thus, an apoptotic program is not initiated by the

inhibition of mitochondrial respiration and the collapse of mitochondrial membrane

potential. Instead, the parasites seem to enter a “static” state and can survive for up

to 48 h in culture. The atovaquone–proguanil combination appears to be a static

rather than a cidal drug in vitro. Conversion of proguanil to cycloguanil in vivo,

however, could affect the pharmacodynamics of the combination when administered

to patients. Nonetheless, it would be prudent to assess the killing rates of antimalarial

compounds under development (e.g. pyridones and quinolones; discussed later) that

target mitochondrial physiology, so as to optimize their pharmacokinetic and

pharmacodynamic properties.

6 Specific Role of mtETC in Blood Stage P. falciparum

Among the five mitochondrial dehydrogenases that require CoQ as the electron

acceptor, DHODH has been considered the most important as it carries out the

fourth step in the pyrimidine biosynthesis pathway, an essential step in parasites

unable to salvage pyrimidine. In most eukaryotic organisms, DHODH is localized

to mitochondria, but in the yeast Saccharomyces cerevisiae the enzyme is localized

to the cytosol and uses fumarate as the electron acceptor [29]. Painter et al. [30]

generated transgenic P. falciparum lines that expressed the yeast DHODH

(yDHODH) under the control of a constitutive promoter. Interestingly, the

yDHODH-transgenic parasites were completely resistant to atovaquone as well as

other mtETC inhibitors. The resistance was not due to mutations affecting mtETC

components since mitochondria isolated from the transgenic parasites were fully

susceptible to atovaquone. Thus, acquisition of a single metabolic bypass within

the pyrimidine biosynthesis pathway was sufficient to render the blood-stage

P. falciparum independent of the mitochondrial electron transport chain. A critical

function of the mtETC in blood-stage P. falciparum, therefore, is to provide

oxidized CoQ to serve as the electron acceptor for DHODH [30].

These findings further validated the parasite DHODH as a target for antimalarial

drug discovery and development, and also raised questions as to the role played by

mitochondrial dehydrogenases other than DHODH in blood stage P. falciparum.
Recent studies have revealed that P. falciparum strains of different genetic back-

ground have varying reliance on the mtETC. Whereas some of the yDHODH-transgenic
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strains could be propagated for long-term growth in the presence of atovaquone,

other yDHODH-transgenic strains stopped their growth after ~96 h of exposure to

atovaquone. Interestingly, this growth inhibition could be reversed by the inclusion

of oxidized decyl-ubiquinone in the culture medium (Ke et al. unpublished results).

This suggests that there are strain-specific variations in demands for CoQ under

conditions where the mtETC is uncoupled from pyrimidine biosynthesis.

The robust drug resistance imparted by transgenic yDHODH has permitted the

construction of transfection vectors with yDHODH as the selectable marker [31].

While atovaquone can be used as the selective agent, strain-specific variations limit

its use. Instead, parasite-specific DHODH inhibitors such as triazolopyrimidines

[32] (e.g. DSM1; see Fig. 1 for structure) work as better selective agents applicable

to all P. falciparum strains [31]. Because of the paucity of useful selectable markers

for genetic manipulation of P. falciparum, the advent of yDHODH as a new

selectable marker will likely be of great utility in the field, permitting genetic

complementation as well as double- and triple-knockout experiments.

7 The Reversal of mtETC Inhibitor Resistance in yDHODH-

Transgenic Parasites by Proguanil

The antimalarial activity of proguanil requires its metabolic conversion to

the triazine compound cycloguanil, which is a potent inhibitor of parasite DHFR

[19, 20]. However, as mentioned above, synergy with atovaquone is mediated by

proguanil, not cycloguanil. Proguanil by itself has minimal intrinsic activity against

P. falciparumwith an EC50 of about 50 mM [33], which was also the value observed

for the effect of proguanil against the yDHODH-transgenic parasites [30]. Surpris-

ingly, when proguanil was tested in the presence of 100-nM atovaquone, the

yDHODH-transgenic parasites had an EC50 of about 60 nM for the effect of

proguanil, an almost 1,000-fold drop in EC50. Conversely, the inclusion of 1-mM
proguanil reduced the atovaquone EC50 from >2 mM to 0.7 nM in the transgenic

parasites; proguanil completely reversed atovaquone resistance in yDHODH-trans-

genic P. falciparum. Resistance to all mtETC inhibitors in yDHODH-transgenic

parasites was similarly reversed by proguanil. The mitochondrial membrane poten-

tial was fully collapsed when atovaquone and proguanil were combined [30].

These intriguing observations could be explained by the proposition that main-

tenance of mitochondrial membrane potential is essential for survival even in

yDHODH-transgenic parasites, and that there are two paths operational for

maintaining the membrane potential. The dominant path for generating mitochon-

drial membrane potential is through the mtETC, which, when targeted by

atovaquone in the wild-type parasites, results in parasite inhibition due to the

block of pyrimidine biosynthesis. Although the yDHODH-transgenic parasites

can overcome atovaquone inhibition through the metabolic bypass afforded by

the transgene, for survival they still require mitochondrial membrane potential,
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which is established through a secondary pathway independent of the mtETC. It is

this secondary pathway that is proposed to be inhibited by proguanil, and thus

proguanil in the presence of atovaquone results in reversal of the atovaquone

resistance of the yDHODH-transgenic parasite. The intrinsic EC50 of proguanil

appears to be about 60 nM, which becomes apparent only in yDHODH-transgenic

parasites in the presence of atovaquone [30]. The dominant mtETC-dependent path

for mitochondrial membrane potential would be fully functional in the transgenic

parasites in the absence of atovaquone, and thus proguanil by itself would not affect

the parasites unless at a 1,000-fold higher concentration, most likely due to its off-

target activity. The molecular nature of the proposed secondary pathway targeted

by proguanil is unclear at this point.

8 Problems with Atovaquone–Proguanil Combination Therapy

On the face of it, proguanil would appear to be an ideal partner drug for atovaquone

as well as other anti-mtETC antimalarials under development. However, a close

examination in light of the observations described above raises significant doubts as

to the use of the atovaquone–proguanil combination as antimalarials in the field.

The atovaquone–proguanil combination could actually be considered as a triple-

drug combination (1) atovaquone as the mtETC inhibitor, (2) proguanil with its

intrinsic activity against a secondary target that can generate mitochondrial mem-

brane potential, and (3) proguanil as a prodrug for cycloguanil inhibiting the

parasite DHFR. Unfortunately, single point mutations within the parasite cyto-

chrome b that give rise to atovaquone resistance would render both atovaquone

and the intrinsic proguanil activity ineffective. As described in Fig. 3, metabolic

conversion of proguanil to cycloguanil requires the host cytochrome P450 enzyme

CYP2C19 [34]. Genetic polymorphisms resulting in poor metabolism through

CYP2C19 are quite prevalent, especially among the populations residing in

malaria-endemic areas [35–38]; thus, such individuals will not convert proguanil

to cycloguanil in an efficient manner. Furthermore, cycloguanil resistance due to

Fig. 3 Structures of proguanil and its metabolite cycloguanil. This conversion is carried out by the

cytochrome P450 isoform CYP2C19. Genetic polymorphisms involving CYP2C19 with high

frequency among certain populations inhibit this metabolic conversion
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mutations in the parasite DHFR is quite widespread among the field isolates of

P. falciparum. Thus, the efficacy of cycloguanil as a stand-alone antimalarial is

highly diminished. In light of these points, the atovaquone–proguanil combination

in effect turns out to be a monotherapy in two groups of individuals. First, in poor

metabolizing individuals, proguanil to cycloguanil conversion would be highly

diminished, leaving the parasites unexposed to a DHFR inhibitor. Second,

individuals who do metabolize proguanil to cycloguanil, but get infected with

cycloguanil-resistant parasites, would not benefit from cycloguanil. Atovaquone

resistance could arise very rapidly in such patients due to cytochrome b mutations,

and, once such parasites arise, proguanil as a prodrug will not provide its synergistic

effect, since this effect is apparent only in parasites with atovaquone-sensitive

mtETC. Indeed, reports of Malarone prophylaxis and treatment failures [22–24]

provide considerable support for this proposition.

The choice of a partner drug for new anti-mtETC inhibitors under development

will need to be guided by these insights. A key feature of such compounds has to be

a much lower frequency of resistance development compared to atovaquone. Also,

the use of Malarone in artemisinin-resistance containment campaigns could

become problematic because of emergent resistance to the containment drug

combination.

9 Use of yDHODH-Transgenic Parasites to Decipher Mode

of Drug Action

The yDHODH-transgenic parasites are resistant to all mtETC inhibitors as well as

to the parasite DHODH inhibitors, such as the triazolopyrimidines [32]. Impor-

tantly, proguanil is able to reverse the resistance to mtETC inhibitors but not so for

the parasite DHODH inhibitors (Morrisey et al. unpublished data). These obser-

vations could be used to assess the mode of action for antimalarial compounds

identified through high-throughput empirical screens based on parasite growth

inhibition. Indeed, recent studies have employed the yDHODH-transgenic parasites

in this manner to deconvolute the mode of action for thousands of compounds

identified through their antimalarial activities in whole cell-based assays [39, 40].

Several additional mtETC and DHODH inhibitors were identified through this

approach.

At least four additional chemical classes of compounds under investigation

appear to target the parasite mtETC in a selective manner: pyridones [41],

quinolones [42, 43], acridones [44], and acridinediones [45]. Testing representative

compounds from each of these classes in yDHODH-transgenic parasites in the

presence and the absence of proguanil confirmed that they act through inhibition of

the mtETC (Morrisey et al. unpublished data). Furthermore, these assays also

revealed that these compounds did not have any off-target activity in P. falciparum.

Naphthoquinones: Atovaquone, and Other Antimalarials Targeting Mitochondrial Functions 135



The mode of action for artemisinin and related compounds has been unclear for

many years. A few studies have suggested that artemisinin may work through

inhibition of the parasite mitochondrial respiration [46, 47]. However, examination

of a series of artemisinins for their inhibitory activity against the yDHODH-

transgenic parasites failed to demonstrate any reduction in potency (Morrisey

et al. unpublished data). Therefore, it appears that artemisinin and derivatives are

unlikely to work through parasite mtETC inhibition.

10 DHODH Inhibitors as Antimalarials

Because malaria parasites are completely dependent on de novo pyrimidine bio-

synthesis, enzymes involved in this pathway are potentially attractive targets for

antimalarial drug discovery and development. DHODH carries out the only redox

step in this pathway and is a “druggable” enzyme as shown by successful deploy-

ment of leflunomide, a human DHODH inhibitor approved for the treatment of

rheumatoid arthritis. Two groups have conducted high-throughput screening of

large libraries of compounds for their ability to inhibit the parasite DHODH

enzymatic activity, and have identified several chemical scaffolds with selective

inhibitory activities [32, 48, 49]. Among these compounds, the triazolopyrimidine

[32] and substituted thiophene–carboxamide [49] series (see Fig. 1 for structures)

have good in vivo activity and are under further development. These are encourag-

ing findings that hold promise for new antimalarials targeting a mitochondrial

function.

11 Other Potential Targets in Mitochondrial Functions

Mitochondria in malaria parasites are highly divergent from their hosts’ organelles

[2]. Indeed, the organelle appears to have much diminished functions compared to

the mammalian mitochondria. Many of these functions, however, are critical for

parasite survival, and their divergence from their host counterparts presents

opportunities for selective antiparasitic agents [50]. Recent studies have revealed

that the architecture of the mitochondrial tricarboxylic acid (TCA) metabolism in

P. falciparum is dramatically different from that of the human mitochondria [51].

Some of the TCA metabolism enzymes, such as malate–quinone oxidoreductase

and fumarate hydratase, are significantly different in malaria parasites [50]. Simi-

larly, the ATP synthase complex in Plasmodium is also highly divergent in a

manner similar to recent observations on a ciliate ATP synthase [52]. These and

several other features of Plasmodiummitochondria call for detailed studies with the

hope of identifying and exploiting their druggable properties.
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Non-Antifolate Antibiotics: Clindamycin,

Doxycycline, Azithromycin and Fosmidomycin

Sanjeev Krishna and Henry M. Staines

Abstract A range of antibiotics, in addition to those that target folate metabolism,

have demonstrated antimalarial activity. They include those belonging to the

lincosamides, tetracyclines and macrolides classes and fosmidomycin, a derivative

of phosphonic acid. Predominantly, they target pathways within the apicoplast, a

relict plastid found in most apicomplexan parasites including Plasmodium. In
general, they are not highly active against malarial parasites and are slow acting

but are clinically useful when used in combination with other antimalarial drug

classes. In addition, some are safe to use in pregnancy and for the treatment of small

children. Here, we review the current understanding of their mechanisms of action

and clinical use.

1 Introduction

There are many non-antifolate antibiotics that have antimalarial activity including

members belonging to the following classes: fluoroquinolones, lincosamides,

tetracyclines and macrolides. The fluoroquinolones will not be discussed further

here, as they were moderately active against Plasmodium falciparum in vitro [1, 2],

but this property did not extend to useful antimalarial efficacy when tested in vivo

[3, 4]. Fosmidomycin is a phosphonic acid derivative that is also included in

discussion, as a potentially interesting new class of antimalarial. The lincosamides,

tetracyclines and macrolides have established antimalarial properties and are clini-

cally useful in particular circumstances. None of these antibiotics is highly active

and rapidly acting; so, their usage requires combination with other rapidly effective

classes of antimalarial, where they contribute to increasing cure rates even with
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shorter courses of treatment. Some antibiotics have the additional advantages of

being safe to use in pregnancy or for small children (discussed below).

2 Clindamycin

The lincosamides are named after lincomycin that was extracted from Streptomyces
lincolnensis in a soil sample in 1962. The structure of lincosamides is unusual, as are

their antimicrobial properties. Clindamycin was the only semi-synthetic

lincosamide to be developed for clinical use (Fig. 1). Here, it has activity against

Gram-positive bacteria andmany anaerobes, but not against Gram-negative aerobes.

More relevant to its antimalarial properties, clindamycin is active against several

apicomplexans including Plasmodium spp., Toxoplasma gondii and Babesia
microti.

2.1 Mechanism of Action

Clindamycin acts at the same site on ribosomes as erythromycin and chloramphen-

icol. It inhibits protein synthesis in bacteria by binding to the 50S ribosomal unit

and it can exert concentration-dependent bactericidal activity beyond its accepted

bacteriostatic effects [5]. In its actions against apicomplexans, clindamycin targets

their apicoplast organelles and interferes with function and survival after one or two

rounds of parasite replication have taken place, resulting in a “delayed-death”

phenotype. This is well described for Toxoplasma [6] as well as for P. falciparum
with correlations between in vitro and in vivo pharmacodynamics being observed

[7–9]. Further evidence for this proposed mechanism of action for clindamycin

comes from observations of mutations in the apicoplast genome of parasites

obtained from the Peruvian Amazon. A point-mutation in the apicoplast-encoded

23S rRNA gene that confers resistance to lincosamides in other organisms was

identified in parasites that were 100-fold more resistant to clindamycin than wild-

type parasites [10].

Fig. 1 Structure of

clindamycin
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2.2 Pharmacokinetics

Clindamycin has good (>90%) bioavailability after oral dosing, is protein bound

(>90%) and widely distributed in tissues and has an elimination half-time of

approximately 2–3 h. It is eliminated mainly by biliary excretion (with 20%

excreted by kidneys) after metabolism to three major derivatives [11].

2.3 Usage in Malaria

The antimalarial properties of clindamycin have been confirmed in many studies,

including earlier studies after the first one in 1975 that used clindamycin as a

monotherapy before its more successful use in combination treatment regimens

[11]. The interesting mechanism of action of clindamycin and its pharmacokinetic

properties suggest that a minimum of 5 days treatment with at least twice-daily

dosing is needed to achieve adequate cure rates in uncomplicated malaria [11], a

regimen that is not currently recommended.

Table 1 summarises the antimalarial properties of clindamycin combined with

quinine. Clindamycin dosages ranging from 5mg/kg twice daily given with quinine,

to 8 mg/kg three times a day or 12 mg/kg twice daily in general give acceptable cure

rates. One small study [21] found that a 3-day treatment of the combination was as

effective as a 7-day monotherapy regimen with quinine alone in travellers returning

with uncomplicated malaria. Clindamycin can be used in children and pregnant

women and may be combined with artesunate as a partner antimalarial, although

short-course regimens may need further study to confirm efficacy [24].

Clindamycin may be less effective in treating P. vivax infections [11] even when
prolonged courses of monotherapy are used, although a later review suggested that

clindamycin is more effective than tetracyclines [25]. It also has no apparent

synergismwith quinine for P. vivax and nor does it have anti-relapse properties [11].

2.4 Tolerance and Safety

Non-specific and relatively common gastro-intestinal side effects of nausea,

vomiting, abdominal pain and diarrhoea are associated with clindamycin use.

Toxin-producing Clostridium difficile colitis can also complicate clindamycin

therapy, most commonly in hospitalised patients treated with prolonged courses

of clindamycin, and not with the antimalarial regimes that have been most studied

in recent years. Rashes may be relatively common side effects, but severe eruptions

are not. Transient reversible neutropenia and thrombocytopenia have also occurred.
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3 Tetracyclines Including Doxycycline

The discovery of chlortetracycline in 1948 preceded that of clindamycin, although

it was also from another soil organism Streptomyces aureofasciens. Catalytic

dehydrogenation of chlortetracycline gave tetracycline in 1953. This class of

antibiotic has wide antimicrobial properties, ranging from Gram-positive and

Gram-negative bacteria, rickettsiae (where its use can be diagnostic), mycoplasmas,

chlamydia and protozoa. Doxycycline is a semi-synthetic derivative of tetracycline

first developed in 1967. The structures of tetracycline and doxycycline are given in

Fig. 2.

3.1 Mechanism of Action

The tetracyclines including doxycycline act by inhibiting protein synthesis by

binding to the 30S ribosomal subunit. They are relatively slow acting as antimalar-

ial agents. Doxycycline is useful as a prophylactic agent on its own, as well as being

used in combination treatment regimens to increase cure rates of conventional

antimalarial agents [26]. It has limited casual prophylactic activity [26] and does

not kill hypnozoites.

3.2 Pharmacokinetics

Doxycyline has ~90% oral bioavailability, which is reduced by food and delayed by

alcohol, with peaks without delay occurring at ~2 h after administration [26].

Co-administration with cations such as iron supplements reduces absorption by

chelation of the antibiotic, and milk may reduce absorption [26]. Plasma protein

binding of doxycycline is 90% and elimination half-time is 18 h, making this one of

the most convenient tetracyclines to use in practise. Most elimination of unchanged

drug is through the gastrointestinal tract, with about a third being renally excreted.

Fig. 2 Structures of tetracycline (a) and doxycycline (b)
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3.3 Usage in Malaria

Tetracycline requires dosing 4 times as day and is therefore cumbersome to use as

an antimalarial. Doxycyline (for adults up to 100 mg base twice daily, with another

antimalarial) should only be used in combination with rapidly acting antimalarials

such as quinine to increase cure rates, and not on its own. Table 2 summarises

antimalarial treatment properties of doxycycline [26]. It can be used as a prophy-

lactic antimalarial (for adults up to 100 mg base once daily starting before travel

and continuing for 4 weeks after return), even in areas of multidrug-resistant

parasites [26].

3.4 Safety and Toxicity

The tetracyclines are not recommended in pregnancy, and in children whose teeth

can be stained (8 years or less). Doxycycline is a photosensitising antibiotic and can

also cause oesophageal erosions and heartburn if taken incorrectly. Nausea and

abdominal pain are relatively common, but frequency can be reduced by taking

doxycycline with food [26].

4 Azithromycin

Azithromycin is a semi-synthetic derivative of erythromycin, whereby a methyl-

substituted nitrogen atom is incorporated into the lactone ring system to improve

acid stability (Fig. 3). In contrast to doxycycline, azithromycin can be used in

younger children and in pregnancy, but its much increased cost compared with

doxycycline may limit its applicability for management of malaria. Azithromycin is

useful in the management of respiratory tract infections and has activity against

Toxoplasma and can be used to treat uncomplicated babesiosis when combined with

atovaquone in immunocompetent individuals [32].

4.1 Mechanism of Action

Azithromycin acts by binding to the 50S ribosomal sub-unit of susceptible

microorganisms and inhibiting protein synthesis. Consistent with the activities of

other antimalarial antibiotics, azithromycin is relatively slow acting and should be

used in combination therapies for malaria. There may be some cross-resistance

between antibiotics as observed for clindamycin-resistant T. gondii.
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4.2 Pharmacokinetics

Azithromycin has moderate oral bioavailability (37% after 500 mg) and this is

reduced significantly (by 50%) if given with food; hence, it should be used either

1 h before food or 2 h after. Antacids also reduce availability. The degree of protein

binding of azithromycin is dose-dependent, but not usually >50%. The drug is

extensively distributed in tissues, which act as a depot with an elimination half-time

of ~70 h. Most drugs are probably eliminated unchanged by biliary and gastroin-

testinal excretion.

4.3 Clinical Studies

Azithromycin by itself is not useful to treat uncomplicated P. falciparum or P. vivax
infections [33] as failure rates can exceed 50% when conventional antibacterial

doses for adults of 0.5 g per day for 3 days are used. Cure rates may be increased if

the dose of azithromycin is also increased (to for example, 1 g per day) in

combination therapies, but comparisons with other antimalarial combinations are

not so encouraging (Fig. 4). Current evidence suggests that other combinations

should be used to treat malaria unless there is no choice.

4.4 Safety and Toxicity

Azithromycin is relatively well tolerated, with mild gastrointestinal side effects

being most commonly reported. Occasional abnormalities in liver function are

observed and allergic reactions are rare. Nausea may be more common with higher

dose regimens [33].

Fig. 3 Structure of

azithromycin
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5 Fosmidomycin

Fosmidomycin is a natural antibiotic, originally derived from Streptomyces
lavendulae. It is currently being investigated as a combination partner in antimalarial

chemotherapy regimens, with the idea that it represents a non-artemisinin class of

antimalarial with an unusual mode of action. Fosmidomycin’s relatively simple

chemical structure (Fig. 5) makes it amenable to complete synthesis, which is how it

is currently made for investigational studies. Fujisawa Pharmaceutical Company in

Osaka, Japan [35], originally developed fosmidomycin as an antibacterial agent

[36–39] for treating urinary tract infections approximately three decades ago. It is

most effective against enterobacteria and not against Gram-positive organisms or

anaerobes. Since its discovery, cephalosporins have emerged as being more effective

for recurrent infections and the development of fosmidomycin as an antibacterial

Fig. 4 Efficacy of azithromycin containing treatment regimens for P. falciparum (28 day follow-

up). Abbr: AZ azithromycin, CQ chloroquine, Artm artemether, Art artesunate, dihydroart
dihydroartemisinin, Q quinine, CI confidence interval, d days. Symbols: Asterisk PCR-corrected,

double asterisk partially PCR-corrected, section sign study conducted in an area without malaria

transmission (Bangkok). The AZ dose in the combination with artemisinin (300 mg) was 500 mg

at start, followed by 250 mg after 24 h and 48 h. An interrupted line has been drawn at the 90%

efficacy level, the minimum level for the 95% confidence interval for a potentially useful drug

regimen as recommended by WHO [34]. Taken from [33] with kind permission from the authors

and John Wiley & Sons, Ltd on behalf of The Cochrane Collaboration. Copyright Cochrane

Collaboration.

Fig. 5 Structure of fosmidomycin (a) and FR-900098 (b)
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agent has not been taken further forward, until it has been repurposed as an

antimalarial.

6 Mechanism of Action

The repurposing of fosmidomycin as an antimalarial depended on several advances

in understanding the biology of the malarial parasite. One advance lay in the

recognition of the plastid organelle as an excellent target for new drugs, as no

similar structure exists in animal cells. Another advance was the identification of an

alternative [nonmevalonate or 1-deoxy-D-xylulose 5-phosphate (DOXP)] pathway

for isoprenoid synthesis in parasites that was hitherto described in plants and

eubacteria. Key enzymes forming part of this synthesis pathway include DOXP

reductoisomerase and 2C-methyl-D-erythritol-4-(cytidine-5-diphospho) transferase

(Fig. 6) and are located in the parasite’s apicoplast. This pathway contributes to

many functions such as prenylation of membrane-bound proteins and synthesis of

carotenoids and terpenoids.

Hassan Jomaa and colleagues [40] tested the idea that inhibiting this pathway

would prove lethal to parasites by expressing a recombinant version of DOXP

reductoisomerase and showing that it was inhibited by fosmidomycin (with an

inhibitory constant of ~30 nM). They also showed that fosmidomycin and com-

pound FR-900098 (Fig. 5), a compound that acts as a pro-drug for fosmidomycin,

killed cultured P. falciparum, including highly chloroquine-resistant strains (IC50

values ranging from 300 to 1,200 nM), as well as being able to cure mice infected

with P. vinckei. Recently, it has been reported that fosmidomycin also targets

a second enzyme in the DOXP pathway, 2C-methyl-D-erythritol-4-(cytidine-

5-diphospho) transferase (Fig. 6) [41]. Other recent studies have suggested that

the uptake of fosmidomycin, which is highly charged, requires specific transport

mechanisms [42, 43]. This includes the new permeability pathways (NPP) that are

responsible for altered plasma membrane permeability of the host erythrocyte as

intracellular plasmodial parasites mature [42, 44]. These new data not only explain

the selectively of fosmidomycin for plasmodial parasites over closely related

DOXP Pathway

GAP
+

Pyruvate
DOXP MEP CDP-ME Isoprenoids

DXS DXR MCT

Fos

Fig. 6 The 1-deoxy-D-xylulose 5-phosphate (DOXP) pathway for isoprenoid synthesis and the

sites of action of fosmidomycin (Fos). GAP glyceraldehyde-3-phosphate, DXS DOXP synthase,

DXR DOXP reductoisomerase, MEP 2C-methyl-D-erythritol-4-phosphate, MCT 2C-methyl-D-

erythritol-4-(cytidine-5-diphospho) transferase, CDP-ME 4-(cytidine-5-diphospho)-2C-methyl-

D-erythritol
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species (e.g. Toxoplasma) but can also be used to test potential resistance mecha-

nisms in Plasmodium spp.

6.1 Pharmacokinetics

Fosmidomycin has relatively poor oral bioavailability (~25%) and is poorly protein

bound (<5%) with an elimination half-time of 1.6–1.8 h [45]. This elimination half

time is somewhat prolonged in subjects with malaria to 3.4 h (range 1.4–11.8 h) and

not altered importantly after co-administration with clindamycin in one study [46],

although particular dosing regimens of this combination (fosmidomycin and

clindamycin) may influence pharmacokinetic behaviour of each drug [47].

6.2 Fosmidomycin in Malaria

Table 3 summarises studies of fosmidomycin in children and adults with malaria.

Monotherapy studies with fosmidomycin have confirmed its antimalarial activity in

patients, and also that, unlike clindamycin, it has relatively rapid antimalarial

actions. However, recrudescence rates are rather high, compelling the choice of

an appropriate combination partner to achieve adequate clinical and parasitological

cure rates. Clindamycin has been the most thoroughly studied partner drug and

results of various studies are also included in Table 3. In general, a 3-day treatment

regimen with 30 mg/kg fosmidomycin and 10 mg/kg clindamycin given in a 8 or

12 h interval and in the populations reported provided adequate responses in adults

and children except for one study in children aged <3 years [53]. This combination

was also well tolerated, with mild gastrointestinal side effects being some of the

most frequent (Table 3).
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Artemisinins: Artemisinin, Dihydroartemisinin,

Artemether and Artesunate

Harin A. Karunajeewa

Abstract Artemisinin comes from the plant, Artemisia annua, an ancient Chinese

herbal remedy for relapsing fever. Rediscovery of its antimalarial action in China in

the 1970s has seen it and its semisynthetic derivatives become the most useful drugs

for most malarial illness. Artemisinins have a sesquiterpene lactone structure. Their

anti-microbial action relates to a characteristic endoperoxide moiety. The precise

mechanism of action remains controversial. Experimental induction of parasite

resistance both in vitro and in vivo has been followed by recent initial clinical

reports of resistance. Artemisinins are currently preferred as parenteral treatment of

severe malaria, pre-referral rectal treatment and, as part of artemisinin combination

therapy (ACT) oral treatment of uncomplicated falciparum malaria. Currently,

amongst the most widely used drugs in the world, their future will be determined

by the rate and extent of development of resistance. Better understanding of

mechanisms of action and resistance and policy initiatives to prevent or delay

resistance will be crucial.

1 History

The rediscovery of the antimalarial properties of artemisinin by Chinese scientists

in the early 1970s has revolutionised the treatment of malaria. Almost all of the

world’s countries with endemic P. falciparum have now enacted policies favouring

use of an artemisinin derivative-based combination therapy (ACT) as first-line

treatment for uncomplicated malaria and an artemisinin derivative is now the

preferred drug for treating severe malaria [1, 2]. When we consider the estimated

400 million annual clinical presentations with malaria [3], in terms of global health
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impact, the development of the artemisinin derivatives represents one of the most

important achievements in recent medical history.

Like quinine, artemisinin is one of many plant-derived traditional medicines

with antimalarial properties [4]. However, written records of artemisinin’s thera-

peutic use predate that of Cinchona bark in South America by more than 1,000

years. The first known descriptions of its medicinal use are by the revered Chinese

physician Ge Hong (284–363 AD) and appear in his text “Emergency prescriptions

kept up one’s sleeve,” dated approximately 340 AD [5]. This recommends use of an

extract of the herb, qinghao for the treatment of a condition designated by a Chinese

medical term best translated as “intermittent fevers.” This term, no doubt, included

(though by no means exclusively) relapsing fever due to malaria infection. The

name, Qinghao, means literally “the blue-green hao,” referring to the plant’s leaves

that maintain their green colour into autumn. This description may have been used

to distinguish it from a similar plant whose leaves turned yellow, and that has been

subsequently described in Chinese medical literature as huanghuahao (the “yellow-
blossom hao”). The distinction seems to align Qinghao with the modern botanical

classification of Artemisia annua and huanghuahao with the species, Artemisia
apiacea. This is probably important, because A. annua yields much higher

quantities of artemisinin than other Artemisia species. Artemisia annua, known in

English variously as “sweet wormwood,” “sweet Annie,” “sweet sagewort” and

“annual wormwood” and other species belonging to the genus Artemisia are

distributed widely throughout the world. In Europe and elsewhere, they have

been used as herbal medicine for a myriad of indications, some of which have

now been validated by modern medical research (use as a “vermifuge” for the

treatment of parasitic worm infections) and some which have not (use as an

aphrodisiac) [6]. Perhaps the most famous use of Artemisia plants in the Western

world has been as a constituent of the drinks, absinthe and vermouth.

The medicinal extract of qinghao is known as quinhaosu, meaning “essence” of

qinghao, and Ge Hong’s original description of its preparation is instructive. Rather

than the more conventional method of combining dried herbs with hot water to

prepare a herbal tea, Ge Hong takes the unusual step of specifically instructing the

reader to soak the entire fresh plant in water, to then “wring it out” and ingest the

juice. With the benefit of current knowledge of artemisinin’s physicochemical

properties [7], this unconventional approach may have been crucial in yielding an

efficacious preparation, given the poor water solubility of the active constituent,

artemisinin. Ge Hong’s method is likely to have produced an emulsion with plant

oils containing the water-insoluble artemisinin [4] and recent testing of his original

technique has yielded concentrations of artemisinin 20-times higher than those of a

tea prepared from dried herbs [8].

The modern-day rediscovery of the antimalarial properties of artemisinin was

made possible by a unique nexus between traditional Chinese, and conventional

Western medicine, that occurred in the unprecedented geo-political context of what

is referred to in the West as the Chinese Cultural Revolution (1966–1976). During

this time, nationalistic pride saw a rejection of perceived Western influences in all

fields, including medicine and science. “Classes for Western medical doctors
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learning Chinese medicine” had become mandatory [5]. Mao Tse Tung described

China’s national heritage as a “treasure house” of knowledge and wisdom that

could be used for “serving the people” – regarded as particularly pertinent to the

“task of combating malaria” (enumerated as Mao’s “task number five hundred and

twenty-three”) [5]. The importance of malaria to Chinese national interests during

this time also, no doubt, lent much to its opposition to American interests in the

wars of Indo-China where the burden of malarial disease on combatants had

attained crucial strategic importance. It therefore mirrored a similarly massive

up-scaling of research into novel antimalarial compounds conducted by the US

military that concomitantly led to the development of mefloquine.

The institution credited with the discovery of artemisinin’s antimalarial

properties is the Academy of Traditional Chinese Medicine. In association with

the People’s Liberation Army Research Unit, in the late 1960s, they began screen-

ing traditional medicines for antimalarial activity. Qinghao was included amongst

the first ten products screened but initially showed no activity. In retrospect, this

was probably because an extraction method suitable to the water insoluble active

component was not used. By 1972, however, a group at the Academy led by

Professor Tu Youyou had successfully prepared an ether extract described as

having 95–100% efficacy when used for treatment in a rodent malaria model.

Crucially, Professor Youyou and her team claim to have heeded the original advice

of Ge Hong when developing their extraction method, with special attention to

avoiding the use of excessive heat. The use of the aprotic solvent, ether, probably

also aided the extraction of the oil and water-insoluble active compound and the use

of neutral pH would have been important, now that artemisinin is known to be

unstable in the presence of both acid and alkali.

Within the same year as the first report of its activity in rodent malaria in 1972, a

trial was reported in 21 humans with malaria (both P. vivax and P. falciparum) in
Beijing with a reported efficacy of >90%. The principal investigator in the early

human trials of artemisinin derivatives was Professor Li Guoqiao of the Guangzhou

University of Traditional Chinese Medicine. The professor and his group subse-

quently described the efficacy of artemisinin derivatives in severe (including

cerebral) malaria as well as demonstrating their extraordinarily rapid in vivo

activity on trophozoite blood stages and their potent gametocidal activity [9].

In 1973, Professor Youyou synthesised dihydroartemisinin, the first semi-

synthetic artemisinin “derivative.” The new compound had higher water solubility,

a characteristic later to prove pharmacologically advantageous. Subsequently,

further semi-synthetic derivatisation of dihydroartemisinin was employed to pro-

duce ethers and esters from dihydroartemisinin. Several hundred of these semi-

synthetic derivatives were produced and subjected to preliminary investigation by

Chinese scientists in the 1970s. Together with dihydroartemisinin, they are now

collectively referred to as the “1st generation endoperoxides” or “artemisinin

derivatives” to distinguish them from the subsequent development of other

compounds (such as artemisone) and wholly-synthetic endoperoxides. Only a

small percentage of these many hundred compounds have been evaluated in

human subjects and a smaller number still have achieved widespread therapeutic
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use. The most-used therapeutic compounds include artemisinin itself, dihdyroar-

temisinin, artemether, arteether, and artesunate. These were developed for mass

marketing by nationalised pharmaceutical companies in other parts of China

(Guilin and Kunming), in regions where China’s highest malaria prevalence

occurred [10]. The first marketed pharmaceutical preparations were officially

available from 1986 onwards. However, it is likely that very widespread use of

artemisinin derivatives was employed much earlier in China and also in Cambodia

(formerly Kampuchea), as part of Chinese military assistance to the Khmer Rouge

regime in the late 1970s.

The first English-language publications regarding clinical efficacy appeared in

1982 [11, 12]. These came at a time of great pessimism and alarm in the face of

burgeoning parasite resistance to existing agents, coupled with a paucity of attractive

alternative drugs in the existing antimalarial drug development “pipeline,” whether in

the private (pharmaceutical companies) or public (military programmes) sectors of

Western countries [13, 14]. At this time, Thailand and its border areas seemed to face

the world’s greatest problem of drug-resistant malaria, with the loss of mefloquine

efficacy here being viewed as a harbinger of the catastrophic scenario of untreatableP.
falciparummalaria [14]. In 1991, the first clinical trials demonstrating efficacy against

multi-drug resistant strains of P. falciparum in Thailand were published [15]. Subse-

quently, the efficacy of the combination of artesunate and mefloquine for uncompli-

cated malaria appeared to be excellent, with the introduction of this combination

coinciding with a reversal in the trend towards worsening mefloquine resistance in the

area [16]. Since this time, susceptibility to mefloquine has not declined further in this

area despite use of the artesunate–mefloquine combination for many years [16].

From the early 1990s until the current time, an explosion in interest in the

artemisinin derivatives led to development of assays to measure concentrations of

drug in biological fluids [17], documentation of the pharmacokinetic properties of

the individual derivatives [7], theories regarding their mode of action. [18, 19],

development of rectally administered formulations [20] and an extraordinarily large

body of clinical trials exploring their efficacy in both uncomplicated and severe

malaria [21–24]. At the time of writing well over 12,000 subjects had been enrolled

in clinical studies evaluating artemisinin derivatives [23]. At least 50 randomised

controlled trials have now been published evaluating the efficacy of ACTs for

treatment of uncomplicated malaria [24]. In 2005, the landmark SEAQAMAT

study was published [25]. This well-powered multi-centre randomised controlled

trial established parenteral artesunate in preference to quinine as the therapy of

choice for severe malaria in adults. In doing so, it represented the first therapeutic

intervention in recent history to have a demonstrated impact on mortality in severe

malaria. More recently, a mortality benefit of artesunate over quinine was also

confirmed in a large study of African children with severe malaria [26], effectively

ending any controversy as to its preferred status as first-line treatment for severe

malaria in most contexts [2]. Until recently, the widespread use of parenteral

artesunate had been impeded by its lack of approval by pharmaceutical regulatory

bodies. Fortunately, however, the major manufacturer of parenteral artesunate

(Guilin Pharmaceuticals, China) has recently achieved prequalification status for
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its product by the World Health Organisation (WHO), meaning it is likely to be

widely available, including in developed countries.

By the end of the millennium, in the face of burgeoning evidence supporting the

use of artemisinin derivatives, opinion leaders, led by Professor Nick White of

Oxford and Mahidol Universities, were already calling for a radical re-thinking of

malaria treatment policies and guidelines [27]. In particular, the strategy of ACT

use was advocated as an alternative to conventional therapies compromised by

parasite resistance. In 2006, the WHO officially endorsed ACT as the treatment of

choice of uncomplicated P. falciparummalaria [28], with emphasis on the theoreti-

cal benefits of the strategy of combination therapy to limit the potential for

development of parasite resistance [29].

The prototypical ACT was the “loose” combination of separate tablets of

artesunate and mefloquine first used in Thailand [30]. Other “loose” ACTs have

included sulphadoxine–pyrimethamine, amodiaquine and atovaquone–proguanil as

partner drugs. However, “fixed” co-formulations containing both the artemisinin

derivative and a non-artemisinin partner drug have been the focus of ACT devel-

opment in recent years (Table 2). The first co-formulated ACT to achieve regu-

latory approval was artemether–lumefantrine, endorsed by the WHO in 2006 for

use in areas of multi-drug resistance and in Africa, and was shortly followed by

endorsement of co-formulated artesunate with amodiaquine [28]. Crucially,

manufacturers of these products have provided drug at substantially lower cost

for developing countries. Other promising combinations in various stages of devel-

opment have utilised piperaquine, mefloquine, amodiaquine, fosmidomycin,

chloroproguanil–dapsone, pyronaridine and naphthoquine as partner drugs [31].

The effective use of ACTs has been credited as a major factor in very significant

reductions in malaria prevalence in many areas of South-East Asia and Sub-

Saharan Africa [32, 33]. This has helped reignite interest in the potential for

attempts at malaria eradication [34, 35].

The experimental induction of artemisinin resistance in rodent malaria was first

reported in 1999 [36]. In 2006, given mounting concerns regarding the potentially

disastrous consequences of artemisinin resistance [27, 28, 37–41], the WHO

recommended the phasing-out of oral mono-preparations of artemisinin, in order to

prevent their use as mono-, rather than combination therapy [42]. Soon after, the first

reports indicating impaired responses to artemininin derivatives in vivo were reported

from Cambodia in 2008 [43, 44]. At the time of writing, a massive effort is underway

to monitor and prevent the spread of parasite resistance in this region [43, 45].

2 Chemistry

Artemisinin (C15H22O5, IUPAC name: (3R, 5aS,6R,8aS,9R, 12S,12aR)-octahydro-
3,6,9-trimethyl-3,12-epoxy-12H-pyranol[4,3-j]-1,2-benzodioxepin-10(3H)-one) is

a sesquiterpene lactone, with a distinctive 1,2,4 triaxone ring structure (Fig. 1).
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Whilst the structure of this “backbone” varies considerably amongst artemisinin’s

various derivatives and synthetic analogues, all active compounds retain a distinc-

tive endoperoxide moiety that is primarily responsible for the antimalarial activity

of this drug class (Fig. 1). Artemisinin itself is poorly soluble in both water and oil,

but soluble in many aprotic organic solvents. It has a melting point of 156–157�C
and the molecule breaks down at temperatures above 190�C. It’s molecular mass is

282.3 Da. It is unstable in the presence of both alkali and acid [46].

In the presence of sodium borohydride, a hydroreduction reaction transforms the

lactone group of artemisinin to a lactol, whilst preserving the crucial endoperoxide

moiety [46]. This produces dihydroartemisinin. Further semi-synthetic derivatisation

produces ethers and esters of the lactol. In addition to artemisinin itself, and dihdyroar-

temisinin, the most-used derivatives include artemisinin’s methyl ether, artemether,

b-ethyl ether, arteether, and hemisuccinate ester, artesunate. These all share the same

basic chemical structure of artemisinin (Fig. 1) with different chemical groups at the

C10 (or 2-keto) position [47]. The C10 position determines the solubility of each

Fig. 1 Chemical structure of

artemisinin (a) and its

derivatives:

dihydroartemisinin (b),

artemether (c), arteether (d)

and artesunate (e). The

essential endoperoxide

pharmacophore common to

artemisinin and all its

derivatives is highlighted in

green. The C10 position

radical that is unique to each

individual derivative and that

determines its water and lipid

solubility (and therefore some

of its pharmacokinetic

properties) is highlighted in

blue
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artemisinin derivative and influences its diffusion across mucosal membranes as well

as other pharmacokinetic properties. Artesunate has significantly greater solubility in

water than either artemisinin, dihydroartemisinin or artemether [48]. Second genera-

tion artemisinins (such as artemisone) are also under investigation.

3 Mechanism of Action

The antimalarial mechanism of action of artemisinin and its derivatives remains

unclear. However a number of theories have been proposed that are currently the

subject of intense debate. The complex biochemistry underpinning these theories is

outlined extensively in a number of recent reviews [46, 49, 50]. Any understanding

of the mechanisms of antimalarial activity of the artemisinins must reconcile each

of the following considerations.

Firstly, like any good antimicrobial agent that is both safe and effective, the

agent produces differential toxicity on pathogen in preference to host cells. There-

fore, activity must exploit metabolic pathways or processes, which are either unique

to, or preferentially expressed in the parasite. In the case of other antimalarials, this

has often related to the food vacuole of the parasite and its role in detoxifying

digested haem arising from breakdown of host-cell haemoglobin. The haem path-

way has also been extensively investigated as a mode of action of artemisinin and is

discussed below. PfATP6 is an enzyme essential for oxidative metabolism in the

parasite, which is absent from mammalian cells. Specific inhibition of this enzyme

has been postulated as a mechanism of action and is also discussed below [19].

Much interest has centred on the relationship between artemisinins and free haem

and iron that exist in concentrations within the parasite not seen in normal host

cells. If these are responsible for “activating” artemisinin, they could explain the

differential toxicity of drug in parasitic versus host mammalian cells.

Secondly, the structure–efficacy relationships of artemisinin and other

endoperoxides now clearly implicate the endoperoxide moiety as the major deter-

minant of efficacy. Any proposed pathway for the toxicity of artemisinins on

plasmodia must incorporate the direct or indirect action of the endoperoxide moiety

on a putative molecular target.

Thirdly, mechanistic hypotheses must also reconcile the now well-documented

activity of artemisinins on a broad range of organisms and tumour cells [49]. These

now include a variety of parasites including helminths (a wide range of trematodes

including Schistosoma, Clonorchis, Opisthorchis and Fasciola spp.), non-

plasmodial Apicomplexa (Toxoplasma gondii) and protozoa and metazoa

(Trypanosoma and Leishmania spp.). In vitro, and in some cases, in vivo anti-viral

activity has been demonstrated against HIV1, Influenza A, hepatitis B and C and

human herpes viruses, including CMV where artemisinin therapy has been used

with some success in human patients [51]. Some anti-fungal activity has been

demonstrated in vitro for Pneumocystis jirovecii [49]. A very broad range of tumour

cell lines have been shown to be susceptible in vivo and artemisinin is now being
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examined as a clinical therapy in a variety of malignancies [49]. It has even shown

activity in autoimmune conditions including rheumatoid arthritis and lupus nephri-

tis [49]. All this suggests either multiple or broad and relatively non-specific

mechanisms of action. However, it must be said that the sensitivity of other

organisms to artemisinin is generally orders of magnitude less than that seen in

plasmodia, where IC50 values are in the low nanomolar range.

Current concepts under debate include, firstly, the means by which artemisinin

becomes biologically activated within the parasite, and secondly, the proposed

molecular targets of activated artemisinin [52]. Bioactivation of artemisinins within

parasitised erythrocytes is important in explaining the selective toxicity of the

artemisinins on the parasite rather than on uninfected host cells and was first

proposed by the Meshnick group to be triggered by iron (II) to generate toxic

activated oxygen [53]. Subsequently, two opposing models, a “reductive scission

model” [54, 55] and an “open peroxide model” [56] have been proposed to further

explain this process. These two models differ by their dependency on iron and

involvement of carbon-centred radicals [52].

As to the proposed molecular targets of artemisinin, a number of theories have

been put forward, four of which are summarised below. These are by no means

mutually exclusive and it seems likely that the anti-plasmodial activity of the

artemisinins is a multi-faceted process [52].

3.1 Haem Pathway

This theory proposes that the free radicals generated following activation of

artemisinin’s endoperoxide then alkylate intracellular haem. The alkylated haem

is then unable to undergo its usual detoxification by the parasite that ordinarily leads

to the formation of the non-toxic crystalline haemozoin pigment. Supporting this

theory, haem-drug adducts have clearly been demonstrated by mass spectrometry

following exposure of parasites to both artemisinin and synthetic endoperoxides

in vitro [57, 58]. However, others [59, 60] have demonstrated a lack of inhibition of

haem polymerisation (and therefore of haemozoin formation) under carefully con-

trolled in vitro conditions using stable artemisinin derivatives with good antimalarial

activity. They have suggested that previously demonstrated haem polymerisation is

an artefact of the instability of artemisinin and dihydroartemisinin in aqueous

experimental conditions previously used. They argue that ring-opened products of

artemisinin or dihydroartemisinin had been responsible for the haem binding seen

previously. Adding to this argument are studies using rodent malaria models that

have demonstrated a relative paucity of haem–artemisinin adducts in vitro [60]. In

addition, the haem hypothesis fails to explain the toxicity of artemisinins for on

other parasite species (such as Toxoplasma and Babesia spp.) that are not exposed

to significant concentrations of haem in vivo.
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3.2 Protein Alkylation

Free-radical generation within the parasite may also, through the formation of

covalent bonds, alter the function of key parasite proteins involved in a variety of

functions [18]. Suggested targets may include membrane transporters, proteases

involved in haemoglobin degradation and a variety of other cellular enzymes.

3.3 Inhibition of PfATP6

Recently, specific inhibition of an enzyme, PfATP6, essential for oxidative metab-

olism in the parasite, was postulated as a mechanism of action [19]. This theory

developed following interest in a compound called thapsigargin, which shares

artemisinin’s sesquiterpnene lactone structure. Thapsigargin is known to be a

selective inhibitor of the mammalian sarco/endoplasmic reticulum membrane cal-

cium ATPase (SERCA) that actively concentrates calcium within membrane-bound

stores, thereby maintaining low cytosolic free calcium concentrations that are

necessary to ensure cell survival. Artemisinin showed similar activity on mamma-

lian SERCA as thapsigargin [19]. Because the PfATP6 of P. falciparum is the only

enzyme orthologous to that of mammalian SERCA, it was hypothesised that this

could be artemisinin’s molecular target in the parasite. An elegant series of

experiments showed firstly that both artemisinin and thapsigargin did, indeed

inhibit PfATP6. Secondly, the mechanism appeared to be highly specific, without

effects on non-SERCA Ca2+ ATPase or other malarial transporters. Thirdly, incu-

bation of parasitised erythrocytes with the iron chelator, desferrioxamine, abolished

the effect of artemisinin (but not thapsigargin), thus supporting the theory that

bioactivation of artemisinin by iron was necessary for inhibition of the enzyme, and

providing a rationale for the selective toxicity of artemisinin to parasitised cells.

Studies of T. gondii added weight to the theory by demonstrating a similar effect on

this organism’s SERCA homologue [61]. A subsequent study suggested that a

single amino acid residue could determine the sensitivity of SERCAs to

artemisinin, thereby raising the possibility of a single mutation in genes encoding

PfATP6 producing artemisinin resistance [62]. This mutation has also been exam-

ined by transfection of parasites with interesting results [63].

However, induction of stable parasite artemisinin-resistance in rodent malaria

did not show mutations in the parasite’s PfATP6 orthologue [39] or suggested

alternative resistance pathways [64]. Studies of the synthetic endoperoxide OZ277

have shown that despite its highly potent antimalarial activity, and its competitive

inhibition of artemisinin in vitro, it is a very weak inhibitor of PfATP6 [52]. Taken

together, these all suggest that if PfATP6 is a molecular target of artemisinin, then it

may be one of many through which endoperoxides act and through which parasite

resistance could develop [65, 66]. Nevertheless, much more study is required to

examine PfATP6 as a target and its mutations in contributing to resistance.
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3.4 Mitochondrial Function

Studies of yeast have demonstrated an effect of artemisinin on mitochondrial

membrane potential through effects on the electron transport chain [67]. Further

studies have shown artemisinins to be distributed to malarial mitochondria, to

directly impair mitochondrial function and to induce a strikingly rapid and dramatic

production of reactive oxygen species within the mitochondria of both yeast and

malaria but not mammalian cells, thereby suggesting a mechanism for selective

toxicity [68]. Mitochondrial toxicity demonstrated in these studies appears to be

dependent on the peroxide moiety, with derivatives such as deoxyartemisinin (which

lacks an endoperoxide bridge) failing to demonstrate production of reactive oxygen

species or functional toxicity in mitochondria. Further evidence of the importance of

this pathway has been shown by the amelioration of artemisinin’s antimalarial

toxicity through interference of the mitochondrial electron transport chain, including

by use of the iron chelator, desferrioxamine [68]. However, studies in transgenic

parasites (see AB Vaiya, Antimalarials targeting mitochondrial functions) do not

support the idea that artemisinins kill parasites by a mitochondrial-based mechanism.

4 Resistance

In theory, the artemisinins should be relatively protected from the development of

resistance by their extremely short half-lives [7, 69, 70]. This reduces the overall

exposure of parasite populations to low or intermediate residual drug

concentrations following administration of a conventional treatment course. His-

torically, this seems to have been important in providing the selection pressure that

has driven rapid development of resistance to longer-acting drugs such as meflo-

quine and sulphadoxine–pyrimethamine [69, 71]. Rapid development of high-level

resistance can also occur when a single mutation affects a single enzymatic

pathway critical to the drug’s activation or mechanism of action. This is the case

with the drug atovaquone, which is rendered ineffective by a single base-pair

mutation of the gene encoding the cyt b enzyme [72]. Therefore, artemisinin

resistance has not been ruled out and the implications of widespread artemisinin

resistance have been seen as so potentially disastrous that it has long been at the

forefront of debate and policy considerations by the WHO and others [28, 37, 38]. It

has underpinned calls for the use of artemisinin to be restricted to combination

therapies [27], leading to the WHO’s recommendation that artemisinin

monopreparations for oral treatment be phased out altogether in favour of co-

formulated ACTs [42]. Part of the rationale for ACT relies on the supposition

that parasite mutants that spontaneously arise with resistance to one drug will still

be susceptible to the second, and therefore will not survive to pass on their

resistance characteristics to the next generation [71, 73]. A similar approach

underlies combination treatment of tuberculosis, HIV, Hepatitis B infections and
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most cancers. However, in the case of malaria, the rationale for combination

therapy is subject to a number of caveats that mean that ACT should not be regarded

as a panacea [29]. In particular, the relatively complex genome of plasmodia

(P. falciparum’s genome is 2.3 � 107 bp) gives it the advantage of greater number

of possible genetic loci that could mediate resistance, when compared with simpler

organisms such asM. tuberculosis (genome 4.4 � 106 bp) or viruses (3.2 � 103 bp

for Hepatitis B). This has also led to the development of more complex drug

resistance mechanisms than those seen in bacteria and viruses. For example,

mutations affecting drug transport mechanisms can simultaneously lead to resis-

tance to a range of drugs with different molecular targets and modes of action. In

P. falciparum, the best example is the P. falciparum multidrug resistance gene

(Pfmdr1) that encodes the P-glycoprotein homologue (Pgh), involved in drug efflux
into the parasite’s food vacuole [74, 75]. Resistance can be mediated either by

single nucleotide polymorphisms or by increases in gene copy number and Pfmdr1
has been implicated in resistance to a range of diverse antimalarials including

chloroquine, amodiaquine, mefloquine, halofantrine and lumefantrine [76, 77].

The rationale for ACT may also be undermined by the possibility of parasites

being “protected” from the activity of one or other drug in a combination either due

to sequestration in sites exposed to lower drug concentrations or to drug exposure

occurring during non-susceptible phases of the parasite’s life cycle [29]. Also,

whilst the use of a (conventionally, more longer-acting) partner drug may “protect”

the shorter-acting artemisinin component from the development of resistance, it

seems less likely that the converse will be true. One study has already demonstrated

the unabated spread of sulphadoxine and pyrimethamine resistance despite the

introduction of an artesunate plus sulphadoxine–pyrimethamine ACT [78].

A number of groups have been able to select for parasite resistance in rodent

malaria in vivo andmore recently inP. falciparum in vitro [36, 39, 40, 64, 79] adding

to concerns regarding the potential for development of resistance. In a study by

Peters and Robinson reported in 1999 moderate artemisinin resistance (a 4- to 27-

fold difference in sensitivity compared with sensitive strains) was selected in

P. berghei and P. yoelli following sustained selection pressure in a rodent model.

However this rapidly resolved with the removal of drug-selection pressure [36]. No

specific mechanism for resistance could be identified based on evaluation of putative

molecular targets being considered around this time, however resistant strains were

shown to accumulate 43% less (radiolabeled) drug in vitro than sensitive strains

[40]. The induction of stable artemisinin resistance was not reported until 2006 in a

study by Afonso et al. of a P. chabaudi rodent model [39]. Strains with 6- to 15-fold

increased resistance to artemisinin and artesunate were induced through exposure to

increasing drug concentrations during several consecutive passages in mice. Resis-

tance remained stable after cloning, freeze thawing, transmission to mosquitoes and

following removal of drug pressure. Nucleotide sequences and gene copy number of

putative genetic determinants of resistance (including orthologues of the P.
falciparum genes, pfmdr1, pfcg10, pftctp and pfatp6) were compared between

resistant and sensitive strains but failed to demonstrate any differences. Subsequent

genetic linkage analysis identified two genetic mutations in a locus encoding a

deubiquinating enzyme (UBP-1) [80]. In addition to artesunate, the same mutations
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could also be induced independently under drug selection using chloroquine,

thereby demonstrating a mechanism for cross-resistance to structurally unrelated

antimalarials arising as a single event. However, examination of P. falciparum
isolates with reduced artemisinin sensitivity failed to identify mutations in the

orthologous P. falciparum locus. More recently, an artemisinin-tolerant strain of

P. falciparum has been developed through sustained in vitro drug pressure [64].

Morphologic evaluation revealed a sub-population of ring-form parasites surviving

in maturation arrest. Observed transcriptomic modifications included down-regula-

tion of a cell-cycle regulator and DNA biosynthesis protein. Taken together, the

authors argued that artemisinin tolerance might be mediated by a quiescence mech-

anism in P. falciparum. A further study by Chavchich et al. induced stable resistance

to artemisinin and artelinic acid in three laboratory reference strains ofP. falciparum
[79]. Importantly, this was also associated with decreased susceptibility to meflo-

quine, quinine, halofantrine and lumefantrine. Again, no mutations were detected in

putative genetic determinants of artemisinin resistance (including pfmdr1, pfcrt,
pfatp6, pfctp, and pfubcth genes) or in expression of pfatp6 or pftctp. However, in
contrast to the rodent model data from Afonso et al., this study clearly demonstrated

increases in pfmdr1 gene copy number as well as its mRNA and protein expression,

suggesting a mechanism for cross-resistance to mefloquine and other drugs. By

demonstrating a possible resistance mechanism common to artemisinin and other

drug classes, it raises some concerns regarding the underlying rationale for ACT,

particularly when drugs such as mefloquine and lumefantrine are used as the partner

drug [29]. Together, these studies have provided a proof of principle that induction

of stable artemisinin resistance is possible and, even more importantly, that this

could arise through more than one mechanism, including some that may simulta-

neously mediate increased resistance to other structurally unrelated drugs (including

ACT partner drugs).

Monitoring of clinical isolates for artemisinin sensitivity using in vitro drug

susceptibility assays has methodological challenges due to difficulties in

standardisation and, until very recently, the lack of confirmed in vivo resistance

to enable clinical correlation. However, a study by Jambou et al. reported in 2005,

using a WHO microtest, demonstrated a very wide variability in artemether and

artesunate IC50 values from 530 clinical isolates from Senegal, French Guiana and

Cambodia [41]. Whereas IC50 values had previously been reported in a range

<30 nmol/l, values as high as 117 nmol/l were reported from French Guiana.

Parasites from French Guiana also showed correlation in artemether and meflo-

quine IC50 values. Importantly, polymorphisms of the coding sequences of pfatp6
were identified and one of these, a S769N mutation, was highly significantly

associated with higher IC50 values from isolates from French Guiana. Again,

analysis of pftctp, pfmdr1 and pfcrt failed to suggest a role for these, although

copy number was not assessed. Originally, the S769N mutation was only found in

French Guiana (an area of South America with little preceding exposure to

artemisinin derivatives) and was not found in a broad range of isolates from Africa,

South America and Southeast Asia [81]. Recently, travellers returning to Canada

from many African countries with malaria have provided parasites with mutations

in pfatp6 (A623E; S769N). Some of these have significant increases in IC50 values
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for the effect of artesunate and other derivatives on in vitro parasite growth, and

interestingly there may be an interaction between these mutations and mutations in

pfmdr1 [82]. Overall, there was a high level of polymorphic diversity of the pfatp6
gene throughout these regions though the nature of this could not be explained by

genetic drift alone [83]. Given the lack of preceding drug pressure in French

Guiana, alternative evolutionary mechanisms are being considered, including host

factors, such as endemic haemoglobinopathies that alter intra-erythrocytic calcium

homeostasis in a manner that higher cytosolic calcium concentrations might select

for pfatp6 mutants better able to regulate parasite calcium concentrations [81].

The most significant event in the recent history of the artemisinins is the first

descriptions of clinical artemisinin resistance, from Western Cambodia from 2008

onwards [43, 44]. An initial report by Noedl et al. prospectively evaluated a 7-day

course of artesunate monotherapy in adults with P. falciparum in Battambang

province of Cambodia. A definition of “resistance” was used that included persis-

tence of parasites 7 days after treatment commencement or re-emergence within

28 days in the presence of acceptable concentrations of dihdyroartemisinin,

prolonged time to parasite clearance and reduced in vitro susceptibility to dihydroar-

temisinin. Of 60 subjects enrolled in the artesunate arm of the study, two met the

criteria for artemisinin resistance. IC50 values for these two patients were 4 times the

mean value for cured patients and 10 times that of a reference strain.

A subsequent study by Dondorp et al. prospectively evaluated the in vivo efficacy

of 7-day artesunate monotherapy and of combined artesunate and mefloquine, this

time comparing response in 40 patients from each of two locations: a site inWestern

Cambodia where concerns regarding resistance had emerged and a “control” site in

Northeastern Thailand [43]. Significantly longer parasite clearance times were seen

at the Cambodian site (84 h vs. 46 h). Although a higher rate of treatment failure

(recrudescence) was also seen in the Cambodian patients (total 7/40), this was not

statistically significantly higher than at the other site (3/40). When interpreting these

data, it is important to consider that parasite clearance rates may reflect not only

intrinsic parasite susceptibility to the drug, but numerous host factors, particularly

those related to the degree of pre-existing malaria-specific immunity. Because of the

study design used, the two groups were not necessarily matched for important

factors (such as age, sex, parasite density, disease severity and the malaria transmis-

sion intensities that each population was subjected to). These factors could easily

have become confounding variables in the analysis. However, the degree of differ-

ence was striking and the parasite clearance times documented from the Cambodian

site were longer than any described previously worldwide. Moreover, this area has

historically seen the early emergence of drug resistance to a number of agents [84].

The emergence of artemisinin resistance here becomes especially plausible when it

is considered that artemisinin treatments have probably been used here longer than

anywhere else in the world, having been employed since the time of the Khmer

Rouge in the late 1970s. Much of this has been poorly regulated monotherapy with,

quite possibly, sub-standard drugs [43, 85]. Also, subsequent studies of parasites

from the patients studied by Dondorp et al. in Western Cambodia have now

suggested that much of the variability in parasite clearance rates can be attributed
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to parasite genetic co-lineage, suggesting heritable (and therefore transmissible)

parasites, rather than host factors in explaining this phenomenon [86]. However,

specific genetic loci associated with delayed parasite clearance are yet to be deter-

mined and host genotypes may also need assessment.

Given concerns regarding the apparent development of early artemisinin resis-

tance in Cambodia, a massive effort by the WHO with financial assistance from the

Bill & Melinda Gates Foundation is now underway to monitor, control and limit its

spread [43, 45]. Strategies will include improved surveillance, enhanced case

management (early diagnosis and appropriate treatment), reducing drug pressure

(by preventing inappropriate empirical therapy), targeting of mobile populations

and optimising vector control and bed-net coverage, with the ultimate aim of

effectively eradicating falciparum malaria from this region [43, 87]. A further

development of concern in the region has been the development of resistance to

commonly used ACT partner drugs, with unacceptably high treatment failure rates

emerging for the artesunate–mefloquine combination [88].

5 Basic Clinical Pharmacology of the Artemisinin Derivatives

Artemisinin and its derivatives now exist in a myriad of pharmaceutical products

that can be administered either orally (either as mono- or co-formulations), rectally

or parenterally. The most widely used in clinical practise include products

containing artemisinin itself, dihydroartemisinin, artemether and artesunate. The

pharmacology of these four drugs are summarised in Table 1. All derivatives are

likely to share a common mechanism of action due to the ubiquitous endoperoxide

moiety. There is probably little to separate them in terms of intrinsic efficacy, as

IC50 values exist in a similar range for each drug [91]. What is more, artesunate and,

to a lesser extent artemether, are essentially pro-drugs of dihydroartemisinin.

However, each derivative has different physicochemical properties due to the

nature of their unique C10 (or 2-keto) position radical (Fig. 1). This influences the

drug’s solubility in oil and water and therefore the molecule’s movement across

biological membranes. This has important implications for pharmacokinetic

properties that may impact on therapeutic response. These are discussed in more

detail below.

5.1 Pharmacokinetics

5.1.1 Absorption and Bioavailability

Artemisinin, dihydroartemisinin, artemether and artesunate can all be administered

orally or rectally. Artemisinin, artemether and artesunate can also be given by

intramuscular injection. However artesunate is the only drug that can be
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administered intravenously [7]. The lack of an intravenous preparation for the other

drugs makes it difficult to calculate absolute bioavailability when they are

administered by other routes. However oral bioavailability of artesunate has been

calculated at between 61 and 88% [94, 95] and is likely to be greater than the less

water soluble drugs [91, 96, 97]. Artesunate is clearly the most rapidly absorbed

with time to maximal concentration (Tmax) considerably shorter than those of the

other derivatives (Table 1) [7].

Solubility of the different drugs is also likely to influence both bioavailability

and absorption profile after rectal administration. All products show a wide degree

of inter-individual variability in the rapidity and extent of absorption [20]. How-

ever, artesunate is the most rapidly absorbed and achieves the highest maximal drug

concentrations following conventional dosing (Table 1) [20].

There are fewer options for parenteral administration of artemisinins. Because of

stability issues, artesunate is available as a powder for reconstitution in sodium

bicarbonate immediately prior to intravenous injection. However, intravenous

administration is more costly and requires equipment and skilled staff often not

available in resource-poor settings. Intramuscular injection is likely to be both more

practical and have a comparable pharmacokinetic profile, achieving maximal

concentrations within 12 min [91]. Artemether has been used widely as a prepara-

tion for intramuscular injection [98]. Because of its very poor water solubility it is

available in ampoules containing the drug dissolved in peanut oil. It suffers from

poor and erratic absorption from the intramuscular injection site. Tmax values range

from 1.3 to 8.7 h [7] and studies from children with severe malaria indicate a wide

inter-individual variability in the extent of absorption, such that many children fail

to demonstrate detectable concentrations of drug in plasma following intramuscular

injection [99]. Its pharmacokinetic profile therefore seems to be inferior to that of

artesunate when administered as an intramuscular injection for severe malaria.

Arteether and artemisinin have also been administered by intramuscular injection,

though much less extensively than artemether. Although data are limited,

Table 1 Pharmacokinetic properties of the commonly used artemisinin derivatives

Elimination

half-life

Tmax – oral

administration

Tmax –

intramuscular

injection

Tmax – rectal

(suppository)

administration

Artemisinin

(MW ¼ 282.35)

2.9 h [7] 1–3 h [7] 3.4 h [7] 5.6 h [20]

Dihydroartemisinin

(MW ¼ 284.4)

40 min [7] 0.9–1.6 h [7] NA 4 h [20]

Artemether

(MW ¼ 298.4)

3.6 h [7] 1.7–6 h [7] 1.3–8.7 h [7] 3.1 h [20]

Arteether

(MW ¼ 312.4)

12.4–30.2 h

[89, 90]

NA 4.8–7.0 h [89, 90] NA

Artesunate

(MW ¼ 384.4)

2–5 min

[91–93]

15–39 min [93] 12 min [91] 1.6–3 h [20]

Tmax time to maximal concentration, MW molecular weight
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pharmacokinetic properties of these preparations are similar to those of artemether

(Table 1) [7, 89, 90].

5.1.2 Metabolism and Elimination

All artemisinin derivatives are characterised by their extremely rapid elimination

from plasma, with elimination half-lives that are mostly less than a few hours

(Table 1) [7]. Both artemether and artesunate are metabolised to dihydroartemisinin

by rapid esteratic hydrolysis of artesunate or slower cytochrome P450-mediated

demethylation of artemether. Dihydroartemisinin itself and artemisinin are proba-

bly metabolised in the liver to inactive metabolites (Table 1) [7].

The pharmacokinetics of artemisinin derivatives do not appear to be influenced

significantly by severity of infection [92] and dose adjustment in patients with

hepatic or renal impairment is not required. However auto-induction of metabolism

of artemisinin has been observed that results in a 5.5-fold increase in oral clearance

following 10 days of treatment [100]. This effect appears to be largely attributable

to induction of CYP2B6 (a member of the cytochrome P450 enzyme family) and is

specific to artemisinin itself rather than to its derivatives.

5.1.3 Pharmacokinetic–Pharmacodynamic Relationships

A clear understanding of the manner by which pharmacokinetic parameters impact

on clinical response is lacking for this drug class. Clearly, the rate of absorption

(measured by Tmax or absorption half-life) is important, particularly in severe

malaria, where it is important rapidly to achieve parasiticidal drug concentrations.

For other antimicrobials, including other classes of antimalarial agents, time-above

mean inhibitory concentration (MIC) and area under curve (AUC) relative to

pathogen MIC may be the important determinants of efficacy [101, 102]. However,

given the excellent efficacy of a very rapidly eliminated drug like artesunate, it

seems unlikely that either of these are important determinants of efficacy of

artemisinin derivatives. It seems more likely that maximal concentration (Cmax) is

important. Indeed there is some evidence that for artemisinin, Cmax correlates with

parasite clearance time, which is probably the best available surrogate marker for

clinical response [103]. Studies of other derivatives, including artesunate have also

suggested relationships between absolute dose and parasite clearance time [104].

Whilst maximal concentration may be the important determinant of efficacy, it

seems that AUC is likely to be the principal determinant of neurological toxicity

(see Sect. 5.3) [105–107]. Therefore, in terms of optimising both efficacy and

safety, the ideal pharmacokinetic profile would be one that rapidly achieves high

drug concentrations but also sees the rapid elimination of the drug (thereby

minimising the AUC). Artesunate appears, therefore, to have a more favourable

profile than the other derivatives in this regard, whether administered orally,

rectally or by injection.
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5.2 Antimalarial Activity

Each of the artemisinin derivatives is active at nanomolar concentrations against

asexual blood forms of all the plasmodia that infect humans. The in vitro

P. falciparum IC50 value is similar for all four main artemisinin drugs [7], and is

a number of orders of magnitude less than plasma drug concentrations achieved

through routine therapeutic administration. The initial reduction in parasitaemia is

the most rapid of all available antimalarial drugs, and seems to be a consistent

feature, regardless of the derivative or dosing regimen used (Fig. 2) [21, 22, 109].

The parasite reduction ratio (PRR) has been estimated at 4 log10 per 48 h erythro-

cytic cycle [110], meaning that parasite density characteristically falls by approxi-

mately 90% of baseline within the first 12 h (a 1 log10 reduction), by 99% in the first

24 h (2 log10 reduction) and by 99.99% by 48 h [20, 108, 111, 112]. Most clinical

infections with P. falciparum are thought to represent an initial total body parasite

burden of the order of 1012 total parasites prior to treatment being commenced

[110]. Therefore following artemisinin treatment, a 4 log10 reduction over 48 h will

result in a total parasite burden in the region of 108 parasites. This is often below the

pyrogenic threshold and below the level of detection of peripheral blood

parasitaemia using conventional microscopy. Therefore, total fever and parasite

clearance times are often less than 48 h following treatment with an artemisinin or

derivative-containing regimen [20, 108, 111, 112]. Although the patient may be

feeling well and no longer have detectable parasitaemia by this time, if the residual

parasite burden is 108, assuming an ongoing 4 log10 PRR, another 96 h (at least two

48-h erythrocytic parasite life cycles) will be required before the entire parasite

burden has been eradicated and definitive cure ensured. Presumably this is why that,

given the very short half-lives of artemisinin and its derivatives in blood, short

courses (3–5 days) are associated with recrudescence rates that are typically greater

than 25% [22, 109, 113].

Given that artemisinins have very short half-lives, and that parasite clearance

persists for many hours after drug is no longer detectable in the circulation, it is

likely that the equivalent of a “post-antibiotic effect” exists, where there is persis-

tent suppression of microbial growth following limited exposure to an antimicrobial

agent. Artemisinins are also active against some stages of the sexual blood form of

the parasites (stage I and II gametocytes) and therefore may have the potential to

reduce transmission rates (Fig. 2b) [114]. They do not have significant activity

against exoerythrocytic (hepatic) stages, such as the dormant hypnozoite forms in

P. vivax, and therefore have no ability to prevent P. vivax relapse.

5.3 Safety and Tolerability

The artemisinin derivatives appear to have a wide therapeutic margin, being gener-

ally well-tolerated at standard therapeutic doses in humans [21, 22, 109, 115].
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Reported adverse effects have included nausea, vomiting, bowel disturbance, abdom-

inal pain, headache and dizziness, symptoms that can result from malaria infection

itself and are usually mild and self-limiting [115].Mild and reversible haematological

abnormalities, are observed infrequently with routine use at conventional dosages (e.

g., artesunate 2–4 mg/kg/day) [115]. However, higher than usual therapeutic doses

administered in long courses (artesunate 6 mg/kg/day for 7 days) demonstrated a high

(19%) rate of neutropenia, suggesting there is an upper limit to safe dosing [116].

Minor electrocardiographic changes described [115] may reflect malarial disease
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Fig. 2 Comparison of Plasmodium falciparum parasite clearance rates in children treated with a

non-artemisinin derivative-containing regimen, chloroquine + sulphadoxine/pyrimethamine (CQ:

SP) versus three artemisinin-based regimens: artesunate + sulphadoxine–pyrimethamine

(ARTS–SP), dihydroartemisinin–piperaquine (DHA–PQ) and artemether–lumefantrine (AL).

(a) trophozoite (ring forms) and (b) gametocytes. Data are from the study by Karunajeewa et al.

of Papua New Guinean children with uncomplicated malaria [108]
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itself rather than drug action and are almost certainly not clinically relevant. Animal

toxicity studies using these compounds at supra-therapeutic doses in rats and dogs

demonstrated a characteristic fatal neurotoxicity affecting predominantly the

brainstem of animals receiving high doses over long periods [117, 118]. This toxicity

now appears to be dose-related and to be restricted to compounds and dosing

regimens that result in sustained high plasma concentrations of the primary drug or

its active metabolite dihydroartemisinin [105]. Therefore, it is likely that the depot-

like slow release of lipophilic artemisinin derivatives when administered by intra-

muscular injection facilitates this toxicity [106]. This theory is supported by data

showing that mice fed comparable oral doses of more rapidly cleared water soluble

artemisinin derivatives do not develop neurotoxicity [107]. Although somewhat

controversial, there is little convincing evidence to suggest neurotoxicity has ever

manifested in human subjects. Neurological symptoms of ataxia, slurred speech and

hearing loss have been reported in a small numbers of humans treated with

artemisinin derivatives [119, 120]. Reports that have attempted to ascribe these to

side-effects of artemisinin derivatives (rather than as manifestations of malarial

disease itself) have been re-examined in subsequent prospective studies that have

failed to substantiate any causal associations [121, 122]. The limited penetration of

artemisinin derivatives into the cerebrospinal fluid also makes the possibility of

neurotoxicity at therapeutic doses less likely [123]. Nonetheless, some lingering

concerns still exist that neurotoxicity may manifest in certain vulnerable individuals,

including children, for whom the developing central nervous system may be at

greater risk [124]. Ongoing safety monitoring and attention to pharmacokinetic

disposition are warranted in order that optimally safe and effective regimens can be

developed, particularly if higher dose regimens are to be considered in the face of

emerging artemisinin resistance.

A large body of data from animal models (including rats, rabbits and monkeys)

now raises significant concerns about the reproductive toxicity of artemisinins,

demonstrating embryonic death, foetal resorption, limb dysgenesis and cardiac

defects following treatment with therapeutic doses in the first trimester [125]. By

contrast, birth outcomes have now been documented in >500 women exposed to

artemisinins during their pregnancy, and adverse events have not been reported

[126]. Nonetheless, given the strength of the animal data, artemisinin derivatives

are considered contraindicated in the first trimester of pregnancy [125].

6 Clinical Uses

The great clinical utility of the artemisinin derivatives owes much to their

advantages of extremely rapid parasiticidal activity, overall excellent safety and

tolerability, and at the current time, the lack of widespread parasite resistance.

However given the reproductive toxicity data from animal studies, their use in

pregnancy is limited (see above), at least for the time-being, pending further data.

Also, because of their extremely short half-lives, they are not well-suited to use as
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prophylaxis (although they have had some use in intermittent presumptive treat-

ment strategies that have utilised ACTs). Their major clinical applications, there-

fore, are for community/outpatient-based treatment of uncomplicated malaria,

parenteral treatment of severe malaria and pre-referral rectal administration of

suppositories in presumptive malaria or after confirmation of diagnosis and before

definitive treatments can be used. Their use as they apply to each of these three

major clinical scenarios is summarised below.

6.1 Treatment of Uncomplicated Malaria

Artemisinin drugs have quickly attained popularity over conventional antimalarials

for the treatment of uncomplicated malaria for a number of reasons. Patients and

prescribers recognise that they are relatively free from the unpleasant side effects

that compromise drugs like quinine, chloroquine and mefloquine. They also appre-

ciate the more rapid relief of symptoms of malaria when compared with other drugs

[127]. This is supported by clinical data that consistently demonstrate more rapid

fever clearance and parasite clearance rates when compared with conventional

therapy (Fig. 2a), with little evidence to separate one derivative from another

[22, 108]. However, from very early on in their clinical development it was

recognised that although initial cure rates were almost invariably close to 100%,

courses of artemisinin-derivative monotherapy �5 days were associated with

recrudescence rates typically greater than 25% [22, 109]. This likely reflects the

very short plasma half-lives of artemisinin derivatives coupled with the need for

parasiticidal drug concentrations throughout a number of parasite erythrocytic life

cycles (each lasting 48 h) to eliminate the entire body parasite burden and thereby

produce definitive cure. For long half-life drugs such as chloroquine and meflo-

quine, this is feasible with short-course therapy because a long “tail” of persisting

drug is present for many days after the last dose, and this is sufficient to kill any

remaining parasites. This issue can be dealt with by employing courses of

monotherapy of at least 5–7 days duration [128]. Prior to the recent development

of resistance in Cambodia, 7 day regimens had been described as having cure rates

as high as >95% [22]. However, in the developing world, such long courses are

likely to be compromised by poor compliance, particularly as defervescence usu-

ally occurs within 48 h of artemisinin treatment commencement, diminishing the

incentive for the patient to complete the full course.

In addition to concerns regarding the potential for development of parasite

resistance, the logistical problems associated with long-course artemisinin

monotherapy have added to the rationale for ACT. The artemisinin component

provides rapid early reduction in parasite burden and symptom relief for the patient.

The longer half-life partner drug achieves parasite killing many days after the last

dose has been taken, thereby eliminating the parasite residuum and enabling the

feasibility of short-course therapy with high definitive cure rates. Given recent

WHO policy directives, it is hoped that in the near future, artemisinin monotherapy
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will no longer be used widely and that most artemisinin-based therapy will be in the

form of short-course ACT.

A large number of clinical trials have been conducted in recent years evaluating

the clinical efficacy of various ACTs [24]. It is likely, however, that rather than the

artemisinin component, it is the choice of partner drug that is most crucial in

determining the combination’s effectiveness [108, 129]. Pre-existing resistance to

partner drugs in the area where the combination is used may be especially important

[108, 130]. Issues of cost, tolerability/toxicity and dosing convenience must also be

considered [31]. The prototypical ACT is the “loose” combination of separate

tablets of artesunate and mefloquine first used in Thailand and subsequently

adopted as first-line treatment policy for uncomplicated P. falciparum infection in

much of Southeast Asia [30]. Other “loose” ACTs have included sulphadoxine–-

pyrimethamine, amodiaquine and atovaquone–proguanil as partner drugs [31].

However, “fixed” co-formulations containing both the artemisinin derivative and

the partner drug have overwhelming operational advantages by preventing inadver-

tent monotherapy. They have been the focus of ACT development in recent years

(Table 2). The most widely used co-formulation, and the first to be endorsed by the

WHO, is the combination artemether–lumefantrine. This has consistently

demonstrated 28–42 day cure rates >95% when administered as a twice daily

regimen for 3 days [131]. However, it has some potential problems that may affect

its operational deployment, including the need to be administered with food or

drink containing some fat in order to ensure adequate absorption [132] and a

relatively complex twice-daily regimen that may compromise compliance. It has

now been adopted as first-line treatment policy for laboratory-confirmed uncompli-

cated P. falciparum malaria by at least 46 countries, mostly in Africa and Asia [1].

Importantly, a suspension preparation suitable for administration to infants is also

now available [133].

At the time of writing, artesunate–amodiaquine had achieved widespread use in

Africa, having been adopted as treatment policy in at least 20 African countries [1].

It is now available as a co-formulation, conveniently administered as three daily

doses. In many parts of the world, particularly where amodiaquine has been widely

used, the efficacy of this combination is likely to be compromised by pre-existing

resistance to amodiaquine. For this reason, it has not achieved widespread use

outside Africa [1].

Other promising combinations in various stages of development have utilised

piperaquine, mefloquine, amodiaquine, fosmidomycin, chloroproguanil–dapsone,

pyronaridine and naphthoquine as partner drugs [31]. A large body of clinical trial

data has been accrued to support the dihydroartemisinin–piperaquine combination

that is available at an attractive price and has mostly shown excellent efficacy and

tolerability, when given as three daily doses. [24, 134] It is used as first-line

treatment in Vietnam, China, Myanmar and parts of Indonesia. [1] However, the

hurdles to be overcome to achieve regulatory approval have delayedWHO endorse-

ment of this and other preparations manufactured in China or elsewhere in the

developing world.
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6.2 Parenteral Treatment of Severe Malaria

Prior to the availability of the artemisinin derivatives, the only options for parenteral

treatment of severe malaria in most of the world had been quinine (or quinidine),

administered either by intravenous infusion or intramuscular injection [135], chloro-

quine (administered by intramuscular or subcutaneous injection) [136] or

amodiaquine (given intravenously) [137]. However, whilst clearly highly efficacious

in the treatment of chloroquine-sensitive P. falciparum malaria, parenteral chloro-

quine and amodiaquine have been rendered obsolete in most malaria-endemic

regions of the world due to the development of widespread 4-aminoquinoline resis-

tance. Therefore, for practical purposes, this leaves quinine as the only viable therapy

for severe malaria in most parts of the world.

The possibility of using artemisinin derivatives to treat severe malaria has obvious

theoretical advantages over conventional quinine therapy, including faster clearance

of trophozoites [21, 22] and a lack of serious toxicity issues (including

hypoglycaemia, “blackwater fever,” haemodynamic instability, cardiac arrhythmias

and tinnitus) that may complicate quinine therapy [115, 138–142]. Artemisinin was

first used to treat severe malaria in China as early as 1972, but widespread use for

severe malaria would require manufacture of a derivative in a form that was both

stable and suitable for injection into patients who were either unconscious or too ill to

take medicine orally. Initial interest centred on the oil-based preparations of arteether

and artemether that could be administered by intramuscular injection. Numerous

trials evaluated their use in severe malaria when compared with parenteral quinine

therapy [21]. These consistently demonstrated superiority with regard to the surrogate

efficacy endpoints of parasite clearance and fever clearance with artemether.

Table 2 Artemisinin derivatives available as co-formulations

Partner drugs used Manufacturer(s) and product proprietary-name

Artemisinin Piperaquine Artepharm (Artequick®)

Naphthoquine Kunming pharmaceuticals (Arco®)

Dihydroartemisinin Piperaquine Beijing Holley-Cotec (Duocotecxin®)

Sigma-Tau (Eurartekin®)

GPC ShenZhen (Combimal®)

GVS labs (P-Alaxin®)

Artemether Lumefantrine Novartis Pharma (Coartem® and Riamet®)a

Addis (Artemine®)

Ajanta (Artefan®)

Medinomics (Fantem®)

Cipla (Lumartem® and Lumet®)

Artesunate Amodiaquine Sanofi Aventis (Coarsucam®)a

Guilin Pharmaceuticals (Co-Artusan®)a

Medinomics (MalmedFD®)

Mefloquine Mepha (Artequin®)

Pyronaridine Sin Phoong (Pyramax®)
aAt the time of writing, only these three products (Coartem®, Coarsucam® and Co-artusan®) had

achieved WHO pre-qualification
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However, all studies were inadequately powered to demonstrate improvements in the

clinically important endpoints of mortality or serious disability. A meta-analysis of

data from studies comparing artemether with quinine did show an overall lower

mortality in artemether-treated patients but the difference did not reach statistical

significance [98]. A number of countries have adopted intramuscular artemether as

the standard recommended treatment for severe malaria[1]. However, most early

studies investigating the use of artemether for treatment of severe malaria [98] were

conducted at a time before the development of robust drug assays and therefore,

pharmacokinetic data were limited [97, 99, 143]. It has since become clear that both

artemether and arteether have poor and highly variable absorption into the systemic

circulation from the intramuscular injection site, raising concerns that a proportion of

patients treated might be at risk of sub-optimal therapeutic response [144]. The

pharmacokinetic profile of the water-soluble artemisinins appears to be more

favourable for treatments of severe malaria. In contrast to artemether, both intrave-

nous and intramuscular injections of artesunate result in consistent and rapid absorp-

tion, with peak levels occurring within minutes of administration [92]. The depot

effect seen with artemether does not occur so that the drug’s apparent plasma

elimination half-lives are not distorted by absorption from the injection site. All of

these suggested artesunate as a more promising replacement for parenteral quinine.

In 2005, a large multi-centre comparison of parenteral quinine with intravenous

artesunate, the South-East Asian Quinine Artesunate (SEAQUAMAT) trial, was

published [25]. This showed a clear mortality benefit (relative risk reduction of

35%, absolute risk reduction of 7%, number needed to treat 14) for artesunate over

quinine. Because the majority of participants in this study were Southeast Asian

non-immune adults, it was not immediately clear whether this mortality benefit

could be extrapolated to children living in malaria-endemic areas of the world such

as Africa. However, a more recent large multi-centre study of African children with

severe malaria, [26] has also demonstrated a clear, although somewhat smaller

mortality benefit (relative risk reduction 22.5%, absolute risk reduction 1.4%,

number needed to treat 71) Parenteral artesunate is now, therefore, widely consid-

ered as the treatment of choice for severe malaria, in both children and adults

regardless of context, with the only possible exception being women in the first

trimester of pregnancy [2].

At the present time, it is not clear whether or to what extent early reports of

delayed parasite clearance following artemisinin treatment in Cambodia will affect

the efficacy of artemisinins for treatment of severe malaria. However, for the time

being parenteral administration of artesunate should be considered the gold stan-

dard by which other treatments for severe malaria will be judged.

6.3 Rectal Administration

Because the majority of deaths from P. falciparum infection occur in children living

in remote rural areas with limited access to medical care, a rapidly acting
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antimalarial drug in suppository form has great potential value [145, 146]. In

contrast to oral therapy, rectal administration is not precluded by vomiting, prostra-

tion or impaired consciousness, all common features of severe malaria. Although

parenteral therapy can also be used when oral dosing is problematic, equipment and

trained personnel necessary to safely administer injections are often unavailable in

these areas. An effective rectally administered treatment could mean that those too

sick to take medication orally could be treated in the community, either as emer-

gency “pre-referral” treatment (before transportation to a health facility for higher-

level treatment) or, if referral is not possible, as part of a complete treatment course

given at home [28, 38]. It may be feasible for suppository administration and

subsequent monitoring for extrusion to be performed by a village health worker,

or even by a sick child’s mother, with minimal training. Because the artemisinin

drugs have an excellent safety profile and a reasonably wide therapeutic margin,

rectal administration could be safely and effectively performed by individuals with

little or no medical training.

Artemisinin derivatives that have been formulated for rectal administration have

included artemether, artemisinin, dihydroartemisinin and artesunate (Table 1). At

present, most data accrued regarding rectally administered artemisinin derivatives

comes from studies of artesunate suppositories, which of all the rectally

administered artemisinins, appear to have the most favourable pharmacokinetic

properties based on existing data [20]. These have been produced by two

manufacturers and are usually formulated as 50 mg or 200 mg suppositories

(Plasmotrim Rectocaps®, Mepha Pharmaceuticals, Aesch-Basel, Switzerland;

Scanpharma A/E Denmark).

Rectally administered artemisinins are likely to have their greatest value in

critically ill patients residing in geographically remote settings in whom definitive

therapy may be many hours or days away. Therefore, the primary imperative is for

early and rapid parasite clearance. This should prevent or delay the progression of

microvascular parasite sequestration and the consequent metabolic derangements

that can lead to death,[147] and buy time while the patient is being transported to a

health facility. For this reason, the most useful indicators of clinical efficacy are

those that describe the rapidity of parasite clearance, particularly in the first 12–24 h

[20, 147]. These have been shown to be equivalent to or superior to those of both

artemisinin derivative or quinine-based parenteral treatments for severe malaria

[20, 112, 148]. Nevertheless, the high degree of inter-individual variability in

absorption raises the possibility of sub-optimal response in a subset of children

[20, 149]. Therefore, parenteral administration (intramuscular or intravenous

artesunate) should be considered more reliable when facilities for safe injection

are available. Definitive clinical and parasitological cure is determined largely by

either the duration of therapy or the efficacy of the longer acting partner drug used

as part of an ACT once the patient is able to swallow tablets and is therefore of

secondary interest in evaluation of rectal artemisinin drugs.

A recent large multi-centre placebo-controlled trial has shown that rectal

artesunate given as pre-referral therapy to children with suspected severe malaria

results in a significant reduction in overall death and disability, especially when
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arrival at the health clinic is delayed by>6 h from the time of administration [145].

In common with oral and parenteral formulations of artemisinin derivatives, their

introduction into clinical use has not followed classical pathways of rational drug

development, and dosage regimens have largely been derived empirically. With the

exception of artesunate, pharmacokinetic data describing the adequacy and consis-

tency of absorption of other rectally administered derivatives is lacking. The

situation is complicated by the number of rectal artemisinin derivatives on the

market with the potential for multiple manufacturers of single formulations.

Because pharmaceutical factors may also influence pharmaceutical disposition,

preparations from different manufacturers cannot necessarily be assumed to be

bioequivalent.

7 Future Potential

The future of the artemisinin-derivative drug class will be dependent on the extent

to which significant parasite resistance can be avoided. The principles underlying

ACT as a means of preventing artemisinin resistance are now widely accepted and

implemented as health policy throughout most of the malaria-endemic world.

However, the theory that ACT will prevent resistance developing is one that is

difficult to test and to prove. The real effects of this strategy on the population

genetics of antimalarial drug resistance remain to be seen. Its success will rely on

availability of a suite of suitably effective partner drugs and on operational factors

that limit the use of inappropriate artemisinin monotherapy. The development of

apparent artemisinin resistance in Cambodia is of particular concern. However, this

phenomenon will become doubly alarming if resistance mechanisms evolve that

affect a pathway common to both drugs within ACTs, through, for example, drug

efflux mechanisms mediated by pfmdr1 copy number [76, 77, 79].

Improved understanding is required of the mechanisms of artemisinin resistance,

including their underlying parasite genetics. This may enable molecular tools and

PCR-based diagnostics for monitoring the spread and the development of resis-

tance. Elucidation of the metabolic pathways involved may also shed much-needed

light on the mechanisms of action of the artemisinin derivative drug class. This will

be useful for the development of subsequent generations of endoperoxide drugs that

must aim to subvert these resistance mechanisms.

For the most part, the introduction of the artemisinin derivatives into clinical use

has not followed classical pathways of rational drug development, and dosage

regimens have largely been derived empirically. However, when dealing with

sensitive parasites, the therapeutic margin appears to have been wide enough that

therapeutic outcomes have been universally good, regardless of the dosages

administered up until now. However, this may change with the advent of reduced

susceptibility to artemisinin derivatives. As the therapeutic margin becomes

narrower, improved understanding of pharmacokinetic–pharmacodynamic
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relationships will become more important for optimally effective and safe dosing

regimens to be devised.

With recent evidence that community-based pre-referral rectal administration of

artesunate suppositories may have a population mortality benefit [145], artemisinin

derivatives formulated for rectal administration have the potential to be amongst the

most widely used of all drugs in tropical countries. Because currently available

suppository formulations are all mono-preparations of an artemisinin, and because

use in this context will be difficult to regulate, this raises concerns about the potential

for this strategy to contribute to driving selection pressure for artemisinin resistance,

and suggests a need for development of co-formulated (ACT) suppositories [38].

A wide range of preparations of different artemisinin derivatives formulated for rectal

administration is now available. However, robust pharmacokinetic data are lacking

for many of these and it is not clear if these can be considered therapeutically

equivalent to rectal preparations of artesunate that have been the subject of most

clinical studies [20]. In addition, optimal strategies for deploying intrarectal

artemisinin drugs at community level are yet to be determined. In particular, it is

not clear to what extent this strategy is socially or culturally acceptable and feasible

across the range of societies in which this intervention could be deployed. Informa-

tion on existing attitudes to rectal administration in specific cultural contexts should

help to inform the development of the most appropriate deployment strategies [127].

Because A. annua can be easily grown in a wide range of climates and

environments, it has been suggested that it could be grown as a crop at the

village-level to enable preparation of a “home-grown” local malaria remedy,

similar to its original use in ancient China [5, 150]. This could be useful in remote

areas with poor access to conventional health-care and in some societies, the mode

of delivery might be more culturally acceptable than modern pharmaceutical

administration. However it grows less well and yields less active drug in tropical

climates, where the world’s greatest malaria burden occurs. In addtion, administra-

tion in this way would effectively constitute monotherapy with raw artemisinin, a

compound with lesser activity than its pharmaceutical derivatives (such as

artesunate). In particular, because it would be difficult to regulate dosage, it

seems unlikely that such a strategy would receive official endorsement from the

WHO or others, given current existing concerns about the development of

resistance.

Although the recent advent of resistance in a small focus in Southeast Asia is

concerning, it should be remembered this has emerged up to 30 years after

artemisinin drugs were first used in this area. Artemisinin derivatives have now

been used heavily for many years in many other parts of the world, without such

problems emerging. They represent the most important class of antimalarial drug at

the current time and are likely to remain so for the foreseeable future. Following

recent WHO policy directives, in the near future, a substantial proportion (if not

most) of the estimated 400 million annual clinical presentations with suspected

malarial illness will be treated with an artemisinin-containing regimen [1, 28].

Artemisinin derivatives could therefore become one of the most-used classes of

drug in the world, raising significant issues regarding global production capacity.
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An estimated 10,000 ha of A. annua will be required to produce the equivalent of

100 million adult treatment courses [151]. To address these massive global

demands, higher yielding varieties of A. annua are being investigated [152] and

alternatives to agricultural manufacture of raw artemisinin, including recombinant

microbial production and wholly synthetic methods of producing artemisinin and

other synthetic endoperoxides, may also emerge as feasible means of ensuring a

consistent supply of affordable drug .
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Second-Generation Peroxides: The OZs

and Artemisone

Dejan M. Opsenica and Bogdan A. Šolaja

Abstract The emergence of multi-drug resistant strains of Plasmodium falciparum
has rendered many affordable antimalarials, such as chloroquine, much less effective

in addressing the severe health issues in sub-Saharan Africa, Southeast Asia and the

Amazon region. In order to overcome the neurotoxicity of an initial series of

artemisinin-derived drugs and their relatively high production costs, an intensive

and all-inclusive research programme to develop new derivatives has been undertaken.

Two efficient antimalarial drug candidates of different chemotype have been devised,

the artemisinin derivative artemisone and 1,2,4-troxolane OZ277. Both are nontoxic,

more potent than artemisinin and should be affordable to people of endemic regions.

The same may hold for the backup candidates artemiside andOZ439.

1 Introduction

Great efforts have been expended over the last 30 years to discover new and

efficacious endoperoxide antimalarials based on a natural product isolated from

sweet wormwood – artemisinin, and related derivatives (collectively known as

artemisinins) - primarily because, until very recently [1, 2], resistance to this type

of drug had not been observed (Fig. 1) [3].

The main drawback of the initial series of artemisinin derivatives (Fig. 1) is

their relative metabolic instability, i.e., susceptibility to hydrolysis (esters), or
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oxidative-dealkylation (ethers) to dihydroartemisinin [4]. Dihydroartemisinin,

apart from being a more potent antimalarial than artemisinin [5], was found to be

neurotoxic in vitro [6, 7] and in mice [8]. However, similar neurotoxicity has not

been observed in humans [9]. Although embryotoxicity has been detected within a

narrow window of embryogenesis, this has not been convincingly observed in

clinical trials from 1,837 pregnant women [10].

These potential toxicity issues provoked an extensive search for metabolically

stable artemisinin derivatives and two major semi-synthetic artemisinin sub-classes

were developed: C(10) deoxyartemisinin derivatives usually functionalized at C(9)

or at C(14) (5) [11], and derivatives possessing a new C(10)-NR, or C(10)-C bond

(6–8) [12–15]. The second sub-class is more diversified with artemisinin-derived

dimers and artemisone (9e) as the most prominent members (Figs. 2 and 3).

The quest for efficacious and cheap antimalarial drugs that can be administered

as a single dose, preferably orally, is not limited to natural product-derived semi-

synthetic artemisinins, like artemisone, but also to other classes of peroxide

antimalarials. Of these, the most prominent peroxide classes are the fully synthetic

1,2,4-trioxanes[16, 17], 1,2,4-trioxolanes (ozonides, OZs) and mixed 1,2,4,5-
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tetraoxanes [18–20]. Two representatives of this class that have entered studies in

humans are discussed below in detail.

2 Artemisone (Artemifon)

With the aim of preventing metabolic transformation of artemisinins to dihydroar-

temisinin (1, Fig. 1) and the drive to improve pharmacokinetic characteristics,

several 10-(alkylamino)artemisinins 9 were designed (Fig. 3) [21, 22]. All the

tested compounds showed excellent in vivo activities against P. berghei (9c was

the most active derivative, almost 25 times (given s.c.) and 7 times (given p.o.)
more active than artesunate 4). Unfortunately, 9c suffers from serious neurotoxicity

issues even at low doses, thus indicating, that more lipophilic artemisinins are more

toxic [21, 23].

A detailed antimalarial efficacy and drug–drug interaction study of artemisone

(a drug examined recently in clinical Phase II trials [24]) was performed (9e, Fig. 3)

[25]. It was shown that the in vitro antimalarial activities of artemisone against 12

different P. falciparum strains were comparable (exhibiting a mean IC50 value of

0.83 nM), independent of their drug-susceptibility profile to other antimalarial drug

classes [21, 25]. During examination of the in vitro drug–drug interaction against

drug sensitive 3D7 and multi-drug resistant K1 strains, it was noticed that

artemisone showed slight antagonistic effects with chloroquine, amodiaquine,

tafenoquine, atovaquone or pyrimethamine, and slight synergism with mefloquine.

In vivo screening using the 4-day Peters test against drug-susceptible (NY),

primaquine-resistant (P) and sulphadoxine/pyrimethamine-resistant (KFY) lines

of P. berghei, chloroquine-resistant (NS) and artemisinin-resistant lines of P. yoelii
NS and drug-susceptible P. chabaudi (AS) showed artemisone has superior ED50

and ED90 activity in comparison with artesunate (4, Fig. 1). Artemisone exhibited a

7-times greater activity (lower dosage) than artesunate (artemisone ED90 ¼ 12.13

mg/kg vs. artesunate ED90 ¼ 87.50 mg/kg) against the P. yoelii artemisinin-resis-

tant line. The above results appear quite important in light of the recent in vitro

isolation of artemether-resistant P. falciparum strains from humans [26] and
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Fig. 3 Structures and antimalarial activities of derivatives 9
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emerging evidence for resistance in vivo [1, 2], suggesting more potent derivatives

may be efficacious where first generation compounds are failing.

During in vivo drug–drug interaction examinations against the drug-susceptible

P. berghei NY and the mefloquine-resistant P. berghei N1100 lines, artemisone

showed synergism with mefloquine against both parasite lines. In combination with

chloroquine, no interaction against drug-susceptible P. berghei NY parasites

was detected; however, a synergistic effect against the chloroquine-resistant line,

P. yoelii NS, was observed.
No dihydroartemisinin had been produced after 30 min, when isotopically

labelled artemisone 9e* (Scheme 1) was incubated with human liver microsomes.

Only dehydrogenated 12 and mono-hydroxylated metabolites 10 and 11 and 13 and

14, with syn-hydroxyl and peroxide groups were observed (Scheme 1) [21], clearly

distinguishing artemisone and similar compounds from the first-generation

artemisinins.1 Incubation with microsomes and 14 recombinant CYP isoforms,

together with selective inhibitors of CYP, showed that artemisone was primarily

metabolised by recombinant CYP3A4. Interestingly, artemisinin induces its own

metabolism [27] and is metabolised principally by CYP2B6 [28]. These results

indicate that artemisone and artemisinin, in spite of being structurally similar, have

a different metabolic profile in P. falciparum; therefore, it is possible that they can

exert their antimalarial activity through similar but not identical mechanisms (vide

infra). Isolated artemisone metabolites were tested against the P. falciparum K1

strain and were also found to be potent antimalarials, with 11 and 12 being the most

active (11: IC50 ¼ 5.51 nM and 12: IC50 ¼ 4.26 nM, artemisone: IC50 ¼ 1.99 nM)

[21, 29].
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1However, dihydroartemisinin was detected in plasma during assessment of the safety of

artemisone [27]. The concentrations were low, with geometric mean Cmax values of 10 ng/ml

after an 80 mg dose.
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In preclinical studies, artemisone showed enhanced efficacy and improved

pharmacokinetics in comparison with artesunate and did not demonstrate neurotox-

icity in vitro and in vivo [21, 29], which is a characteristic of the current artemisinin

derivatives used in clinical treatment [30]. Administration of artemisone as a single

dose (10–80 mg) or multiple doses (40 mg or 80 mg given once daily for 3 days)

was well tolerated. It appears that artemisone is devoid of time-dependent pharma-

cokinetics (unlike artemisinin and artemether), with comparable Cmax, AUC and t½
values after the first and third doses following the 3-day courses of artemisone.

Although not being so active in vitro as the parent drug, the relatively high

concentrations of metabolites obtained after artemisone administration probably

add to the overall parasiticidal effect of artemisone [29]. In vivo testing on non-

immune Aotus monkeys infected with P. falciparum showed that a single dose of

artemisone (10 mg/kg) in combination with single doses of mefloquine (12.5 mg/kg

or 5 mg/kg) cleared parasitaemia by day 1, with complete cure for all four monkeys

tested [31]. With a single dose of mefloquine (2.5 mg/kg) parasitaemia was cleared

by day 1 but without cure. For 3 days of treatment with a combination of artemisone

(10 mg/kg/day) and amodiaquine (20 mg/kg/day), all three monkeys tested were

cured, in contrast to those that were administered with the individual drugs for

3 days. From this study, it is clear that various total dosages of artemisone

(20–90 mg/kg) alone, administered over 1–3 days, were unable to cure non-immune

Aotus monkeys infected with P. falciparum. However, cure can be achieved when

artemisone is combined with a single, sub-curative dose of mefloquine, or with a

3-day treatment course of amodiaquine (or clindamycin).

Efficacy of several artemisinin derivatives was examined for the treatment of

murine cerebral malaria, CM, ECM [32]. It was shown that artemisone and

artemiside (9d, Fig. 3) were more effective in the treatment of ICR and C57BL

mice in comparison with dihydroartemisinin or artesunate. In all experiments

performed on P. berghei-infected mice, treatment with artemisone led to complete

cure (at least parasitaemia was reduced to an undetectable level). The observed

recrudescent parasites were successfully eradicated by repeating the treatment with

artemisone without selecting for parasite resistance. In addition, it was shown that

complete cure of infected mice could be achieved even when treatment with

artemisone was commenced at late stages of pathogenesis, 6 days post-infection.

These results opened a considerable time window for adequate treatment, since

human malaria is diagnosed after clinical symptoms are apparent. Following

WHO’s instructions for artemisinin combination therapy (ACT), the efficacy of

artemisone–CQ combination was examined and it was shown that this combination

was more successful than single therapy of both drugs individually. Combination of

these two drugs prevented recrudescence and cured all mice (2 � 5 mg/kg/day

artemisone + 15 mg/kg CQ). In this study, artemiside appeared to be even more

successful then artemisone, but this derivative has to be submitted to more detailed

preclinical toxicological evaluation. However, the preliminary results suggest that

artemiside may represent a new option for antimalarial therapy based on

artemisinin derivatives [32].
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2.1 Possible Mechanisms: Fe(II) Interaction and
the Peroxide Bond

In an effort to define more clearly a reasonable mechanism for the action of

artemisone and related derivatives, experiments with various Fe(II) salts were

performed [33]. It was found that artemisone, unlike other examined

aminoartemisinin derivatives 9a, 9b (Fig. 3) and 15–17 (Fig. 4), reacts with Fe

(II) salts under aqueous conditions to afford the products 18–20, which are struc-

turally similar to the ones obtained from artemisinin and dihydroartemisinin. The

relative ratio of products 18–20 (Scheme 2) depends on the employed salts and

solvent mixtures. A reasonable mechanism was proposed for Fe(II)-induced gener-

ation of the products, including artemisone ! 18, 19 formation via iminium

cations. Evidence that a primary C-radical is generated during Fe(II) peroxide

scission came from the isolation of adduct 22 (Scheme 2), arising from reaction

in the presence of the radical trapper 4-oxo-TEMPO. However, the yield of this
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product is low (10%) and the authors argued that the role of Fe(II) is during

decomposition rather than activation of artemisone [33].

Others have shown that artemisone readily reacts with haem in vitro producing

alkylated products [34] very similar to artemisinins [35]. The ability of artemisinin

itself to alkylate haem has been confirmed in vitro [36, 37] and in vivo [38]. These

data indicate that Fe(II) species are able to activate artemisinins, including

artemisone, in their antimalarial action. However, it should be noted that the

conditions used to determine alkylation by artemisinins have been questioned, in

particular the use of dimethyl sulphoxide that produces a reducing environment

[39, 40], and, currently, there is no evidence that artemisone alkylates haem in vivo.

In addition, the theory of Fe(II)-initiated activation of artemisinins could not

explain the pronounced antimalarial activity of 5-nor-4,5-seco-artemisinin 23

[41–43], which is clearly less capable of forming C radicals upon peroxide bridge

cleavage by Fe(II). Another inconsistency in applying the general Fe(II) mechanism

(vide supra) to artemisinin and artemisone, and their derivatives, arises from their

activities in the presence of desferrioxamine B (DFO). DFO acts as a free radical

scavenger (for hydroxyl and peroxyl radicals) and as a Fe(III) chelator and reduces

artemisinin inhibition of PfATP6 (a proposed site of action; see below) [44]. In

contrast, artemisone, which exhibits approximately the same reactivity with aque-

ous Fe(II) as artemisinin, retains inhibition potency towards PfATP6 in the pres-

ence of DFO [33]. This detail strongly indicates that although the compounds are of

similar structure, they might not exert their antimalarial activity by sharing the

same mechanism of action.

In order to understand better the manner in which artemisinins exert their

antimalarial activity, extensive research was launched bearing in mind that cleav-

age of the peroxide bridge via an iron-dependent mechanism (as the sole mecha-

nism) does not provide complete answers to observed peroxide drug behaviour.

Based on the finding that the in vitro antimalarial activity of artemisinin was

significantly increased under a 2% carbon monoxide atmosphere (by 40–50%)

and under a 20% oxygen atmosphere (by 20–30%) [45], a detailed study of the

interaction of artemisone and related derivatives with various forms of haemo-

globin (Hb), haem, as well as an analysis of their antimalarial activity was per-

formed [39]. In contrast to artemisinin, artemisone does not react with Hb–Fe(II)

and oxyHb–Fe(II) to produce metHb–Fe(III); in addition, it was shown that both

artemisinin and artemisone (and 9a, 9b, 16) are inactive towards Hb–Fe(II) in a 2%

carbon monoxide atmosphere. On the other hand, both compounds induced the

oxidation of the haemoglobin catabolic product, haem–Fe(II), to produce haem–Fe

(III). In addition, on exposure of haem–Fe(II) and Hb–Fe(II) to carbon monoxide,

stable complexes were formed, which are also inactive for reactions with peroxide

antimalarials. However, in a biologically relevant experiment, both compounds

showed increased antimalarial activity against P. falciparum W2 strain under a 2%

carbon monoxide atmosphere, while the activity of chloroquine remained unchan-

ged. The authors suggested [39] that peroxide antimalarials behave as reactive

oxygen species (ROS), or that they produce ROS via Haber–Weiss chemistry.

Furthermore, it was concluded that passivation of haem–Fe(II) by its conversion
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into the CO complex results in decreased decomposition of artemisinins

(artemisone included), thus making them more available for reaction with their

actual target. The authors proposed that Fe(II), regardless of its origin (Hb–Fe(II) or

haem–Fe(II)), is not the sole initiator of O–O scission, and suggested that another

mechanism be sought [39].

2.2 Possible Mechanisms: Primary Targets, Accumulation
and Co-Factors

The discovery that artemisinins target SERCA orthologues in P. falciparum
(PfATP6) and P. vivax (PvSERCA) [44] shed new light and encouraged research

towards the same and other novel targets for peroxide antimalarials. Thus, it was

found that artemisone is more potent against plasmodial SERCA orthologues

[Ki ¼ 1.7 � 0.6 nM (PfATP6) and Ki ¼ 0.072 � 0.012 nM (PvSERCA)], as com-

pared with values for artemisinin [Ki ¼ 169 � 31 nM (PfATP6) and Ki ¼ 7.7

� 4.9 nM (PvSERCA)] [46].

In order to better understand the mechanism of the accumulation into infected

and uninfected erythrocytes, radiolabelled artemisone 9e* was submitted to uptake

assays [47]. It was found that artemisone was accumulated in infected erythrocytes

at significantly higher levels than in uninfected ones, by a saturable, competitive,

time- and temperature-dependent mechanism. Most radioactivity was detected in

pellet fractions which predominantly contain proteins suggesting that artemisone is

probably associated with proteins [48]. The distribution of artemisone is dependent

on the stage of parasite maturation: after incubation with immature parasites, which

are highly susceptible to action of artemisinins in vitro, as well as in vivo, most

artemisone was found in a Triton-soluble fraction, which contains proteins, DNA

and RNA. In mature parasites most artemisone was found in the Triton-insoluble

fraction, which predominantly contains haemozoin. This finding suggests that

mature infected erythrocytes can act by removing the artemisinins. This was further

supported by the observation that mature infected erythrocytes take up artemisone

much faster than do the more sensitive ring-stage-infected erythrocytes.

Methylene blue (MB) was the first synthetic drug ever used in humans, and it

was Paul Erlich who cured two patients from malaria using MB in 1891 [49]. The

discovery that artemisinin and artemether exhibit synergic effects with methylene

blue [50], unlike chloroaminoquinolines, initiated systematic examination of reac-

tivity relationships between the drugs with the aim to possibly correlate their

mechanism of antimalarial action. Subsequent research by the same group [51]

revealed MB as a redox-cycling agent that produces H2O2 at the expense of O2 and

of NADPH in each cycle (Fig. 5). Thus, MB consumes NADPH and O2 needed for

the pathogen’s metabolism, with probably serious consequences to the NADPH/

NADP ratio.
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The results of subsequent research revealed that artemisone, other artemisinins

[52] and other peroxide antimalarials like ozonides and tetraoxanes [53] are active

in the presence of MB-ascorbic acid, MB–N-benzyl-1,4-dihydronicotinamide

(BNAH), riboflavin–BNAH and riboflavin–NADPH systems and yield identical

products to those that were isolated from the reaction of the same antimalarials with

Fe(II). According to this proposal, antimalarial peroxides act as oxidants re-

oxidising LMB and FADH2, so contributing to depletion of NADPH (Scheme 3).

The observed results suggest that peroxide antimalarials disrupt a highly sensi-

tive redox balance established in the parasite and thereby cause its death. The

results also correlate well with the observed SAR of artemisinins, i.e., artemisinins

that exhibited low antimalarial activity, like 9-epiartemisinin [54, 55], also show

low reactivity under the applied reaction conditions. In addition, high antimalarial

activity of 5-nor-4,5-seco-artemisinin 23 can easily be comprehended using the new

mechanism proposal. The proposed explanation involves iron-free reactions; how-

ever, Fe(III) rapidly oxidises FADH2, and thus contributes to redox cycling without

interfering with artemisinins.
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3 1,2,4-Trioxolanes (Ozonides)

1,2,4-Trioxolanes are a very well-known class of organic compounds. They are

intermediates in the transformation of olefins into carbonyls during ozonolysis. It

was an unexpected and surprising discovery [56] that ozonides are relatively stable

and that many of them express excellent activity against malaria parasites, as do the

structurally similar 1,2,4-trioxanes.

3.1 Development of 1,2,4-Trioxolanes: OZ209, OZ277 and OZ339

Preparation of 1,2,4-trioxolanes is relatively simple and relies on the Griesbaum co-

ozonolysis of suitable methyl oximes and ketones (Scheme 4) [57–59]. This method

provides a highly applicable synthetic approach to tetrasubstituted 1,2,4-trioxolanes

(ozonides), otherwise accessible only with great difficulty by ozonolysis of the

corresponding alkenes, or by other means.

The synthesis of the final OZ antimalarial drug significantly benefits from the

stability of the ozonide peroxide bridge to reduction and alkylation conditions, as

well as to other standard reaction conditions. This enables transformation of the

initial co-ozonolysis products into a vast array of unsymmetrically substituted

ozonides (n > 500!) [60]. Usually, the final 1,2,4-trioxolane antimalarials are

prepared in 1–4 steps, depending on the modifications required [57–59, 61–63],

affording the final products in yields up to 75%. The vast majority of these

antimalarials are achiral, which greatly facilitates production in the developmental

step. A substantial improvement in drug design in the antimalarial field was the

development of the 4-substituted cyclohexyl-adamantyl ozonide (adamantane-2-

spiro-30-10,20,40-trioxaspiro[4.5]decane) chemotype. The advantage of OZ antimala-

rials is the use of the adamantane moiety that has lipophilic functionality, allowing

the opposite part of the molecule to be fine-tuned using a number of polar functional

groups, preferably basic in nature [56, 58–62]. Many of the OZ compounds

obtained in this way were active in all stages of development of the malaria parasite

and are more active than artemether and artesunate, both in vivo and in vitro. All

these findings, gathered during much experimentation, contributed to the discovery

of amines OZ209 (24 as mesylate, Fig. 6) and OZ277 (25 as tosylate, Fig. 6) as the

best drug candidates.

In comparison with other OZ compounds, trioxolanes OZ209 and OZ277

showed superior pharmacokinetic results, such as prolonged half-life and enhanced

N
OCH3

O R
O

O O

R
O3

+

Scheme 4 Griesbaum co-ozonolysis: Ozonides
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bioavailability after a single oral dose. Compound OZ209 had somewhat better

antimalarial results and a lower recrudescence level. However, OZ277 was chosen

as the development candidate, primarily because of its improved toxicological

profile and reduced concentrations in brain tissue after oral dosing [56]. For

example, 2 h after dosing, both OZ209 and OZ277 were distributed throughout

the liver, kidney, lung and heart, while after 18 h, OZ277 was detected only in the

lungs and in several-fold lower concentrations than OZ209.

Unlike OZ209, which was quantified in brain tissue after both 2 h and 18 h,

trioxolane OZ277 could not be quantified in this organ at all. In view of potential

neurotoxicity issues, these findings were taken as a considerable advantage of

OZ277 over OZ209. Trioxolane OZ277 appeared quite stable to metabolic trans-

formation (t½ ¼ 17 h, p.o. in healthy rats) [56]. The metabolic profile of OZ277

was studied with human liver microsomes and only two, monohydroxylated

derivatives at the adamantane angular positions (32 and 33, Fig. 7), were identified

as major metabolites, thus confirming the stability of the trioxolane moiety to

metabolic transformation. Interestingly, both metabolites were inactive against

the P. falciparum K1 strain (IC50 > 100 ng/ml), thus demonstrating the indispens-

ability of the unsubstituted spiro-adamantane moiety to the antimalarial activity of

OZ277 (IC50 (K1) ¼ 1.0 ng/ml) [64]. Unlike the artemisone products (Scheme 1),

OZ metabolic derivatives 32 and 33 very probably lower the overall OZ277

antimalarial activity. The other derivatives 26–29 (Fig. 5) afforded further insight

into SAR in the context of the physico-chemical, biopharmaceutical and toxicolog-

ical profiles of trioxolanes [61].

30 31

O

O

O

NH224: OZ209 25: OZ277, Arterolane

O

O

O

N

O

H

NH2

O

O

O O

O

OO

O

O

O

O

O

N

O

OEt

26

O

O

O
O

O27

O

O

O

28

29

IC50(nM)
K1 NF54

24 1.33 1.43
25 2.55 2.32
26 0.86 1.69
27 4.12 7.41
28 3.59 6.85
29 6.46 14.10
30 471.08 ~2000
31 3002.24 2461.84

– – –

–

–

–

–
–

Fig. 6 1,2,4-TroxolanesOZ209 andOZ277, and selected congeners. CompoundOZ277 has been

advanced to Phase III clinical trials (vide infra)

O

O

O

N

O

H

NH2

HO

O

O

O

N

O

H

NH2HO

32 33

Fig. 7 Microsomal metabolites of ozonide OZ277
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Recently, the same authors revealed data for a series of OZ compounds with

weak base functional groups, which were responsible for a high antimalarial

efficacy in P. berghei-infected mice [65]. Their antimalarial efficacy and ADME

profiles are equal or superior to OZ277. One of the most promising is OZ339 (as

tosylate salt). The two trioxolanes, OZ339 and OZ277 are evaluated in Table 1,

with artesunate added for comparison. Despite the obvious difference in in vitro

activity, both ozonides eradicate parasitaemia below the detectable level 1 day after

administration (99.9%, 1 �10 mg/kg, and 3 � 3 mg/kg). The drug candidate

OZ277 is a powerful fast-acting antimalarial with a 67% cure record at a

3 � 10 mg/kg dosage (mice) [56]. However, at a 3 � 3 mg/kg dosage, the same

compound cured no mice, while trioxolaneOZ339 cured 3/5 mice with an excellent

survival time of 27 days (OZ277 had a 2.4 times lower survival time). These good

pharmacokinetic characteristics are additionally enhanced by the favourable bio-

availability data for OZ339 (78%, Table 1). In all experiments, artesunate showed

inferior activity. Inhibition assays revealed thatOZ339, likeOZ277, did not inhibit

CYP3A4, CYP2C9 and 2D6CYP450 at concentrations up to 50 mM. Finally,

preliminary toxicological experiments indicated that OZ339 was minimally toxic

(liver) and, similar to OZ277, demonstrated no detectable signs of neurotoxicity.

As mentioned above, the tolerance of the 1,2,4-trioxolane moiety to diverse

reaction conditions [57] and resistance to metabolic transformation [64] enabled the

synthesis of a significant number of derivatives and many of them showed very

good antimalarial activity, e.g., derivatives 34–38 (Fig. 8) [66], and derivatives

which contain aliphatic and aromatic amino functional groups or azole heterocycles

as substituents (39–45) (Fig. 8) [62].

The lack of activity of trioxolane 46 [62], and the isolation of inactive

hydroxylated OZ277 metabolites [64], point to the essential contribution of an

unsubstituted spiro-adamantane system to the antimalarial properties of this class of

compounds.

Many of the examined derivatives exhibited excellent in vitro results, but failed

during in vivo tests, toxicity trials or metabolic stability and bioavailability tests.

More lipophilic trioxolanes tend to have better oral activities and are metabolically

less stable than their more polar counterparts. Such behaviour is consistent with

results obtained for other classes of synthetic peroxides. Trioxolanes with a wide

range of neutral and basic groups had good antimalarial profiles, unlike derivatives

with acidic groups. Based on the collected extensive screening results, the authors

concluded that in vitro activities of 1,2,4-trioxolanes are not (always) a reliable

predictor of in vivo potency [66]. Rather, their experiments in P. berghei-infected
mice confirmed that in vivo results were essential for compound differentiation and

selection for further metabolic and pharmacokinetic profiling [65].

Trioxolane OZ277 alkylates haem (Fig. 9) [67], and its in vitro activity against

P. falciparum is antagonised by DFO [68]. In vitro, artesunate and OZ277 act

antagonistically against P. falciparum. These findings, together with only weak

interaction with the proposed artemisinin target PfATP6 [44], unlike artemisone

[33], suggest that interaction with food vacuole-generated haem is probably how

trioxolanes are activated. Further support can be found in the fact that the
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stereochemistry of a given compound has little effect on the in vitro potency of

trioxolane antimalarials, thereby strongly pointing to the interaction of an antima-

larial peroxide (chiral or achiral) with an achiral target (haem). The selectivity of

trioxolanes towards infected and not-healthy erythrocytes may be explained based

on their reactivity towards free haem and stability in the presence of oxy- and

deoxyHb [69].

aActivities are represented as IC50values, expressed in nM
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Fig. 8 Structures of ozonides 33–45 with their in vitro antimalarial activity
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Fig. 9 Structures of adducts of the secondary radical derived from OZ277 with 4-oxo-TEMPO
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Based on the concept that compounds with two integrated pharmacophores

might have enhanced activity [70], the chimaeric trioxolane OZ258 was prepared

(Fig. 10) [58, 59]. Although it is very active in vitro against the K1 and NF54 strains

of P. falciparum and in vivo against the ANKA strain of P. berghei,OZ258 did not

achieve the synergic effect of two pharmacophores, especially when compared with

trioxolanes 39 and 43. The same holds for other chloroaminoquinoline and acridine

chimaeras [71].

Very often, promising peroxide drugs eradicate parasitaemia quickly, which is

crucial for rapid treatment of life-threatening cerebral malaria, and this property is

inherently protective against the development of resistance. Since the drugs are

typically administered for only a few days and they have short half-lives, the

recrudescence of malaria parasites occurs frequently (artemisone cf. [24, 32];

OZ277 cf. [58]). In an attempt to overcome this problem, artemisinin-based

combination therapies (ACTs) are recommended (as indicated for artemisone, see

above) by the WHO. The WHO currently distributes, under a no-loss and no-profit

agreement with Novartis, the fixed-dose ACT drug Coartem® (artemether 20 mg/

lumefantrine 120 mg) [72]. The drug has been recently approved by the FDA for the

treatment of acute, uncomplicated malaria infections [73]. Although each ACT is

specific [73, 74], the following concept can be applied to all: antimalarial peroxides

eliminate most of the infection and the remaining parasites are then exposed to high

concentrations of the slow-acting partner drugs; because of the rapid reduction in

parasites, the selective pressure for the emergence of mutant parasites is greatly

reduced. In accord, OZ277 (RBX-11160) entered Phase III clinical trials in combi-

nation with piperaquine (arterolane maleate + piperaquine phosphate) [75].

3.2 The Second Generation of 1,2,4-Trioxolane Drug
Candidates: OZ439

In Phase I clinical trials, the half-life of OZ277 in healthy volunteers was only

about two- to threefold longer than that of dihydroartemisinin. OZ277’s possible

first-generation ozonide alternative, OZ339, only has a slightly higher t½ value

OZ258

O

O

O

N
H

N

NH

Cl

IC50 (nM) % Activity (10 mg/kg)

K1 NF54 p.o. s.c.
11.98 10.74 75 99.95

Fig. 10 Chimaeric

trioxolane OZ258
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(Table 1); so the search for an ozonide with significantly increased half-life

continued.

As a result, screening of the second generation of ozonide antimalarials has been

completed, recently [76]. Of the several very active OZ compounds of undisclosed

structure it appears that the most promising antimalarial candidate is OZ439

(Table 2) [76]. Initial results indicate that this compound provides single-dose

oral cure in a murine malaria model at 20 mg/kg, a situation not known for any

of the peroxide antimalarials except for artelininc acid at>7 times higher dose [76].

The second-generation ozonide OZ439 completed Phase I studies and is currently

undergoing Phase IIa clinical trials. In accord with other ozonide antimalarials,

OZ439 is considered to be an Fe(II)-initiated pro-drug. However, it is >50-fold

more stable to Fe(II)-mediated degradation compared with OZ277 [76]. Consistent

with proposed Fe(II) degradation of ozonides [67] is the significantly enhanced

stability (15–20 times) of OZ439 over OZ277 in healthy and infected human and

rat blood. This prolonged blood stability and improved pharmacokinetic

characteristics (Table 2) led to the positioning of OZ439 as the current major OZ

drug candidate – with respect to post-infection cure (3 � 5 mg/kg/day and 20 mg/kg

single dose), and exclusive prophylactic characteristics (Table 2). The absence of

metabolic products significantly contributes to overall activity (prophylactic and

post-infection) of OZ439 relative to other peroxide antimalarial drugs [76].

To conclude, as a consequence of intensive and comprehensive research, effi-

cient antimalarial drug candidates of different chemotype have been devised:

artemisone and 1,2,4-trioxolane OZ277. They are nontoxic, effective at small

doses and very probably inexpensive to produce2 [77]. The same may hold for a

prospective backup candidate artemiside and the newest breakthrough drug candi-

date OZ439. It would be of benefit if their combination partner would cure malaria

through different mechanisms, since resistance is then less likely to occur.
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Combination Therapy in Light of Emerging

Artemisinin Resistance

Harald Noedl

Abstract Within less than a decade virtually all malaria-endemic countries have

adopted one of the WHO-recommended artemisinin-based combination therapies

(ACTs) for the treatment of falciparum malaria. In 2006, the first cases of clinical

artemisinin resistance were reported from the Thai–Cambodian border. A number

of factors are likely to have contributed to the development of artemisinin resis-

tance in Southeast Asia. However, current evidence suggests that artemisinin

resistance is simply a natural consequence of the massive deployment of ACTs in

the region. The potentially devastating implications of resistance to a drug class to

which there is currently no real alternative call for cost-effective strategies to

extend the useful life spans of currently available antimalarial drugs. At the same

time, major efforts to develop novel combination therapies not based on

artemisinins are required.

1 Introduction

“The history of malaria contains a great lesson for humanity – that we should be

more scientific in our habit of thought, and more practical in our habits of govern-

ment. The neglect of this lesson has already cost many countries an immense loss in

life and prosperity” [1].

With almost 800,000 deaths and hundreds of millions of clinical cases every

year, much of what Sir Ronald Ross expressed almost exactly 100 years ago still

holds true today [2]. In spite of major advances in the development of new

artemisinin-based combination therapies (ACTs), the fact that malaria control is

almost entirely reliant on a single class of antimalarials makes malaria control more
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vulnerable than ever before. Sir Ronald Ross was a British–Indian physician and

entomologist, primarily noted for identifying the link between mosquitoes and

malaria in the late nineteenth century for which he was awarded the Nobel Prize

in Medicine in 1902. By that time, quinine was already firmly established in

western medicine as the treatment of choice for malaria and the detection of the

first cases of antimalarial drug resistance to quinine in South America was only a

few years away. The discovery of the antimalarial properties of the bark of Arbor
febrifuga (Cinchona spp.), a tree native to tropical South America, in the early

seventeenth century had revolutionised malaria therapy. With the extraction of the

main Cinchona alkaloids by Pelletier and Caventou in the early nineteenth century,
the era of the “Peruvian bark” came to an end and the medicinal use of the bark was

largely abandoned for the use of one of its main alkaloids, quinine [3]. Quinine was

also the first antimalarial drug to which resistance was reported. In fact, the first

reports of resistance (a series of treatment failures) emerged as early as in 1910

from South America [4, 5]. Surprisingly, throughout the twentieth century quinine

resistance proved to have relatively little impact on the therapeutic use of the drug

in most parts of the world and up till now it has never reached a level comparable to

that seen with some of the synthetic antimalarials. Quinine is still widely used in

malaria therapy and remains one of the most important partner drugs in antimalarial

combination therapy. However, in recent years, the class of drugs that has drawn

most of the attention and which is the basis for the majority of currently available

combination therapies is the artemisinins.

Artemisinin is a sesquiterpene lactone extracted from sweet wormwood

(Artemisia annua or Chinese: qinghao), a common plant native to temperate

Asia, but naturalised and recently cultivated throughout the world. The first

recorded use of the plant qinghao for the treatment of febrile illnesses dates back

to the fourth century AD in China. Artemisinin was finally extracted and its antima-

larial properties characterised in the early 1970s by Chinese scientists. Since then

the use of the parent compound has largely been replaced by the use of its

semisynthetic derivatives. Artesunate and artemether, the most commonly used

artemisinin derivatives, are hydrolysed to dihydroartemisinin, which has a very

short plasma half-life. This also means that virtually all artemisinin derivatives are

likely to share an identical mode of action. Artemisinins are active against all

asexual stages of malaria parasites and seem to exert some activity also against

gametocytes [6]. Although the endoperoxide bridge seems to be vital for their

antimalarial activity, the mechanism of action of the artemisinin compounds is

still not fully understood [7].

More recently, fully synthetic peroxides have been developed as a promising

alternative to currently used artemisinin derivatives. They contain the same perox-

ide bond that confers the antimalarial activity of artemisinins. One such peroxide,

the ozonide OZ277 or arterolane, has recently entered Phase III clinical trials in the

form of an arterolane maleate–piperaquine phosphate combination [8]. Originally,

these compounds were developed as an alternative to circumvent the dependency

on agricultural production of artemisinin. In the light of emerging artemisinin
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resistance, their performance against artemisinin-resistant parasites may now

decide their future more than anything else.

Unfortunately, the poor pharmacokinetic properties of artemisinins, particularly

their short half-lives and unpredictable drug levels in individual patients, translate

into substantial treatment failure rates when used as monotherapy, thereby

suggesting their combination with longer half-life partner drugs. In the past decade,

artemisinin and its semisynthetic derivatives have therefore become the most

important basis for antimalarial combination therapies.

2 Combination Therapy

Combination therapy has a long history of use in the treatment of chronic and

infectious diseases such as tuberculosis, leprosy, and HIV infections. More recently,

it has also been applied to malaria treatment [9–11]. The theory underlying antima-

larial combination therapy is that if two drugs are used with different modes of

action, and ideally, also different resistance mechanisms, then the per-parasite

probability of developing resistance to both drugs is the product of their individual

per-parasite probabilities [12]. This is based on the assumption that throughout its

history (e.g., chloroquine resistance has independently arisen only on a very limited

number of occasions) this would make selection for resistance to a treatment

combining two drugs with different modes of action extremely unlikely [13].

The WHO has recently defined antimalarial combination therapy as “the simul-

taneous use of two or more blood schizontocidal drugs with independent modes of

action and thus unrelated biochemical targets in the parasite. The concept is based on

the potential of two or more simultaneously administered schizontocidal drugs with

independent modes of action to improve therapeutic efficacy and also to delay the

development of resistance to the individual components of the combination” [6].

This definition specifically excludes a number of combinations commonly used in

malaria therapy, such as atovaquone–proguanil or sulphadoxine–pyrimethamine,

based on the assumption that the respective partners share similar modes of action

and further reduces the number of currently available non-ACT combinations [14].

The WHO currently recommends five different ACTs (Table 1).

Compared to chloroquine, the cost of modern combination therapies is almost

prohibitive. During the first years of deployment, the high cost of the new combi-

nation treatments therefore remained a major limiting factor. However, the past

years have seen a major increase in donor funding. The Global Fund to Fight AIDS,

Tuberculosis and Malaria alone has committed almost US $20 billion to support

large-scale prevention, treatment and care programmes, including the massive

deployment of combination therapies.
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3 Pharmacokinetic Mismatch and Compliance

In essence, the main concept behind combination therapy in malaria is to delay the

development of resistance, to improve therapeutic efficacy, and to reduce malaria

transmission. However, the optimal pharmacokinetic properties for an antimalarial

drug (whether used in combination or as a single agent) have been a matter of

debate. Ideally, antimalarial drugs should be present in the blood stream just long

enough to cover the approximately three parasite life cycles (i.e., 6 days for

P. falciparum) needed to eliminate all asexual parasites. In reality, this is difficult

to achieve and a key to many limitations associated with ACTs seems to be the

pharmacokinetic mismatch of the partner drugs [16]. A pharmacokinetic mismatch

can also be a major factor contributing to resistance of the long-acting partner drug,

which in the later stages of its presence in the blood stream is not protected by the

short-acting artemisinins. This is not a problem as long as both drugs are fully

efficacious on their own and as long as the drug levels of both drugs remain above

the minimum inhibitory concentrations until all asexual parasites have been

cleared. However, with a reasonable duration of drug administration, short half-

life drugs will not be able to cover the minimum duration of drug exposure. At the

same time, long half-life drugs will result inevitably in a long tail, during which the

drug levels of the partner drugs will be below the minimum inhibitory

concentrations and without protection from the artemisinin compound. This partic-

ularly applies to the use of ACTs in high transmission areas [17].

Compliance also remains a key factor in the rational use of antimalarial drugs. In

many settings, directly observed therapy is not an option. While rapid elimination

reduces the selective pressure by avoiding a long tail of subtherapeutic

concentrations, antimalarial drugs with a half-life of less than 24 h (such as

artemisinins or quinine) need to be administered for at least 7 days to be fully

efficacious. Although compliance with malaria treatment is difficult to assess in

study settings and shows significant variations across different studies, there is a

general consensus that antimalarial treatment regimens lasting up to 3 days are

likely to give good compliance [18].

Table 1 List of ACTs recommended for the treatment of uncomplicated falciparum malaria by

the World Health Organization [15]

Artemisinin derivative Partner drug(s) Formulationa Resistance

Artemether Lumefantrine Coformulated MDR

Artesunate Amodiaquine Coformulated –

Artesunate Mefloquine Coblistered or codispensed MDR

Artesunate Sulfadoxine–pyrimethamine Coblistered or codispensed –

Dihydroartemisinin Piperaquine Coformulated MDR
aThe WHO recommends fixed-dose combinations over coblistered or codispensed formulations

MDR: recommended in areas of multidrug resistance (East Asia), artesunate plus mefloquine, or

artemether plus lumefantrine or dihydroartemisinin plus piperaquine
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4 Coformulation

Another potential problem of treating patients with more than one antimalarial drug

is the fact that many currently available combination therapies are not coformulated,

greatly increasing complexity of treatment and the chances of misuse. Currently, the

only widely used coformulated combination is artemether–lumefantrine. More

recently, coformulated combinations of artesunate–amodiaquine and dihydroarte-

misinin–piperaquine have become available but coformulated combinations of

many other ACTs are still unavailable. Even though coformulated, artemether–

lumefantrine remains a relatively complex regimen (with an adult dose of four

tablets twice daily for 3 days) and compliance, and therefore programmatic effec-

tiveness, is not optimal [19].

5 ACT and Antimalarial Drug Resistance

Throughout the past 100 years, drug resistance has emerged as one of the biggest

challenges for malaria control. The extensive deployment of antimalarial drugs

since the introduction of chloroquine in the 1940s has provided a remarkable

selection pressure on malaria parasites to evolve resistance mechanisms to virtually

all available antimalarial drugs. In essence, it is continuous drug pressure that

results in the selection of parasite populations with genetically reduced drug

sensitivity. The widespread and indiscriminate use of antimalarial drugs places

a strong selective pressure on malaria parasites to develop resistance. Malaria

parasites can acquire high levels of resistance, both in the individual parasite as

well as on a population basis. The high degree of resistance expressed by malaria

parasites is at least in part attributable to their high diversity and genetic complex-

ity, resulting in a variety of potential mechanisms to evade drug activity. This way

P. falciparum has developed resistance to virtually all antimalarials in current use,

drugs that once were considered the front line against the disease. However, the

geographical distribution and extent of resistance to any single antimalarial

drug show major variations. Originally believed to be limited to P. falciparum,
antimalarial drug resistance is now also known to affect other species [20]. P. vivax
has rapidly developed resistance to sulfadoxine–pyrimethamine in many parts of

the world, whereas high-level resistance to chloroquine remains confined largely to

Indonesia, East Timor, Papua New Guinea and other parts of Oceania [6].

In the late 1990s, combination therapy was introduced to overcome the quick-

ening pace of drug resistance development in Southeast Asia. However, by that

time drug resistance had reached many of the potential partner drugs or at least

drugs structurally related to those used in combination with artemisinins. This

particularly applies to mefloquine, an arylaminoalcohol, which had previously

been used extensively as monotherapy in Southeast Asia. Based on large-scale

field trials starting in 1983 mefloquine was introduced as standard therapy by the
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Thai Ministry of Public Health as early as 1985 to overcome increasing chloroquine

and sulfadoxine–pyrimethamine resistance [21]. Interestingly, mefloquine was used

in combination with sulfadoxine–pyrimethamine initially before being deployed as

monotherapy. Rising numbers of failures with the standard-dose mefloquine

(15 mg/kg) resulted in an increase of the dose to 25 mg/kg and in 1995 mefloquine

monotherapy had to be replaced by the combination of mefloquine with artesunate,

making this combination the first ACT to be deployed on a large scale in Southeast

Asia.

In an attempt to limit the impact of increasing levels of resistance to traditional

antimalarial drugs, in 2001 the World Health Organization recommended that all

countries experiencing resistance to conventional monotherapies, such as chloro-

quine, sulfadoxine–pyrimethamine, or mefloquine should use combination

therapies, preferably based on artemisinin derivatives for the treatment of uncom-

plicated falciparum malaria [21]. However, although ACTs have shown high

efficacy in the treatment of malaria in Southeast Asia, where transmission is

typically low, concerns remain about their long-term implementation as first-line

therapy in high-transmission areas in Africa [19, 22].

6 Cross-resistance

The problem of antimalarial drug resistance is even further aggravated by the

existence of cross-resistance among drugs with related chemical structures. This

particularly applies to the 4-aminoquinolines (e.g. chloroquine–amodiaquine) and

the arylaminoalcohols (e.g. mefloquine–lumefantrine) but also to artemisinin and

its semisynthetic derivatives (e.g. artesunate–artemether). Malaria control has

largely been relying on a small number of structurally related drugs essentially

belonging to just a very few different classes. Once malaria parasites develop

resistance to a single member of any of these classes, their sensitivity to most

other antimalarials sharing a similar mode of action (i.e., typically belonging to the

same class) is also compromised. This means that (e.g., in an area like Southeast

Asia where the combination of artesunate and mefloquine is loosing its clinical

efficacy) the introduction of ACTs using chemically related compounds, such as

artemether–lumefantrine, may not be an option.

Interestingly, activity correlations derived from in vitro studies indicate that in

spite of their different chemical structure there may be a certain level of cross

sensitivity between artemisinin derivatives and certain arylaminoalcohols, cur-

rently the most commonly used partner drugs in ACTs [23]. The existence of this

link is also supported by the potential role that the P. falciparum multidrug

resistance 1 (pfmdr1) gene may be playing in simultaneously mediating the sensi-

tivity to arylaminoalcohols and artemisinins [24].
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7 Resistance to Partner Drugs

Preventing resistance to the partner drugs is obviously crucial. If the partner drug is

not 100% successful in eliminating the parasites surviving the initial impact from

the (subcurative) 3-day artemisinin treatment, ACTs are likely to select for

artemisinin resistance. However, resistance has been reported against most of the

commonly used partner drugs or at least to structurally closely related drugs

resulting in activities considerably below 100%. Currently the most important

partner drugs used in ACTs are lumefantrine, mefloquine, amodiaquine, and more

recently piperaquine [22]. Mefloquine and lumefantrine are structurally related and

belong to the class of the arylaminoalcohol antimalarials, whereas amodiaquine and

piperaquine are both closely related to chloroquine.

Mefloquine is a synthetic antimalarial widely used throughout Southeast Asia as

a combination partner for artesunate. It was introduced in Thailand in the mid

1980s. By the mid 1990s, resistance had reached a level that necessitated its

combination with artesunate to reach adequate cure rates [21]. In spite of high

levels of mefloquine resistance, particularly in Thailand, Cambodia, and Myanmar,

mefloquine remains the most important ACT partner drug in the region.

Lumefantrine is commonly used coformulated with artemether and has never

been used in monotherapy on any significant scale. Although clinical resistance to

lumefantrine has not explicitly been reported, there is a strong indication of cross-

resistance with mefloquine [25]. The use of lumefantrine is therefore not advisable

in areas where high levels of mefloquine resistance have been reported.

Amodiaquine is a 4-aminoquinoline antimalarial originally developed in the

1940s. It is structurally closely related to chloroquine but due to its higher potency

shows considerable activity also against chloroquine-resistant parasites. Resistance

to both drugs also seems to be mediated by the same genetic mechanism [26].

Resistance to amodiaquine was reported soon after the advent of chloroquine

resistance but has never reached its magnitude [27].

Although piperaquine, a bisquinolone antimalarial, is still considered to be a

relatively new antimalarial drug throughout most of the malaria-endemic world, it

has a long history of use in malaria treatment and prophylaxis in China [28].

Consequently, high levels of resistance have been reported from parts of southern

China and resistance can relatively easily be induced in a P. berghei model [29].

8 Artemisinin Resistance

The statement “Resistance has arisen to all classes of antimalarials except, as yet, to

the artemisinin derivatives” [6] in the WHO treatment guidelines from 2006

unfortunately does not hold true any longer. Clinical artemisinin resistance was

first identified in 2006 in Ta Sanh, a small town in close proximity to the

Thai–Cambodian border, a known hotspot of antimalarial drug resistance [30].
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Even before the discovery of clinical resistance, in vitro models and molecular

analysis had suggested a considerable potential for resistance development [7, 31,

32]. Moreover, ex vivo data and clinical treatment response seem to indicate that

artemisinin sensitivity is also compromised in western Thailand [33, 34] (Fig. 1).

Not since the discovery of chloroquine resistance in the 1950s has malaria

control been reliant upon the efficacy of a single class of drugs as much as it

does currently. In the past 10 years, virtually all falciparum malaria-endemic

countries have adopted some kind of ACT as first- or second-line therapy for

uncomplicated falciparum malaria. In the absence of a defined artemisinin resis-

tance mechanism and mechanism of action, as well as data from clinical trials using

the new synthetic peroxides, it is hard to tell what impact the recent developments

in Southeast Asia will have. However, in the current situation losing a single drug to

resistance could potentially endanger virtually all malaria control efforts

worldwide.

9 Defining Artemisinin Resistance

Defining artemisinin resistance remains a major challenge. The most commonly

used definition of antimalarial drug resistance dates back to 1973 and defines

resistance as “The ability of a parasite strain to survive and/or multiply despite

2003 – 2004 
First evidence of reduced efficacy of ACTs 

(artesunate-mefloquine) on both  
sides of the border:  

2003: 78.6% in southeastern Thailand [47] 
2004: 79.3% in western Cambodia [48] 

2006 
In vitro models and molecular analyses 

suggest a considerable potential for 
artemisinin resistance  
development [31, 32] 

2006 – 2007  

First high-dose artesunate monotherapy trial in western Cambodia 
First evidence of clinical and in vitro artemisinin resistance in 2 patients from Ta Sanh [30]

2007 
Additional evidence of artemisinin resistance from two smaller studies conducted in Pailin, 
western Cambodia, and Wang Pha, northwestern Thailand shows significantly prolonged 

parasite clearance times [34] 

2007 – ongoing

Campaign coordinated by the WHO launched to contain artemisinin resistance along the
Thai-Cambodian border [45] 

Fig. 1 Evidence of emerging artemisinin resistance along the Thai–Cambodian border
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the administration and absorption of a drug given in doses equal to or higher than

those usually recommended but within tolerance of the subject” [38]. Although, –

with minor modifications, – this definition remains valid as of today, it was

developed for traditional monotherapies and in its original version has therefore

only limited applicability to modern combination treatments. The most obvious

problem in defining resistance to combination therapies is the fact that, with two or

more combination partners, resistance might arise to a single component without

ever becoming clinically evident. Since in ACTs artemisinins are generally respon-

sible for the initial reduction in the parasite burden, the most obvious clinical

parameter indicating reduced susceptibility to artemisinins is prolonged parasite

clearance [39, 40]. Although data from ACT trials can provide important initial data

on compromised drug sensitivity, a detailed assessment of treatment response to

artemisinins requires extensive controlled monotherapy studies with artemisinin

derivatives (including basic pharmacokinetics and a reliable way of excluding

reinfections). These studies are currently being conducted in Asia and Africa.

Ex vivo drug sensitivity data can be extremely helpful in interpreting geographical

or temporal trends but need to be interpreted in a broader context with clinical data

[33]. In spite of a number of interesting leads, as yet reliable molecular markers of

artemisinin resistance have not been identified [31]. Artemisinin resistance can

have major implications for malaria control programs in the affected countries and

should therefore only be considered after careful analysis of treatment response

parameters and treatment success in relation to ex vivo drug sensitivity.

10 The Causes of Artemisinin Resistance

The general view has been that several factors protect artemisinins from the

development of resistance: the short plasma half-life of both the parent compound

and its active metabolite, the rapidity with which the drugs clear asexual parasites,

and the presence of an effective partner drug from a different class of antimalarials,

which is expected to protect the artemisinin component [41]. It has been

hypothesised that the de novo emergence of antimalarial drug resistance can be

prevented by use of combination therapies [12, 42]. The assumption is that because

of the logarithmic distribution of parasite numbers in human malaria infections,

inadequately treated high biomass infections are a major source of de novo emer-

gence of resistance. However, the recent events suggest that the hope that resistance

can actually be prevented through combinations may have been overly optimistic.

Much of the blame for emerging artemisinin resistance in Southeast Asia has

been assigned to the extensive use of artemisinin monotherapy. Compliance issues

and counterfeited or substandard tablets that contain smaller amounts of or less

active ingredients are considered to be additional sources of drug pressure [43].

Specific epidemiological, pharmacokinetic, and parasite factors in Southeast Asia

have also been implicated in the development of artemisinin resistance [44].

Consequently, even before artemisinin resistance had been reported for the first
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time the WHO banned artemisinin monotherapy in an attempt to protect the

artemisinins and to slow down the development of resistance. Interestingly

Vietnam, a country with one of the longest histories of artemisinin monotherapy

use in Southeast Asia, was by far not he first to report artemisinin resistance.

In Vietnam, artemisinins have been used for malaria control since 1989 and

although the current national guidelines recommend the use of ACTs, artemisinin

and artesunate are still widely available as monotherapy through the private sector

[45]. Vietnam is also one of the few countries where artemisinin monotherapy can

be linked directly to a highly successful malaria control program. Between 1991

and 2006, malaria cases in the country have diminished from 1,672,000 clinical

cases with 4,650 deaths, originally, to 91,635 with 43 deaths [46].

Although the development of artemisinin resistance is likely to have been

a complex multifactorial event, the actual explanation for artemisinin resistance

is likely to be rather simple. ACTs have simply gone down the same road that all

previous antimalarials have. Artemisinin resistance is probably a natural conse-

quence of the extensive deployment of ACTs and was bound to happen sooner or

later. “Preventing” artemisinin resistance was never a real option.

11 Measures to Limit the Spread of Resistance

When the first evidence of artemisinin resistance became available in 2006, the

World Health Organization launched an ambitious campaign to contain artemisinin

resistance along the Thai–Cambodian border. These efforts involve the early

detection and rapid treatment of all malaria infections on both sides of the border,

preferably with a non-ACT combination therapy. In addition, the deployment of

insecticide-treated nets to decrease malaria transmission and the screening and

treatment of migrants were intensified, together with a more thorough mapping of

the geographic boundaries of artemisinin resistance [15, 35]. Recently, Maude et al.

concluded that containment of artemisinin-resistant malaria could also be achieved

by eliminating malaria using ACT [47]. However, as ACTs are more effective

against infections with artemisinin-sensitive parasites resulting in a relative

increase in the proportion of artemisinin-resistant parasite isolates, this approach

would require malaria elimination down to the last parasite. Unfortunately, this is

unlikely to ever happen in a landlocked environment surrounded by malaria-

endemic countries.

Although the history of malaria control teaches us that the Thai–Cambodian

border has always been a hotspot of antimalarial drug resistance development, it

also teaches us that sooner or later resistance is likely to emerge independently in

other parts of the world. With the unprecedented deployment of ACTs throughout

the malaria-endemic world, artemisinin resistance is likely to eventually emerge in

other parts of the world.

The potentially devastating implications of resistance to a drug to which there is

currently no real alternative calls for cost-effective strategies to extend the useful
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life spans of currently available antimalarial drugs while at the same time investing

into major efforts to develop novel compounds as a replacement for the

artemisinins.
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New Medicines to Combat Malaria: An

Overview of the Global Pipeline of Therapeutics

Timothy N.C. Wells

Abstract Over the last 5 years, there has been an increased investment in malaria

medicines, with the emergence of a range of new fixed dose artemisinin combina-

tion therapies (FACTs). Of the six FACTS, two are now approved and prequalified

by the WHO, with another two submitted for stringent regulator approval. Malaria

treatments are therefore available to more than 160 million patients, which cure the

disease in more than 98% of cases, with 3 days of therapy, and cost as little as $0.30

per treatment for infants. Molecules currently in the pipeline offer the possibility

that this could be replaced by a single dose cure in the next few years. Many new

compounds have entered the pipeline as a result of advances in phenotypic screen-

ing and new targets identified from the parasite genomes. Artemisinin resistance

has been confirmed in Cambodia, and new classes of medicines will be needed in

case artemisinin resistance spreads. The recent call for the eradication of malaria

has set new objectives for the drug discovery and development field. There is an

additional focus on having compounds, which can block transmission. In addition,

safe medicines to kill liver stages, and block the relapse of P. vivax and P. ovale are
needed, which are more convenient than the 14-day primaquine treatment, and

better tolerated in G6PD-deficient patients. The next decade will be a defining one,

as we implement new generations of therapies in the field, and bring forward the

ones needed for the next stages of malaria eradication.

1 Introduction

The challenges of malaria drug discovery and development have never been

greater. On the positive side, there is a wealth of activity all the way from early

discovery through registration of new medicines through to optimizing their use in
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Phase IV clinical trials. In the last 2 years, two classes of fixed dose artemisinin

combination therapies have been approved by theWorld Health Authority, and treat

more than 160 million patients. Two more are currently being reviewed by the

European Medicines Agency (EMA), in the first step toward World Health Organi-

zation (WHO) prequalification. This brings the total number of fixed dose

artemisinin combination therapies to six; each has its particular strengths (Table 1).

There is such a wide choice for the “customer” – in most cases the national malaria

control programs, is positive. These medicines are affordable – costing as little as

$0.30 for a child dose and $1.20 for an adult dose. The approval by WHO of two of

them means they can be supplied at subsidized prices with the help of international

agencies, or for free in Africa. There is a continual need to build on this success by

optimizing this therapeutics for their use in the clinic, especially with pediatric

patients.

In the midst of this success, there is always the need to keep on improving the

medicines we have. Resistance to malaria drugs is always a possibility. With the

ongoing campaign to eradicate malaria [1], the urgency to have new classes of

drugs is compounded since the more we use therapies, and the closer we get to

eradication, the more likely resistance is to become evident [1].

Over the last 12 months, since the pipeline was last reviewed [2], there has been

a lot of progress (Fig. 1 shows the current state of the global antimalarial drug

portfolio, not simply the projects which are part of collaborations with Medicines

for Malaria Venture). There are many challenges that any medicines must address

[3]. First, to simplify treatment regimens, with the hope of bringing forward a single

dose cure. Second, to have medicines that will block transmission of the parasite

from one infected individual to another via the mosquito and thus break the cycle of

infection. Third, to target dormant P. vivax and P. ovale forms in the liver, known as

hypnozoites, which have the potential to relapse after a few weeks or even months,

causing new outbreaks of disease, in the absence of an infectious bite. Finally, new

medicines are urgently needed to overcome the potential threat of artemisinin

resistance.

Malaria offers challenges beyond those seen in other therapeutic areas; most of

the patients are children under 5 years of age, half of them are less than 2 years, and

the disease is especially prevalent in expectant mothers. This places additional

stringency on the safety profiles of the potential new medicines. The portfolio of

projects, which we hope will address these challenges, comes from a variety of

sources. Some are from rationally designed approaches using clinically validated

targets, and as much as possible based on the technologies of rational drug design.

Others are coming from new, innovative high-throughput screens where millions of

compounds have been tested for their activity on the whole parasite. This has

radically changed the face of discovery. We now have tens of thousands of starting

points for medicinal chemistry active at submicromolar concentrations, where only

5 years ago there was just a handful. Taken together, there are big challenges ahead,

but the next decade promises to be a very exciting one. There will be new medicines

launched to help the short-term fight against the parasite, alongside bednets,

insecticides and the potential contribution of vaccines; and new classes of
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medicines being developed, which will help drive the long-term agenda leading to

eradication.

2 The Next Generation of Artemisinin Combination Therapies:

New Medicines About to Be Registered

Artemisinin was brought forward as a new treatment for malaria over 40 years ago

[4] and has long been known to be an effective therapy against fevers. It acts rapidly

to kill parasites, clearing fever and bringing parasitemia below the level of detection

within 24 h. On its own, 7 days of treatment is needed for a cure in the majority of

patients, and so a second medicine is needed to sustain the antiparasitic activity in

a 3-day regimen. Artemisinin combination therapies are now extremely effective,

surpassing the WHO’s guidelines that 95% of patients should not have recrudesced

after 28 days – many clinical trials showing efficacies of 98–99%. The combination

partner also reduces the possibility of artemisinin resistance emerging, and to

reinforce this value the WHO in January 2006 withdrew its recommendation for

the use of artemisinin-based monotherapy for the treatment of uncomplicated

malaria, and since has been campaigning for its complete withdrawal. Fixed dose

combinations therefore offer two advantages, first a much simpler regimen, and

second that artemisinin monotherapy is no longer an option for the patient (older

combination therapies were coblistered, and field workers reported that often only

the artemisinin tablet was taken). The last 2 years have marked a turning point for

Preclinical

Translational Development
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Ranbaxy

DHAPiperaquine
sigma-tau

Coartem®-
Novartis

Phase I Phase IIa Phase IIb/III Registration Approved

Fig. 1 Global portfolio of medicines under development for malaria March 2011. Projects are

only reported which have already entered lead optimization. Preclinical refers to molecules in the

process of obtaining GLP safety, toxicology and pharmacokinetic data
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these fixed dose combinations. Two have been prequalified by the WHO, or by

Stringent Regulatory Authorities (Tables 1 and 2). Coartem and the pediatric taste-

masked dispersible form Coartem-D (artemether–lumefantrine, by Novartis in

collaboration with MMV), and Coarsucam (artesunate–amodiaquine, by sanofi-

aventis in collaboration with Drugs for Neglected Diseases Initiative, DNDi), as
has been discussed in chapter “Artemisinins: Artemisinin, Dihydroartemisinin,

Artemether and Artesunate”. Enough of these WHO prequalified medicines, and

their generic versions were purchased by disease endemic countries to treat more

than 160 million patients in 2010. This represents almost two thirds of the people

who need treatment. In the past, cost has often been cited as a barrier to health care.

Current medicines are produced with the cost of an adult course of treatment being

generally around US $1.20, and a pediatric dose being a quarter of this price, and

this represents a significant drop from the cost of manufacture of around $2.50 10

years ago. Several generic versions of artemether–lumefantrine are now being

produced, which brings additional price competition into the market. WHO

prequalification is a necessary control step here – generic medicines which have

not been approved by a stringent regulatory agency must show evidence that they

are manufactured to Good Manufacturing Practice standards, and also show clinical

data to confirm bioequivalency to the innovator medicine (see http://www.ema.

europa.eu/pdfs/human/qwp/140198enrev1.pdf for more details).

A second wave of fixed dose artemisinin combination therapies has progressed

through pivotal clinical trials in the last 2 years, with two more being submitted to

regulatory agencies in 2010. The first is dihydroartemisinin–piperaquine, (provi-

sionally planned to be marketed as Eurartesim). This has been developed by sigma-

tau in collaboration with MMV, which was submitted for review by the EMA, in

July 2009 with approval currently anticipated in the summer of 2011. This combi-

nation is now included in the revised Malaria Treatment Guidelines [5], and would

be submitted for WHO prequalification as soon as it is registered. This project was

originally a collaboration with Holley-Cotec, who have their own version of the

medicine launched in China and many other countries, which is being used to treat

around two million patients a year. So far this medicine has not been approved by

a stringent regulatory authority or prequalified by the WHO, but this situation may

now change with the inclusion of DHA–piperaquine in the WHO’s treatment

guidelines for malaria in 2010. The second fixed dose ACT currently under

regulatory review is pyronaridine–artesunate, which is being developed by Shin

Poong in collaboration with MMV, and has an adult form and a pediatric taste-

masked granule form for children less than 15 kg. This was submitted to the EMA

in March 2010, this time under the new article 58 legislation. This allows the EMA

to give scientific advice that can be used to support the use of the medicine in

countries outside of Europe. The issue is that if a medicine is approved by the EMA

under the normal orphan legislation, it must actually be marketed in Europe or else

the authorization will be withdrawn. Article 58 allows the stringent review by the

EMA, but without the need to actually market and sell the drug in Europe.

A decision is anticipated at the end of in 2012. Pyronaridine–artesunate is not

included in the current WHO treatment guidelines, but will be discussed over the
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next year based on recent clinical data and publications. A fixed dose combination

of mefloquine–artesunate was developed by DNDi and Farminguinhos of Brazil,

and launched in 2008. This is currently being used only in the Brazilian market,

although there are plans to license the technology to Ipca in India and expand its use

in south-east Asia, where it is often the first-line therapy. Another version of

mefloquine–artesunate is produced by Mepha, and this has been successfully

marketed in the private market in Africa. One issue here is the relative price of

artesunate–mefloqine, which at $2.50 is over twice as expensive as the other

treatments. For the newer ACTs, the major cost component comes from the partner

drug, since a larger dose is required. The cost per kilogram of the partner drugs is

often higher than artesunate (currently costing $300/kg). Mefloquine is a good

illustration: the dose of drug needed is three times that of artesunate, and the bulk

price for mefloquine can be as high as $1,200/kg. New approaches to synthesizing

mefloquine have been developed by MMV and our partners as a result of the (+)-

mefloquine isomer project (see below), and there is no reason why in the future the

cost of mefloquine–artesunate fixed dose combinations should not be at the same

price as other ACTs. One remaining ACT is naphthoquine–artemisinin, marketed

as ARCO by Kunming Pharmaceuticals. The combination tablet was initially

developed by the Academy of Military Medical Sciences (AMMS), Beijing,

China and is currently administered as a single-dose regimen. Although clinical

experiences and clinical data are very limited, available preclinical data suggest that

naphthoquine is relatively potent [6, 7]. The major concerns are those of safety

(most 4-aminoquiniolines have safety issues if the entire dose is given at once), and

the efficacy of artemisinin given as a single dose. Some clinical studies have been

published, but they are lacking validation according to ICH Good Clinical Practice,

and the safety database does not include the 2,000 patients normally required

for registration.

Beyond ACTs, there are two other combination treatments in development.

Artemisinin derivatives cause embryotoxicity in rats, and therefore have been

contraindicated in the first trimester of pregnancy [8]. Pregnant women are espe-

cially at risk of malaria, since the parasite adheres to the placenta. Azithromycin

and chloroquine are both known to be safe in pregnancy, and the combination has

two other advantages. First, there appears to be clinical synergy, in that

azithromycin overcomes chloroquine resistance. Second, the use of an antibacterial

in pregnant women will reduce the incidence of sexually transmitted infections,

with a concomitant effect on survival of the baby [9]. The second combination is

sulphamethoxazole 800 mg with trimethoprim (known as Co-trimoxazole), which

is being tested in HIV-infected pregnant women, and also has an impact on the

malaria infection.
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3 Next Generation Therapies: Overcoming

Artemisinin Resistance

The major challenge of any anti-infective program is that sooner or later the

infectious agent will develop resistance to therapy. Presently, the mechanism of

action of and possible mechanisms of resistance to artemisinins are not fully

understood. Thus far, the development of artemisinin resistance has been relatively

slow considering the number of treatments that have been used, and the fact that

monotherapies are still available in many disease endemic countries. The first

reports of such resistance are now emerging [10, 11], where there is an increase

in the parasite clearance time from patients along the Thai–Cambodia border. This

is also reflected in some cases in a small change in sensitivity of parasite isolates to

drugs, but so far no stable isolates of resistant parasites have been identified.

Unless the mechanism of resistance is an enzyme which specifically degrades

endoperoxides, it is likely that the new semi- and fully synthetic endoperoxides:

Arterolane [12] – formerly known as OZ277 or Rbx11160, OZ439 [13],

Artemisone [14], RKA182 (a 1,2,4,5 tetraoxane) [15], CDRI 97/78 [16] and

Trioxaquine [17] (Table 2) will have clinical activity against these resistant

parasites. Since cell biology is unable to give an unambiguous answer to the

question of the mechanism of resistance, the only route forward at this present

time is to test these medicines in artemisinin resistance areas, and measure parasite

clearance times. Such studies are now planned, and would be possible for

compounds that have already been tested in uncomplicated malaria patients, such

as Arterolane, Artemisone, and OZ439. Despite repeated attempts to start clinical

studies in artemisinin insensitive patients, we have so far been unable to commence

such studies. The relative difficulty in obtaining patients should be seen as a

positive sign about the relative numbers of resistant patients, and the focal nature

of the resistance to date. In addition, these studies are always difficult to interpret

since parasite clearance times are also dependent on the role of the immune

response in parasite infection. If these new generations of endoperoxide therapy

are shown to be clinically active in artemisinin-resistant patients, then a 3-day

combination therapy could be developed and registered within 5–7 years, perhaps

faster depending on local need and local regulatory requirements. It is most unlikely

that the entire class is compromised by an artemisinin resistance mechanism –

amodiaquine is active against chloroquine resistance strains, for example. The next

generation endoperoxide OZ439 offers an additional advantage over artemisinin in

that it has a long half life, and is predicted to be able to maintain a therapeutically

useful concentration in patients for as long as 96 h from a single dose.

In the case that artemisinin resistance destroyed the entire endoperoxide class of

medicines, we will have to fall back on the antibiotic classes. Fosmidomycin–

clindamycin, a mixture of an inhibitor of 1-deoxy-D-xylulose 5-phosphate reducto-

isomerase and an antibiotic, is currently in Phase IIa clinical trials and seems to

have a rapid parasite clearance time, driven by the parasite reduction ratio of

fosmidomycin [18]. If the speed of parasite killing can be confirmed in other
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studies, then it would be possible to imagine a combination with other partner

medicines, including the 4-aminoquinoline family members such as piperaquine.

Other new approaches are still progressing through preclinical development.

NITD609 is the first antimalarial to come from the phenotypic screen of more than

two million compounds, carried out by Novartis. It moved from the initial high-

throughput screen to a first administration in human volunteers in less than 4 years,

which is extremely fast. Recently, AN3661 entered preclinical development. This is

an extremely exciting new compound with unknown mechanism of action discov-

ered by Anacor based on its activity in whole parasite assays. Its active moiety

contains an oxaborole ring, and it has excellent drug-like properties. However, both

of these are still at least 7 years away from being launched, and the complications of

combination therapy and funding issues make this more likely to be closer to

10 years. Also, it is worth remembering that historically the chances that a molecule

entering Phase I for anti-infective disease will make it all the way through to

registration are at best two out of seven, and that this ratio falls as more and more

innovative classes of drugs are tested (data from CMR International).

The second generation endoperoxide OZ439 is also exciting, since it has a half

life of 12–24 h in man – and this means that currently a single dose in volunteers is

enough to keep the plasma exposure above that required to kill the parasite for up to

60 h. It thus represents the first step toward having a single dose cure for malaria.

This would be a dramatic step forward from the current 3 days of treatment – not

only in terms of patient compliance, but also the ability for the health worker to

observe treatment directly. The challenge over the next 2 years will be to find

a partner for OZ439 in the combination. Most of the 4-aminoquinolines,

aminoalcohols and related molecules have very long half lives, and so would be

ideal; however, they cannot be given as a single dose because of the side effects.

The hunt is therefore on for a long-acting partner where all the treatment can be

given as a single administration. This also has to be a more potent medicine on

a milligrams per patient basis, since the current dose of most partner drugs is

as mush as 2 g. Some of the newer drugs such as naphthoquine or ferroquine [19]

(a 4-aminoquinoline developed by sanofi-aventis) may have potential here.

4 Finding New Starting Points: Genomes and Screens

Two events over the last few years have helped the community find new starting

points for antimalarial medicines. The first is technological. The development of

high-throughput screening platforms, and their associated robotics and image

processing reached such a state that by 2007 it was possible to consider testing

compounds for their actions against the erythrocytic stages of Plasmodium
falciparum whole parasites in 384 and 1,536 well formats [20, 21] by Novartis

and GlaxoSmithKline. The high density of these formats has the advantage that the

wells are smaller and use less compound and less cells, making the assays signifi-

cantly cheaper. The cost of assays has come down by almost 100-fold in the last few
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years, and the throughput has gone up by two orders of magnitude – to date MMV

and our partners have screened almost five million compounds. The availability of

a high-throughput assay in a university context (at the Eskitis Institute, in

Queensland, Australia) has meant that we have been able to screen the collections

of companies who for various reasons do not want to have parasites or human blood

in their HTS facility. This approach has also been adopted by other academic

collaborators [22, 23]. Overall, the results have been impressive, and we are seeing

a hit rate of around 0.5% of compounds which reproducibly have shown the ability

to inhibit or kill the parasite at a concentration of less than 1 mM. This offers a major

repository of structures of new potential antimalarials, which can be the start of

medicinal chemistry programs. The recent decision to publish the structures in the

public domain from their high-throughput screens now gives a map of “whole cell

screening space” for the world to work from. In addition, Medicines for Malaria

Venture has a program for making representative compounds available. The 25,000

currently identified hits have been clustered into around 1,000 families, and plates

of these compounds will be available to malaria researchers in the second half of

2011. The availability of all these information should help groups to focus on areas

where they have a unique contribution, and reduce duplication in hits to leads

programs. The speed at which these molecules can be brought forward is illustrated

by NITD609, which came from the Novartis screen, and moved from the original

identification to preclinical evaluation in less than 3 years, a speed that is consid-

ered state of the art for commercial product development. However, the challenge

will be to do this as efficiently as possible, and for this we will have to have a unique

blend of using industry experience, academic insight and working with partners

in countries such as India, South Africa, Brazil, and China to reduce costs.

The second major step forward has been the availability of the plasmodial

genome sequences, allowing us to know a great many of the potential targets in

the parasite [24]. Based on the structural knowledge of what makes good drug

targets, these potential targets can be prioritized [25]. It also allows an “ortholog”

approach to be followed by some groups, and this work has been pioneered by

sanofi-aventis. The idea here is that among the targets identified in the parasite,

many will have orthologs in the human genome, and these will already have been

the subject of a human inhibitor search (more than 1,000 targets from the human

genome have been worked on by the major pharmaceutical companies). By

selecting compounds known to be active against the human target, and a represen-

tative set of structurally related inactives, then the hit-rate can be further improved

to an astonishing 20–25%. In addition, much is already known about these

compounds, such as their pharmacokinetics, metabolism and potential safety issues,

meaning that the subsequent optimization is much faster. Often this work is further

aided by the availability of high-resolution three-dimensional structures, so that

compounds can be optimized by structure-based design [26]. These techniques

have been used to great advantage on two of the projects listed in Table 2 –

the identification of dihydrofolate reductase inhibitors, which overcome trime-

thoprim resistance [27], and the rational design of dihydro orotate dehydrogenase

inhibitors [28].
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5 Challenges of the Eradication Era of Gametocytes

and Hypnozoites

The announcement in 2007 of a plan to eradicate malaria by the WHO and the Bill

and Melinda Gates Foundation [29], raised the need for new classes of medicines.

Two areas are most clearly highlighted in the search for new medicines. First, there

is a need for a medicine that would destroy the dormant forms of P. vivax and

P. ovale, known as hypnozoites [30]. When an infected mosquito bites, the first

major parasite target is the liver, and in the case of these two parasite species, some

of the parasites remain in the liver as small dormant forms – for anywhere between

a few days and several years. The only registered therapy against hypnozoites is

primaquine, a medicine developed during the Korean war. This has two major

issues, first it requires 14 days of therapy, and so compliance is virtually nonexistent

in the field, to the extent that some countries do not even have 14 days therapy on

their treatment guidelines. Second, it causes hemolysis in patients who have

a deficiency in the enzyme glucose 6-phosphate 1-dehydrogenase [31] (G6PD) –

a condition that is as common as 15–20% in some malaria endemic regions.

Tafenoquine was discovered originally by the Walter Reed Army Institute of

Research, and has been tested in several thousand soldiers by the US army, and

has the advantage of a longer half life, meaning that the course of treatment could

be reduced to a much more manageable 3 days [32]. Currently, GlaxoSmithKline is

undergoing studies to determine the safe dose in G6PD deficient individuals, as

a prelude to a pivotal development program, which is planned to start in early 2011.

This study will include women, and children, and should allow a registration of the

product with the US FDA within 5 years. Beyond Tafenoquine, there is one other

8-aminoquinoline, NPC-1161C [33], but it is not clear that this offers an advantage

in terms of potential safety in G6PD deficient patients, and this will require further

in vivo assessment. There are currently no other chemical series in clinical devel-

opment for antirelapse therapy. This is because up to now, there has been no cell

biological model of the hypnozoite, and all compounds had to be tested in primates,

which is extremely laborious and time consuming. The hypnozoites themselves are

difficult to detect, and although primary hepatocyte systems have been available for

25 years [34], it has not been easy to produce cell lines, which support infection and

produce hypnozoites. To date, the most robust system is from the related parasite

P. cynomolgi, which is able to produce small stable forms when used to infect

primary rhesus hepatocytes [35]. This gives a starting point for the evaluation of

new compounds, although currently only perhaps hundreds can be tested per year.

The other challenge of the eradication era is to have molecules that will stop

the transmission of the parasite to the mosquito vector. It is known that only

the gametocytes (the sexual forms) of the parasite are transmitted, and that

P. falciparum produces gametocytes in response to stress, including drug stress.

The assays for gametocyte maturation and for the development of the ookinete

inside the insect gut are well described [36]. Already we have been able to test

the known malaria portfolio (all of the compounds listed in Table 2, plus all the
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compounds which are currently marketed antimalarials, and all the leads,

compounds which are currently too early to be described in this review). Putting

together a complete data set of the activity of compounds against the erythrocytic

stages, the gametocyte and insect stages, and indeed the liver stages is part of what

MMV has termed “Malaria Lifecycle Fingerprinting.” The advantage of having all

the data collected from identical assays carried out in identical conditions should

not be underestimated. For the transmission blocking targets, a number of genes

have already been identified as being involved from gene disruption (knock out)

studies either in P. falciparum or P. berghei [37–39]. By selecting targets which

inhibit gametocytes and transmission, it may be possible to identify molecules only

active on these stages. The advantage would be that the transmission stages are

relatively rare (there are less than five ookinetes, compared with as many as 1012

parasites at the erythrocytic stages). This means that development of resistance

should be much less likely for the parasite.

The ultimate medicine would therefore be one which combined all the best

attributes of a single dose cure of malaria, with something that was able to block

transmission and also prevent relapses of disease caused by the hypnozoites. Such

a medicine has been termed the “single exposure, radical cure” by the Malaria

Eradication research working party (malERA) [40].

6 Conclusions

The last decade has seen considerable progress in the pipeline of antimalarial

medicines. The prioritization of fixed dose artemisinin combination therapies, and

their registration with stringent regulatory authorities and the WHOmeans now that

the National Malaria Control Programs in disease endemic countries have a choice

of treatment, and more importantly an evidence base on which to make their choice

of treatment. Beyond this, the technologies which have come from high-throughput

screening and from the genomic revolution have led to an acceleration of discovery

efforts, and a wide array of new and exciting starting points for medicinal chemis-

try. The focus of molecules of the future cannot simply be about treating the patient

– and coming up with the next generation of therapies to overcome resistance. The

key to the future is the development of medicines, which are better suited to the

needs of the patient – a single dose cure for P. falciparummalaria, and a shorter and

safer course of treatment for destroying the hypnozoite reservoirs of P. vivax.
Finally by having the tools that will prevent the infection of the insect vector, the

community will be in a position to break the cycle of transmission, leading to the

potential of the ultimate eradication of this devastating disease.
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Molecular Markers of Plasmodium Resistance

to Antimalarials

Andrea Ecker, Adele M. Lehane, and David A. Fidock

Abstract Investigations into the molecular basis of Plasmodium parasite resis-

tance to antimalarial drugs have made strong progress in defining key determinants.

Mutations in the digestive vacuole transmembrane proteins P. falciparum chloro-

quine resistance transporter (PfCRT) and P. falciparum multidrug resistance pro-

tein 1 (PfMDR1) are important drivers of parasite resistance to several quinoline-

based drugs including chloroquine, amodiaquine, and to a lesser extent quinine.

Amplification of pfmdr1 can also mediate resistance to mefloquine and impact

lumefantrine efficacy. Parasite resistance to antifolates has been mapped to point

mutations in the target enzymes dihydrofolate reductase and dihydropteroate

synthase, and mutations in cytochrome b have been found to ablate atovaquone

efficacy. Antibiotic resistance has been associated with mutations that preclude

drug inhibition of protein translation in the parasite apicoplast. The study of

resistance to artemisinin derivatives and several partner drugs used in artemisinin-based

combination therapies is an area of active research that has yet to define clearly how

in vitro resistance can translate into predictions of treatment failures. Research in

this area is important not only for its ability to generate molecular markers of

A. Ecker

Department of Microbiology and Immunology, Columbia University Medical Center, Room 1502,

Hammer Health Sciences Center, 701 West 168th Street, New York, NY 10032, USA

A.M. Lehane

Department of Microbiology and Immunology, Columbia University Medical Center, Room 1502,

Hammer Health Sciences Center, 701 West 168th Street, New York, NY 10032, USA

Research School of Biology, The Australian National University, Canberra, ACT 0200, Australia

D.A. Fidock (*)

Department of Microbiology and Immunology, Columbia University Medical Center, Room 1502,

Hammer Health Sciences Center, 701 West 168th Street, New York, NY 10032, USA

Division of Infectious Diseases, Department of Medicine, Columbia University Medical Center,

New York, NY 10032, USA

e-mail: df2260@columbia.edu

H.M. Staines and S. Krishna (eds.), Treatment and Prevention of Malaria,
DOI 10.1007/978-3-0346-0480-2_13, # Springer Basel AG 2012

249

mailto:df2260@columbia.edu


treatment failure but also for the insights it can provide into drug mode of action and

the development of chemical and pharmacological strategies to overcome resis-

tance mechanisms.

1 Introduction

The ability to monitor and predict parasite drug resistance is crucial to the rational

implementation of antimalarial treatment policies. The determination of resistance

in vivo is costly and confounded by the effects of host immunity, pharmacokinetic

variables, and the possibility of reinfection, among other factors. Similarly, deter-

mination of drug resistance of field isolates in vitro presents many technical caveats

associated with performing drug susceptibility assays on non-culture-adapted and

frequently polyclonal isolates from patients who may have an unknown treatment

history. Not surprisingly, results from these in vitro assays may not always correlate

with clinical outcome. Alternatively, molecular markers can serve as sentinels in

the surveillance of drug resistance. However, the clinical relevance of a putative

molecular marker must first be established.

While a wealth of studies attempting to correlate molecular markers and treat-

ment outcome have been published, the lack of standardization of trial design and

data reporting (as recommended in [1, 2]) can render comparison between trials

difficult, and trials may fail to find an existing correlation due to lack of statistical

power, if too few patients are included or the prevalence of a mutation is near

saturation. Ideally, the contribution of a molecular marker to drug responses should

further be determined in defined genetic backgrounds by allelic exchange. Impor-

tantly, with few exceptions, resistance phenotypes are multifactorial, and

conflicting results in different genetic backgrounds, or experimental or geographical

settings are therefore to be expected. The reader is referred to recent reviews for a

general introduction to genetic mapping of drug resistance [3, 4].

In the following sections we will discuss molecular markers for drug resistance

as they relate to P. falciparum (Table 1). Molecular markers for drug resistance in

P. vivax are summarized at the end of this chapter.

2 Molecular Markers for Resistance to Quinoline-Based Drugs

2.1 P. falciparum Chloroquine Resistance Transporter

The primary determinant of chloroquine (CQ) resistance (CQR), P. falciparum
chloroquine resistance transporter (pfcrt), was identified through a genetic cross

between the CQ-sensitive and CQ-resistant clones HB3 (Honduras) and Dd2

(Indochina), respectively. In the progeny of this cross, inheritance of verapamil-

reversible CQR segregated with a single genetic locus on chromosome 7, and was
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Table 1 Summary of the major molecular markers for clinical resistance that have been identified

for antimalarial drugs

Drug Molecular marker for resistance Comments

Amodiaquine K76T mutation in PfCRT and

N86Y mutation in PfMDR1

Other mutations in pfcrt and pfmdr1 also

affect amodiaquine response; the South

American 7G8 pfcrt allele confers greater
resistance to monodesethylamodiaquine

(the primary metabolite) as compared to

other pfcrt alleles investigated to date

Atovaquone Y268S/C/N mutation in

cytochrome b
This mutation mediates atovaquone

resistance; it has been shown in the murine

parasite P. yoelii that mutations in

cytochrome b that cause atovaquone

resistance also ablate the synergistic

effects of the atovaquone–proguanil

combination

Azithromycin G76V mutation in the ribosomal

protein L4

Based on an in vitro study; azithromycin is

under investigation with partner drugs in

malaria treatment trials

Chloroquine K76T mutation in PfCRT This mutation is accompanied by other

mutations in PfCRT; polymorphisms in

pfmdr1 and perhaps pfmrp may augment

or otherwise play a role in pfcrt-mediated

chloroquine resistance

Clindamycin A1875C mutation in apicoplast

23S rRNA

A2058C mutation at equivalent position in

E. coli 23S rRNA is known to mediate

resistance to clindamycin

Cycloguanil Mutations in DHFR: A16V and

S108T

Certain combinations of pyrimethamine-

resistance-conferring mutations in DHFR

also reduce parasite susceptibility to

cycloguanil

Fosmidomycin pfdxr amplification Based on an in vitro study; fosmidomycin has

not been registered for malaria treatment

Lumefantrine pfmdr1 amplification The wild-type pfcrt allele (K76), and possibly

also pfmdr1 N86, confer a reduction in

parasite susceptibility to lumefantrine as

compared to other pfcrt and pfmdr1 alleles

Mefloquine pfmdr1 amplification Most important predictor of mefloquine

resistance discovered to date; however

mefloquine resistance has also been

observed in the absence of pfmdr1
amplification

Pyrimethamine Mutations in DHFR: S108N,

N51I, C59R and I164L

Not all of these mutations need be present; the

extremely resistant quadruple mutant is

widespread in Southeast Asia, whereas the

triple mutant lacking I164L is prevalent in

Africa

Quinine No reliable marker identified Quinine resistance is multifactorial; mutations

in pfcrt, pfmdr1 and pfnhe-1, and copy

number variations in pfmdr1, may play

a role

(continued)
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ultimately mapped to mutations in the highly interrupted 13-exon pfcrt gene [5].

pfcrt accounts for >95% of the CQ response variation among the progeny, as

revealed by quantitative trait loci (QTL) analysis [6] (Fig. 1). A strong association

of pfcrt with parasite response to CQ has also been confirmed in a recent genome-

wide association study [7]. pfcrt encodes a 49 kDa putative transporter of unknown
function that localizes to the membrane of the parasite’s digestive vacuole (DV) [5].

Based on bioinformatic analyses, PfCRT is a member of the drug/metabolite

transporter superfamily [8].

Allelic exchange experiments have demonstrated unequivocally that mutant

pfcrt can confer verapamil-reversible CQR to sensitive parasites [9]. This may to

some extent depend on the genetic background as in the D10 (Papua New Guinea)

strain the introduction of mutant pfcrt only resulted in a moderate CQ tolerance

phenotype [10]. Importantly, a single mutation, resulting in the amino acid change

K76T, has been shown to be essential for CQR, as removal of this mutation from

CQ-resistant strains (Dd2 and 7G8, representative of resistant parasites from

Southeast Asia and South America, respectively) resulted in complete loss of the

resistance phenotype [11]. Replacement of the positively charged lysine (K) residue

with a neutral threonine (T) may enable PfCRT to transport diprotonated CQ out of

the DV, either through active transport or via facilitated diffusion, thereby decreasing

access to its heme target in the DV (reviewed in [12]). This transport activity of

mutant PfCRT was also studied in heterologous expression systems such as yeast

[13], Dictyostelium discoideum [14] and Xenopus laevis oocytes [15]. In the latter

study, mutant PfCRT was shown directly to mediate CQ transport, while no

transport activity was seen for the wild type form.

Notably, K76T is always accompanied by at least three and up to eight additional

polymorphisms. These are mainly found in or immediately adjacent to one of the

ten transmembrane domains and may compensate for altered PfCRT function, due

to the K76T polymorphism, and/or modulate drug susceptibility [5]. Amino acid

sequences surrounding K76T (position 72–76) distinguish African and Southeast

Asian (predominantly CVIET) and South American, Philippino, and Papua New

Guinean strains (predominantly SVMNT) from the invariant wild type, CQ-sensitive

haplotype (CVMNK) [16]. All together, 16 variant residues have been identified,

rendering PfCRT an extraordinarily polymorphic protein (Table 2) [5, 17–28].

An association of pfcrtK76T and in vitro CQR has also been confirmed in many,

although not all, studies using field isolates (reviewed in [29]). This might reflect

the requirements for additional genes in drug resistance, an interplay with other

undetected pfcrt polymorphisms, or technical caveats associated with determining

the susceptibility of non-culture-adapted, frequently polyclonal patient isolates.

Table 1 (continued)

Drug Molecular marker for resistance Comments

Sulfadoxine Mutations in DHPS: S436A/F,

A437G, K540E, A581G and

A613S/T

Not all mutations need be present; the A437G

mutation is the most commonly observed
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pfcrtK76T has also been associated with CQ treatment failure in clinical settings

(e.g. [30–32]). A recent review and meta-analysis of 25 studies confirmed that pfcrt
K76T increased the risk of therapeutic failure after CQ treatment [1]. This validates

the usefulness of pfcrt K76T as a sensitive molecular marker for CQR in the field.

Nevertheless, pfcrt K76T has proven less predictive of clinical failure in patient

populations with high pre-existing partial immunity; this “premunition” allows
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Fig. 1 Quantitative trait loci (QTL) analysis of a cross between the chloroquine (CQ)- and quinine

(QN)-sensitive HB3 strain and the CQ-resistant and low-level QN-resistant Dd2 strain. pfcrt
accounts for >95% of the variation in CQ responses amongst the progeny, evident as a sharp

peak on chromosome 7 with a log of differences (LOD) score of >20 (a), however this gene has a

more modest effect on QN responses (b). Most of the QN response variation can be attributed to

two main additive QTL: 35% to a chromosome 13 peak centered on the C13M56 marker (thought

to be a result of mutations in pfnhe-1 or a neighboring gene [6, 90]), and another 30% to a

chromosome 7 peak centered on pfcrt. This figure was reproduced in modified form with

permission from [6]
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some patients with infections carrying pfcrt T76 to respond adequately to CQ

treatment [31, 33].

pfcrt K76T has also been used as an epidemiological tool to monitor parasite

populations in response to changes in drug policy, as exemplified in a study that

surveyed pfcrt genotypes after discontinuation of CQ use in Malawi. Strikingly,

CQ-resistant strains disappeared within 10 years of CQ withdrawal, which suggests

that the CVIET-type mutant pfcrt allele imparts a substantial fitness cost in this high

transmission setting [34]. Nevertheless, minority pfcrt K76T genotypes may still be

present in Malawi, as standard PCRs may fail to correctly identify these in poly-

clonal infections. They can be detected with greater sensitivity using a multiple site-

specific heteroduplex tracking assay [35].

In addition to their central role in parasite response to CQ, pfcrt mutations can

significantly alter the degree of susceptibility to a number of structurally unrelated,

clinically important drugs, including several of the partner drugs used in

artemisinin-based combination therapy. Introduction of mutant pfcrt into the CQ-

sensitive GC03 strain conferred a slight increase in resistance to amodiaquine (AQ)

and to its primary and active metabolite desethylamodiaquine (DEAQ) [9]. Field

studies have also demonstrated selection of pfcrt K76T in recrudescences and

reinfections following AQ treatment, although the presence or absence of this

mutation before treatment was not predictive of treatment outcome [36]. pfcrt
mutations, particularly in the 30 region of the gene, were enriched in Colombian

field isolates with decreased susceptibility to AQ and DEAQ [20]. Indeed, the

analysis of two genetic crosses revealed that South American pfcrt alleles, in

combination with South American pfmdr1 alleles (see below for a discussion of

pfmdr1), mediate high DEAQ resistance but only moderate CQR [37]. AQ has been

used in South America since the late 1940s [37]. Thus, historically DEAQmay have

been the main driving force in selection of these PfCRT haplotypes.

In contrast, the pfcrt K76T mutation was reported to increase parasite suscepti-

bility to lumefantrine, and was selected against in reinfections following

artemether–lumefantrine treatment [38] (note, it is generally assumed that these

reinfections represent reinoculations and that selective pressure is exerted by

subtherapeutic levels of the long half-life artemisinin partner drug, in this case

lumefantrine). pfcrtmutations, particularly at position 76, can also increase parasite

susceptibility to quinine, mefloquine, halofantrine, and artemisinin and its

derivatives [9, 39]. In the case of quinine, the effects of pfcrt mutations depend

on the parasite genetic background [11], and the pattern of cross-resistance with its

diastereomer quinidine is complex [39, 40]. This suggests that pfcrt is but one

component of a multifactorial basis of quinine resistance [6].

2.2 P. falciparum Multidrug Resistance Protein 1

P. falciparum multidrug resistance protein 1 (pfmdr1) encodes an ATP-binding

cassette (ABC) transporter orthologous to mammalian P-glycoproteins that mediate
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verapamil-reversible multidrug resistance in mammalian cancer cells. PfMDR1,

also known as P-glycoprotein homologue 1 (Pgh-1), is composed of two homolo-

gous halves, each with six predicted transmembrane domains and a conserved

nucleotide-binding domain [12]. PfMDR1 localizes to the DV membrane and

may function in importing solutes into the DV [41]. Together with PfCRT,

PfMDR1 is likely to be an important regulator of drug accumulation in this

organelle.

pfmdr1 was identified based on the similarity of CQR and tumor multidrug

resistance and the observation that CQR can be reversed by the calcium channel

blocker verapamil [42], which suggested the involvement of an mdr ortholog [43,

44]. However, the analysis of the HB3 � Dd2 genetic cross revealed that CQR was

not linked to pfmdr1 [45], and led to the identification of pfcrt as the major

determinant of resistance [5].

Nevertheless, it was subsequently shown that pfmdr1 plays a central role in

parasite responses to many drugs. Amplification of pfmdr1 was selected in vitro by

mefloquine pressure [44, 46, 47], and was shown to correlate with increased

transcript [43, 46, 47] and protein [46] abundance. The mefloquine-selected lines

displayed cross-resistance to halofantrine and quinine [46, 47] and vice-versa [48].

This cross-resistance has also been observed in the field [49] and may explain why

pfmdr1 amplifications were observed in field isolates obtained before mefloquine

was in clinical use [46].

Increased pfmdr1 copy number was also associated with reduced in vitro sus-

ceptibility to mefloquine, halofantrine, quinine, dihydroartemisinin, and artesunate

in Thai isolates [49–51]. Importantly, pfmdr1 gene amplification was shown to be

the most important predictor for treatment failure following mefloquine

monotherapy [49, 52] or artesunate–mefloquine combination therapy [49, 53].

Increased pfmdr1 copy number was also associated with a four-fold increase in

the risk of treatment failure of a 4-dose artemether–lumefantrine regimen, while the

6-dose regimen remained effective in the presence of pfmdr1 amplification [54].

Nevertheless, some mefloquine-resistant parasites lack pfmdr1 amplification,

illustrating that mefloquine (and halofantrine) cross-resistance can also be mediated

by other mechanisms [48, 49, 55]. It is worth noting that pfmdr1 transcript levels are
reportedly rapidly upregulated in vitro following parasite exposure to CQ, meflo-

quine or quinine, but not to pyrimethamine [56]. While pfmdr1 amplification was

originally reported in CQ-resistant lines [43], several subsequent studies have

demonstrated an inverse relationship between pfmdr1 copy number and the level

of CQR, suggesting that pfmdr1 overexpression tends to reduce the level of CQR

[46, 47, 57].

The genetic disruption of one of the two pfmdr1 copies in the drug resistant FCB
line increased susceptibility to mefloquine, lumefantrine, halofantrine, quinine, and

artemisinin [58], further illustrating the central role that pfmdr1 copy number plays

in parasite responses to multiple antimalarials. However, no change in IC50 values

for CQ was observed, suggesting that the effect of pfmdr1 copy number on CQR

may be strain-specific or depend on specific combinations of pfcrt and pfmdr1
polymorphisms [58].
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In addition to amplification, pfmdr1 polymorphisms have also been associated

with drug susceptibility. These occur in several different haplotypes (Table 3) [18,

20, 37, 59–67]. The mutations likely alter the substrate specificity of PfMDR1, as

illustrated by the observation that PfMDR1 S1034C/N1042D failed to complement

yeast deficient for a mating factor export molecule, while wild type PfMDR1 could

[68]. Furthermore, it was shown that expression of wild type PfMDR1 in mamma-

lian cells increased CQ uptake, while PfMDR1 S1034C/N1042D had no effect [69].

Similarly, in heterologous expression studies in Xenopus oocytes wild type

PfMDR1 transported CQ and quinine but not halofantrine, whereas PfMDR1

variants transported halofantrine but not the other two drugs [70]. Of note, with

the exception of Y184F, mutations are generally absent from pfmdr1 alleles that

have also undergone amplification [49, 54].

An association of pfmdr1 mutations and response to CQ has been reported in

some, but not other studies using field isolates (reviewed in [29, 71, 72]). A recent

review and meta-analysis of 29 studies supported a role for pfmdr1N86Y in CQ and

AQ treatment failure, although the association with CQ was weak [1]. Other than

N86Y, D1246Y may also be involved in AQ/DEAQ resistance. In East Africa,

D1246Y (together with N86Y and Y184) was selected in recrudescent infections

after AQ therapy [73], and in a set of Colombian field isolates the parasites with

Table 3 PfMDR1 polymorphisms

Region of origin Isolates

(examples)

PfMDR1 position and

encoded amino acida,b
Reference

86 184 1034 1042 1246

Wild type

All regions D10 N Y S N D

Major mutant haplotypes

K1 haplotype (predominant in

Asia and Africa)

Dd2 Y Y S N D [37, 62]

7G8 haplotype (predominant in

South America)

7G8 N F C D Y [37, 62]

Minor mutant haplotypes

Africa, Southeast Asia Ghana, Nigeria 2 N F S N D [62, 65, 67]

Southeast Asia Field isolates N F C N D [67]

South America, Southeast Asia Jav, Ecu1110,

HB3, BT3

N F S D D [20, 37, 59,

62, 67]

South America, Southeast Asia PH4 N F C D D [18, 59, 67]

South America Field isolates N F S D Y [20, 64]

Africa Field isolates N F – N Y [60]

Africa Field isolates N Y – N Y [60]

Africa GB4, Nigeria 32 Y F S N D [37, 62]

Africa Field isolates Y Y S N Y [63, 66]

Africa Field isolates Y F – N Y [60]

Africa Field isolates F Y S N D [61]
aGray shading indicates residues that differ from the wild type allele. – not determined
bAdditional polymorphisms may be present at other positions
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pfmdr1 D1246Y tended to have the highest AQ IC50 values [20]. In South America,

the 7G8-type pfcrt and pfmdr1 alleles appear to interact to confer high-level AQ/

DEAQ resistance [37]. pfmdr1 N1042D was strongly associated with lumefantrine

IC50 values in isolates from the Thai–Myanmar border [74]. Furthermore, in two

studies in Africa the wild type N86 and the Y184F and 1246D mutations had

significantly higher allelic frequencies in reinfections following artemether–lume-

fantrine treatment [75, 76], suggesting that pfmdr1 polymorphisms may prove

useful as a molecular marker for lumefantrine resistance. In contrast, while certain

pfmdr1 point mutations did alter susceptibility of field isolates to mefloquine and

artesunate in vitro [49, 50, 74], they were not predictive for treatment outcome

following mefloquine monotherapy or mefloquine–artesunate combination therapy

[49, 52, 77].

Allelic exchange studies have confirmed the influence of 30 pfmdr1 point

mutations on parasite responses to numerous drugs. In the CQ-sensitive D10 and

CQ-resistant 7G8 parasite strains, the S1034C/N1042D/D1246Y mutations were

sufficient to confer a significant decrease in quinine susceptibility [78]. A strong

influence of position 1042 on quinine response was confirmed in the GC03 and

3BA6 genetic backgrounds, representing progeny of the HB3 � Dd2 genetic cross,

although the three mutations were insufficient to confer quinine resistance to GC03

when compared with the wild type allele [72]. These findings corroborate a QTL

analysis of the same genetic cross that attributed 10% of the total variation in

quinine response to a region on chromosome 5 containing pfmdr1 [6], and a recent

genome-wide association study that reported an association of pfmdr1 with quinine
and, more weakly, CQ responses [7]. In contrast, the presence of the S1034C/

N1042D/D1246Y mutations was correlated with increased susceptibility to

artemisinin, mefloquine, and halofantrine in all genetic backgrounds used in these

allelic exchange studies (D10, 7G8, GC03, and 3BA6) [72, 78]. These findings

corroborate the linkage between pfmdr1 mutations and increased susceptibility to

mefloquine, halofantrine, lumefantrine, artemisinin, artemether, and arteflene (Ro

42–1611) that had previously been observed in the genetic cross between HB3 and

the CQ-sensitive 3D7 strain [79].

The role of 30 pfmdr1 polymorphisms in parasite responses to CQ has been less

clear. While reversal of S1034C/N1042D/D1246Y in a CQ-resistant clone (7G8)

halved the level of CQR, introduction of the same mutations into another CQ-

resistant clone (3BA6) and two sensitive clones (D10 and GC03) had no effect on

parasite susceptibility to CQ [72, 78]. These findings suggested that pfmdr1
polymorphisms can enhance CQR in a strain-dependent manner, but are insufficient

to confer CQR to a CQ-sensitive strain. pfmdr1 may contribute to CQR directly by

transporting drug or by influencing physiological parameters that influence drug

accumulation or parasite susceptibility to the toxic consequences of drug interfer-

ence with heme detoxification. Alternatively, pfmdr1 polymorphisms might be

beneficial indirectly by compensating for physiological perturbations induced by

the expression of mutant pfcrt [29]. This epistatic interaction may in part explain

the observed linkage disequilibrium between pfcrt and pfmdr1 (reviewed in [29]).
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2.3 P. falciparum Multidrug Resistance-Associated Protein
and Other Transporters

In addition to pfcrt and pfmdr1, many other transporters have earlier been reported

to associate with parasite responses to quinine and CQ in a study that genotyped 97

culture-adapted isolates for SNPs in 49 genes encoding predicted or known

transporters and transport regulatory proteins [80]. The identified SNPs included

two point mutations in the plasma membrane ABC transporter P. falciparum
multidrug resistance-associated protein (PfMRP) (PFA0590w), which were weakly

associated with CQR in Asia (Y191H) and the Americas (A437S), and quinine

resistance in the Americas (Y191H, A437S) [80]. However, studies on

P. falciparum isolates from French travelers returning from Africa [81], and on

clinical isolates from the Thailand–Myanmar border [74], failed to find significant

associations between SNPs in these transporter genes and drug responses, with

the single exception of a borderline significant association of a 3 bp insertion in the

ABC transporter G7 (PF13_0371) and increased artesunate IC50 values [74], the

relevance of which remains to be determined. Of note, PfMRP Y191H could not be

analyzed in the Thai–Myanmar isolates due to insufficient variation [74]. Recent

studies have also reported evidence for the possible selection of certain PfMRP

alleles in reinfections following artemether–lumefantrine treatment (those with

876I) [82], and in recrudescence following sulfadoxine–pyrimethamine treatment

(those with 1466K) [83].

Disruption of PfMRP in the CQ-resistant strain W2 rendered the parasite more

susceptible to CQ and quinine, possibly as a result of reduced efflux of these drugs

by the knockout parasite [84]. PfMRP may transport multiple chemically unrelated

drugs, as illustrated by the reduced IC50 values that were also reported for

artemisinin, piperaquine, and primaquine. PfMRP-deficient parasites also

accumulated more glutathione, indicating that PfMRP may transport glutathione

out of the cell. Overall the observed reductions in IC50 values were modest

(38–57%), suggesting that PfMRP might serve as a secondary determinant to

modulate parasite resistance to these antimalarials.

2.4 P. falciparum Na+/H+ Exchanger 1

Earlier QTL mapping of 35 progeny of a cross between the low-level quinine-

resistant Dd2 clone and the quinine-sensitive HB3 clone identified five genomic

regions with additive or pairwise effects on quinine response [6]. Most of the

quinine response was attributed to two additive loci, a chromosome 7 peak that

was centered around pfcrt (30% of the variation) and a peak on chromosome 13

(35% of the variation) that interacted with a locus on chromosome 9 (Fig. 1). Within
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the chromosome 13 region, the authors identified the P. falciparum Na+/H+

exchanger 1 (pfnhe-1) gene that encodes a putative Na+/H+ exchanger as a potential

candidate gene and demonstrated an association of a D- and N-rich repeat poly-

morphism (microsatellite ms4760-1) with quinine response in 71 isolates from

Africa, South east Asia, and Central and South America [6]. Of note, this locus is

highly polymorphic, with >30 different genotypes reported thus far [85, 86].

However, subsequent studies have reported conflicting results on the association

of this locus with quinine responses, with increasing repeat number associated with

increased quinine IC50 values in one study [86], but decreased IC50 values in

another study [87].

Some strains with higher levels of quinine resistance were reported to possess

elevated Na+/H+ exchange activity and either a higher cytosolic pH or vacuolar-to-

cytosolic pH gradient [88], although the experimental basis of these observations

has been called into question in other studies [89, 90]. Importantly, a genetic knock-

down of pfnhe-1 expression through truncation of the 30 untranslated region

resulted in a statistically significant ~30% decrease in quinine mean IC50 values

in the CQ- and (moderately) quinine-resistant 1BB5 and 3BA6 parasite lines, but

not in the CQ-sensitive GC03 line [90]. These data support a role for pfnhe-1 in

contributing to quinine susceptibility in a strain-specific manner but also imply that

other parasite factors are required for the parasite to be resistant to quinine.

3 Molecular Markers for Resistance to Antifolates

Antifolates that have been used for malaria treatment include pyrimethamine,

sulfadoxine, and proguanil. In the case of proguanil, it is the cycloguanil metabolite

that interferes with folate metabolism. Resistance of P. falciparum parasites to all

of these agents is widespread [91]. Pyrimethamine and cycloguanil inhibit the

parasite dihydrofolate reductase (DHFR) and sulfadoxine inhibits a downstream

enzyme in the folate biosynthetic pathway, dihydropteroate synthase (DHPS). The

sulfadoxine–pyrimethamine combination was used extensively as a first-line treat-

ment against P. falciparum in many malaria-endemic regions when CQ lost its

efficacy [92]. The efficacy of this combination is highly dependent on synergy

between the components; when resistance to either component exists, the efficacy

of the combination is severely reduced [93]. Readers are referred to Gregson and

Plowe [94] for a comprehensive review on the mechanisms of antifolate action and

resistance in P. falciparum.
Resistance of P. falciparum parasites to antifolates is mediated by mutations in

the target proteins – DHFR in the case of pyrimethamine and cycloguanil and

DHPS in the case of sulfadoxine. Evidence for an association between mutations in

DHFR/DHPS and resistance to the antifolates came from sequencing of the dhfr
and dhps genes in strains with varying susceptibilities to antifolate drugs [95–100].

A causal effect for mutations in these proteins was subsequently established by

transfecting parasites with mutant forms of the genes [101, 102]. The effects of
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mutations in DHFR and DHPS on enzymatic activity and sensitivity to antifolate-

mediated inhibition have also been ascertained with recombinant proteins from

P. falciparum or by characterizing corresponding mutations in the DHFR ortholog

from Toxoplasma gondii [103–105].
A number of different mutant forms of DHFR have been identified in the field.

Pyrimethamine-resistant isolates contain a S108N mutation, and more highly resis-

tant isolates possess additional mutations at codons 51 (N51I), 59 (C59R), and

sometimes 164 (I164L). An A16V/S108T form has also been discovered and

confers greater resistance to cycloguanil than to pyrimethamine [97]. The other

forms confer a greater degree of resistance to pyrimethamine than to cycloguanil

with the exception of the “quadruple mutant” (the S108N/N51I/C59R/I164L com-

bination), which confers high-level resistance to both drugs [97, 98]. The quadruple

mutant is of particular concern as it has been associated with very high levels of

sulfadoxine–pyrimethamine treatment failure [106]. It is widespread in Southeast

Asia but remains rare in Africa [107]. Studies in which P. falciparum DHFR

variants were expressed in yeast or E. coli revealed that the addition of the I164L

mutation to the triple mutant form of DHFR augmented resistance to pyrimeth-

amine but also had a negative impact on enzyme activity (as inferred from the rate

of yeast/bacterial growth) [108, 109]. Thus, quadruple mutant parasites may be at a

fitness disadvantage, and more fit, less resistant parasites may have the upper hand

in Africa where asymptomatic untreated infections are common [94]. Five

mutations associated with sulfadoxine resistance have been identified in DHPS:

S436A/F, A437G, K540E, A581G, and A613S/T. Among these mutations, the

A437G change (either alone or in combination with other mutations) is observed

most often in field isolates [93].

A recent study analyzed the literature (consisting predominantly of studies

performed in Africa within the past decade) on the effect of mutations in DHFR

on treatment outcome with sulfadoxine–pyrimethamine [1]. When considered in

isolation and without knowledge of whether other DHFR mutations were present,

the mutations at positions 108, 51, and 59 gave odds ratios (ORs; the proportion of

therapeutic failures with mutation-bearing parasites divided by the proportion of

therapeutic failures with wild type parasites) of 2.1, 1.7, and 1.9, respectively. For

the 51 + 59 + 108 triple mutant, the OR was 4.3 [1]. No data were provided for the

quadruple mutant, presumably because fewer studies on its association with treat-

ment failure have been performed.

From studies investigating the influence of DHPS mutations on sulfadoxine–

pyrimethamine treatment outcome, Picot et al. determined an OR of 1.5 for the

A437G mutation and an OR of 3.9 for the 437 + 540 double mutant. For “quintuple

mutants” with mutations at positions 51, 59, and 108 in DHFR and 437 and 540 in

DHPS, the OR was 5.2 [1]. Two studies reported that the presence of two mutations,

DHFR C59R and DHPS K540E, was highly predictive of the presence of the

quintuple mutation set [110, 111]. Thus, monitoring just these two mutations

could be sufficient to enable predictions of sulfadoxine–pyrimethamine efficacy

in a given area [94]. As with all antimalarial treatment regimens, parasite genotype

is not the only determinant of treatment outcome. Host factors including immunity,
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nutritional status (including blood folate concentrations), and drug metabolism

rates will also impact on patient response.

Although the move towards artemisinin-based combination therapies has less-

ened the use of sulfadoxine–pyrimethamine for malaria treatment, the latter

continues to occupy an important place in the “intermittent preventative treatment”

of pregnant women. A recent study investigated whether this choice of treatment of

pregnant women was of benefit in an area of Tanzania in which mutant dhfr and
dhps alleles are prevalent. Worryingly, the authors found that women who received

treatment in this area were more likely to have a higher parasitemia and increased

level of inflammation in the placenta than those who did not [112]. This would

imply that the monitoring of sulfadoxine–pyrimethamine resistance in areas in

which it is being considered for use in intermittent preventative treatment is of

utmost importance for informing policy choices.

There is no evidence for an amplification of the genes encoding DHFR or DHPS

in antifolate-resistant P. falciparum field isolates [94]. However, the amplification

of a gene upstream in the folate biosynthesis pathway, gtp-cyclohydrolase I, has
been observed in certain strains [113] and has been reported to associate with the

I164L mutation in DHFR [114]. An increase in the level of GTP-cyclohydrolase I

(the rate-limiting enzyme in the folate biosynthesis pathway) might be an adapta-

tion to compensate for a reduced efficiency of 164L-containing DHFR [114].

4 Molecular Markers for Resistance to Artemisinins

Clinical resistance to artemisinin derivatives has not yet emerged, although data

from artemisinin monotherapy treatment studies in west Cambodia provide evi-

dence of delayed parasite clearance times, which might presage the emergence of

bona fide resistance leading to treatment failures [115, 116]. Thus there is a clear

imperative to identify molecular markers of artemisinin resistance. The major

candidate that has been proposed is the ATP-consuming calcium-dependent

P. falciparum SERCA ortholog, PfATP6. Initial studies in transfected Xenopus
laevis oocytes provided evidence that PfATP6 could be specifically inhibited by

artemisinin, an effect that could be antagonized by the mammalian SERCA inhibi-

tor thapsigargin [117]. When expressed and purified from Saccharomyces
cerevisiae, PfATP6 incorporated into lipid vesicles could not be inhibited by

artemisinin and was only partially sensitive to high concentrations of the SERCA

inhibitor thapsigargin [118]. The latter suggests that caution should be taken when

interpreting these results, which do not rule out the PfATP6 hypothesis (reviewed in

[119]). Modeling studies have predicted that introducing an L263E mutation into

PfATP6 could result in a loss of artemisinin binding, which was subsequently

confirmed in oocyte assays [120]. This mutation has now been engineered into

the pfatp6 locus in P. falciparum [121]. Assays with cultured asexual blood stage

parasites found no difference between L263E and wild type lines in their IC50

values with artemisinin, dihydroartemisinin, and artesunate. However, L263E
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mutant lines showed a clear difference in the distribution of their IC50 values, and

IC50 values normalized to wild type controls showed a significant increase to

artemisinin and dihydroartemisinin that was particularly evident in the D10

(Papua New Guinea) genetic background.

Studies have not observed the L263E mutation in field isolates. However,

multiple other mutations have been observed, including the S769N mutation that

was detected in a few isolates from French Guiana that yielded high IC50 values

when tested against artemether [119, 122, 123]. Studies to define their impact in

P. falciparum should shed further light on the relationship between PfATP6 and

parasite susceptibility to artemisinins.

The search for molecular markers for artemisinin resistance via a genetic

approach of selecting for resistance and identifying mutations that might be causal

for resistance has been severely hampered by the difficulties in selecting stably

resistant lines in vitro. In genetically modified parasite lines, pfcrt and pfmdr1
mutations were observed to increase parasite susceptibility to artemisinin and its

derivatives [9, 39, 72, 78], but the observed changes were small and neither gene

therefore appears to be a major resistance determinant. pymdr1 amplification was

reported in unstably artemisinin-resistant P. yoelii [124], and some – but not all –

artemisinin- or artelinic acid-selected P. falciparum lines had also increased their

pfmdr1 copy number [125, 126]. However, when the artelinic-acid resistant

P. falciparum line was cultured in the absence of drug, parasites rapidly deamplified

pfmdr1, concomitant with only a partial reversal of drug resistance [127]. Stable

resistance to artemisinin and its derivatives has to date only been obtained in

P. chabaudi; this was achieved in the absence of mutations or copy number changes

in the pfcrt and pfmdr1 orthologs and other genes previously associated with the

mechanism of action of artemisinins [128].

Linkage group selection performed with the uncloned progeny of a genetic cross

between the artemisinin-resistant P. chabaudi line and a sensitive clone subse-

quently identified a region on chromosome 2 that appeared to be selected by

artemisinin [129]. Within this region, the authors detected two nonsynonymous

mutations within a gene encoding a putative deubiquitinating protease termed

ubiquitin-specific protease-1 (UBP-1) or ubiquitin carboxyl terminal hydrolase

(UBCTH) (the ortholog of P. falciparum MAL1P1.34b). These mutations arose

during selection with CQ and with CQ and mefloquine (V2728F), or with CQ and

artesunate (V2697F), respectively [130]. This puzzling observation of similar

mutations in the same gene occurring under selection with two different drugs

could be explained if (1) mutant pcubp1 compensated for a fitness cost in the last

common progenitor instead of directly contributing to resistance to either drug; or

(2) if both drugs compromised a common cellular function, such as the regulation of

oxidative stress; or (3) if UBP-1 mediated the posttranslational modification of a

target that modulated parasite responses to both drugs [129]. Of note, no mutations

in pfubp1 were found in unstably artemisinin- or artelinic acid-resistant

P. falciparum [125, 129]. Without allelic exchange studies, one cannot rule out

that artemisinin and artesunate resistance in P. chabaudi is instead caused by a

different gene, either physically linked or epistatic to pcubp1.
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Unstably artemisinin-resistant P. yoelii parasites were also shown to overexpress
translationally controlled tumor protein homolog (TCTP) [131], a protein previ-

ously identified as potentially interacting with dihydroartemisinin [132]. However,

no change in PfTCTP expression level was observed in artemisinin- or artelinic

acid-resistant P. falciparum [125]. There is to date no evidence that TCTP can

contribute to reduced parasite susceptibility to artemisinin.

Parasite responses to the artemisinin combination therapy partner drugs

lumefantrine, AQ, and mefloquine can be impacted by pfcrt and pfmdr1, and the

reader is referred to the respective section of this chapter. Resistance to piperaquine

has been reported following its use as monotherapy in China, but the genetic

resistance determinant has not been identified [133]. Resistance to pyronaridine

has not yet been observed.

5 Molecular Markers for Resistance to Antibiotics

Doxycycline is a tetracycline antibiotic that is used widely for antimalarial chemo-

prophylaxis. Doxycycline and tetracycline can also be used in combination with

quinine, quinidine, or artesunate [91]. In bacteria, tetracyclines exert their toxic

effects by binding to the 30S subunit of the 70S ribosome (comprising the 16S

rRNA and ribosomal proteins) and thereby inhibiting protein translation [134]. It is

likely that in P. falciparum they target the bacterial-like protein translation machin-

ery in the apicoplast [135]. There have been reports of prophylactic failures with

doxycycline, although this could relate to inadequate doses or to poor compliance.

Clinical resistance has not been demonstrated.

In a recent study, the doxycycline susceptibilities of 747 P. falciparum isolates

from different African countries were tested in vitro with the [3H]-hypoxanthine

incorporation method [136]. The strains were classified into three different pheno-

typic groups, with IC50 values for doxycycline stratified as 4.9 � 2.1, 7.7 � 1.2 or

17.9 � 1.4 mM. The drug assays were performed over 42 h (<1 complete asexual

cycle), despite previous evidence showing that doxycycline becomes markedly

more potent in the second cycle of parasite proliferation [137]. A follow-up study

reported that increases in the copy number of pfmdt (PFE0825w; a putative drug/

metabolite transporter) and pftetQ (PFL1710c; a putative tetQ family GTPase) were

more frequent in parasites in the “higher doxycycline IC50 group” than in parasites

from the other two groups [138]. Furthermore, the number of KYNNNN amino acid

motif repeats in TetQ was on average slightly lower in the higher doxycycline IC50

group [138]. It is likely that the second-cycle potency of doxycycline is more

relevant to its clinical activity than its first-cycle potency, thus it would be prema-

ture to consider pftetQ or pfmdt as potential molecular markers for reduced parasite

susceptibility to doxycycline without first knowing whether a higher first-cycle IC50

value is predictive of a higher second-cycle IC50 value.
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Clindamycin is a lincosamine antibiotic that, like the tetracyclines, inhibits

prokaryotic protein translation, but in this case by binding to the 50S ribosomal

subunit, which comprises the 23S rRNA, the 5S rRNA, and ribosomal proteins

[134]. Clindamycin is also recommended for malaria treatment in combination with

quinine, quinidine, or artesunate, and unlike the tetracyclines is deemed safe for

pregnant women and small children [139]. The existence of clindamycin-resistant

P. falciparum parasites was first uncovered in 2010, when genomic analyses of

isolates from the Peruvian Amazon led to the discovery of two point mutations in

the apicoplast 23S rRNA, one of which (A1875C) had a similar location to

mutations known to confer clindamycin resistance in various bacteria [140]. In

vitro drug susceptibility testing revealed that the A1875C mutation was associated

with a marked decrease in parasite sensitivity to clindamycin (a>100-fold increase

in IC50).

The erythromycin derivative azithromycin, which is being investigated as a

potential component of an antimalarial combination therapy, also acts against

bacteria by binding to the 50S ribosomal subunit [134]. It binds in the polypeptide

exit tunnel adjacent to the peptidyl transferase center and hence interferes with the

translocation of nascent polypeptides through this tunnel [141]. The binding site

includes the 23S rRNA and the proteins L4 and L22 [142–144].

In a recent study, P. falciparum parasites resistant to azithromycin were

generated through in vitro drug pressure [145]. The drug-selected lines had IC50

values for azithromycin that were 16- to 17-fold higher than those of the parental

lines (7G8 and Dd2). Studies on the mechanisms of azithromycin action and

resistance in bacteria allowed Sidhu and colleagues to take a candidate gene

approach to determining the molecular basis of azithromycin resistance. Genes

encoding the P. falciparum orthologs of the 23S rRNA and the proteins L4 and L22

were PCR-amplified from the azithromycin-resistant lines and sequenced. A single

point mutation was found in the Pfrpl4 gene (encoding L4) in the azithromycin-

resistant lines selected from the 7G8 and Dd2 lines, and not in the parent lines

themselves. This mutation was identical in both azithromycin-resistant lines and

would result in a glycine to valine substitution at position 76 in the L4 protein.

Similarly-placed L4 mutations have been reported in macrolide-resistant bacteria,

and the region of the protein in which they reside appears to be key in determining

the access of drug to the binding site in the ribosome (reviewed in [146]) (Fig. 2).

Thus, this study strongly suggests that azithromycin acts against P. falciparum by

inhibiting protein translation in the apicoplast and that, like in bacteria, resistance

can be mediated by alterations in the components that are predicted to form the

drug-binding site.

Another antibiotic that has shown some promise in clinical studies is

fosmidomycin [147–149]. Fosmidomycin inhibits 1-deoxy-D-xylulose 5-phosphate

(DOXP) reductoisomerase (DXR), the second enzyme in the DOXP pathway for

isoprenoid biosynthesis [139]. A recent study investigated whether P. falciparum
parasites resistant to this antibiotic could be generated through in vitro drug
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pressure, and if so, whether the resistance mechanism could be elucidated using a

high-density tiling microarray [150]. Fosmidomycin-resistant parasites (with an

~8-fold elevated IC50 value) were generated by sequentially increasing the drug

concentration applied to Dd2 parasites. DNA from fosmidomycin-resistant clones

and the parental line was then hybridized onto the microarrays, and a single large

amplification event on chromosome 4 of the fosmidomycin-resistant clones was

observed. The amplified region was ~100 kb in size and contained 23 genes, the first

of which was pfdxr, the gene encoding the putative target of fosmidomycin.

Subsequent analyses revealed a ~3.8-fold increase in the level of pfdxr transcript
and a ~3-fold increase in the gene copy number in a fosmidomycin-resistant clone

compared with the Dd2 parental line, with no changes in the gene sequence [150].

Thus, potential molecular markers for resistance of P. falciparum parasites to

azithromycin and fosmidomycin have been identified before these compounds have

been approved for use as antimalarial drugs. The identification of these markers was

aided greatly by previous studies on antibiotic action and resistance in bacteria.

a PfRpl4 wild type

Azithromycin

I69

K68

R70

V71

Q72 K73

G74

L75

b PfRpl4 G76V mutant

Azithromycin

K68

R70

V71

Q72 K73

G74

L75
V76

I69

Fig. 2 Structural models of

(a) wild type and (b) the

G76V mutant Pfrpl4 with

azithromycin. These models,

derived using the

Deinococcus radiodurans
crystal structure of protein L4

as a template, revealed a

steric clash between the side

chain of 76V in the G76V

mutant and azithromycin,

consistent with this mutation

conferring azithromycin

resistance. Modeling was

performed by Qingan Sun and

James C. Sacchettini (Texas

A&M University, College

Station, TX). This figure was

originally published in [145].
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6 Molecular Markers for Resistance to Atovaquone

Atovaquone was developed in the 1980s and found to possess activity against a

number of parasites including Plasmodium [151]. When tested as a monotherapy

for P. falciparum malaria, atovaquone treatment was associated with a high risk of

parasite recrudescence (~30%) [152–154]. Recrudescent parasites isolated from

patients treated with atovaquone were found to be highly resistant to the drug, with

a>1,000-fold elevated IC50 value when tested in vitro [153]. Despite atovaquone’s

shortcomings when used as a single agent, the synergistic combination of

atovaquone and proguanil (Malarone) has proven very effective against malaria,

and is used for treatment and prophylaxis [155]. This synergy is attributable to

proguanil, not its DHFR-inhibiting metabolite cycloguanil [156]. A study with the

murine malaria parasite P. yoelii revealed that once parasites are resistant to

atovaquone, synergy with proguanil is lost [157].

Studies on the mechanism of action of atovaquone have revealed that the drug

inhibits mitochondrial electron transport by interacting with the cytochrome bc1
complex [158]. It was recently shown, by generating transgenic parasites

expressing the S. cerevisiae dihydroorotate dehydrogenase enzyme in the cytosol,

that the parasite’s electron transport chain is essential only for the regeneration of

ubiquinone, which is the required electron acceptor for the parasite (but not the

S. cerevisiae) dihydroorotate dehydrogenase [159]. The transgenic parasites were

found to be highly resistant to atovaquone and other electron transport inhibitors,

yet remained highly susceptible to the atovaquone–proguanil combination. The

authors hypothesized that the maintenance of a membrane potential across the

mitochondrial membrane is essential for parasite viability, and that in addition to

the electron transport chain, a proguanil-sensitive pathway for the generation of a

mitochondrial membrane potential exists in the parasite. Atovaquone alone did not

abrogate the membrane potential in either the parental or transgenic parasites;

however, the atovaquone–proguanil combination was highly effective in dissi-

pating the membrane potential in both cases [159].

There is evidence to support the use of the cytochrome b gene (encoded on the

mitochondrial genome) as a molecular marker to monitor atovaquone resistance.

Mutations in this gene were found in each of nine independent atovaquone-resistant

P. yoelii lines selected using suboptimal treatment of P. yoelii-infected mice [157].

The mutations in cytochrome b observed in the atovaquone-resistant P. yoelii lines
all fell within a 15 amino acid region that forms part of the catalytic domain, or Qo

site, where ubiquinol oxidation occurs [160]. Mutations in the Qo region of the

cytochrome b gene have subsequently been reported in atovaquone-resistant

P. falciparum [161], P. berghei [162], and T. gondii [163] parasites.
Atovaquone–proguanil treatment failures have been associated with the muta-

tion of Y268 in P. falciparum cytochrome b to S, C or N (Y268S/C/N; [164, 165],

and references therein). It has been shown that parasites bearing a mutation

at position 268 can arise and spread within individual patients receiving

atovaquone–proguanil treatment [166]. Introducing a mutation in the bacterial
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cytochrome b at the position corresponding to residue 268 in P. falciparum (Y302C

in the bacterial protein) was found to render the bacterial cytochrome bc1 complex

much less sensitive to inhibition by atovaquone [167], thereby establishing a causal

effect for this mutation in the phenomenon of atovaquone resistance.

7 Molecular Markers for Drug Resistance in P. vivax

The lack of a long term in vitro culture system for P. vivax remains a major obstacle

to the study of drug resistance in this important human pathogen. Insights into the

genetic basis of resistance therefore remain limited and have been gained mainly by

comparison with P. falciparum.
Orthologs of pfcrt and pfmdr1 have been identified in the P. vivax genome.

Multiple polymorphisms have been reported in these genes, pvcrt-o (also known as
pvcg10) and pvmdr1, albeit not at positions homologous to the mutations found in

the P. falciparum genes [168, 169]. Moreover, pvcrt-o and pvmdr1 mutations did

not associate with CQR in patient isolates or monkey-adapted lines [168, 170–172].

One exception may be pvmdr1 Y976F, which was found to associate with higher

CQ IC50 values in Thai isolates [173]. However, this mutation had reached near

fixation in the studied parasite isolates from Papua, Indonesia [173], Madagascar

[172], and Brazil [174], despite low rates of CQ treatment failure reported in the

latter two studies, and may thus be of limited value as a molecular marker. These

findings suggest that CQR may have a different genetic basis in P. vivax. It is worth
noting, however, that expression of wild-type pvcrt-o in P. falciparum increased the

CQ IC50 value by 2.2-fold, and in D. discoideum resulted in reduced CQ accumu-

lation in acid endosomes [175], suggesting that pvcrt-o could nevertheless play

some role in CQR in P. vivax.
A mechanism of drug resistance that may more readily translate from

P. falciparum is the role of mdr1 amplification in mefloquine resistance. Two

studies have reported increased pvmdr1 copy numbers in P. vivax isolates from

Tak province in Thailand, where mefloquine has been heavily used, but not in

isolates from regions where parasites have not been exposed to this drug (other Thai

provinces, as well as Laos, Myanmar, Papua) [169, 173].

There is also emerging evidence that mutations in dhfr and dhps are associated
with a reduced parasite sensitivity and a higher risk of treatment failure to sulfadox-

ine–pyrimethamine in P. vivax (reviewed in [176]). More than 20 dhfr alleles have
been identified in P. vivax [176]. This includes the pyrimethamine-resistance-

conferring S58R/S117N form, whose crystal structure has recently been elucidated,

along with wild type P. vivax DHFR ([177]; Fig. 3). The S58R/S117N mutations

are homologous to the C59R/S108N mutations in PfDHFR that cause moderate

resistance to pyrimethamine. The residue at position 58 in PvDHFR was found not

to interact with pyrimethamine, and it was suggested that it may be involved in

binding the natural substrate. The mutation at codon 117 was found to perturb the
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Fig. 3 Binding of pyrimethamine in the active site of Plasmodium vivax DHFR. The pyrimeth-

amine (pyr) and NADPH cofactor are shown as balls and sticks with carbon, nitrogen, and chlorine
colored yellow, blue, andmagenta, respectively. (a) Pyr binding with the wild type P. vivaxDHFR.
Interactions between the enzyme and the pyrimidine ring of the inhibitor include electrostatic

interactions and H-bonds indicated by dotted lines. Numbers next to the lines indicate distances in
Å. (b) Pyr binding with the S58R/S117N double-mutant enzyme. X-ray crystallography revealed

that the interactions around the pyrimidine ring were similar to the wild type enzyme. The

mutation at amino acid 117 from S to N increases a steric factor in the active site. As a result,

the positions of both NADPH and pyr were perturbed from their optimum binding, reducing the

efficiency of pyr by as much as 300-fold. The mutant R residue at position 58 did not directly

interact with the inhibitor and was proposed to affect substrate binding. Data were published by

[177]. These crystal structure images were reproduced with kind permission from Yongyuth

Yuthavong and PNAS
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binding of pyrimethamine [177], as shown previously for the S108Nmutation in the

P. falciparum enzyme [178].
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1 Chemoprophylaxis

The decision to use chemoprophylaxis will depend on a risk benefit analysis

weighting the risk of malaria against the risk of possible adverse drug reactions.

The risk of acquiring malaria will depend on many factors including the type and

intensity of malaria transmission at the destination, the duration and style of travel,

prevention measures used and individual characteristics [1–3]. This risk is difficult

to quantify, and new risk areas may emerge [4], while risk at traditional traveller

destinations can decline [5, 6]. Even though malaria imported to non-endemic

countries is a notifiable disease, the population at risk (i.e. the exact number of

travellers to a specific destination) is often impossible to ascertain.

Therefore, it has been proposed to use data on malaria endemicity in the

indigenous population and then extrapolate the risk to travellers [7], although

many travellers will have a lower risk of malaria than local populations in endemic

areas because they have shorter exposition periods of exposure and higher standards

of accommodation. The exceptions here are travellers visiting friends and relatives

(VFR) who have a malaria risk comparable to or higher than the local communities.

With regard to tolerability, several studies quantify the rate of adverse events in

short-term travellers using malaria chemoprophylaxis but the methodologies used

are rarely comparable so that incidence rates can differ enormously between

studies. The recent Cochrane Review of the tolerability of antimalarial drugs and

the comments on this review highlight the need for more targeted and controlled

studies to address this topic [8]. Data on the long-term use and tolerability of drugs

for chemoprophylaxis are lacking. There is also a lack of data on the safety and

efficacy of strategies for vulnerable populations such as pregnant/lactating women

and small children.

2 Low Risk of Malaria Infection

One of the most difficult questions in malaria prophylaxis today is how to advise

travellers who visit low-risk areas, often areas with unstable transmission and a

changing malaria epidemiology. Few studies report the absolute risk for specific

areas, but these data are necessary to allow a rational decision on whether to

recommend chemoprophylaxis or not, balanced against the risk of side effects.

Travellers should not be exposed to a “substantial risk” (discussed in the next

section) of adverse events from malaria chemoprophylaxis in areas where the risk

of malaria infection is very low.

Can we quantify the risk of contracting malaria and weigh this against the risk of

adverse events from chemoprophylaxis?

A study from Sweden found the risk of malaria to travellers in West Africa,

South Africa, South America and Thailand to be 302, 46, 7.2 and 2 per 100,000

visitors, respectively [9].
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Studies from returning travellers to the United Kingdom two decades ago found

that 1 in 77 or 1,300 per 100,000 persons VFR in Ghana contracted malaria falling

to 1 per 100,000 travellers in South America [10]. A study of malaria in returning

travellers to Denmark found that 158, 76 and 1.7 per 100,000 contracted malaria

while visiting. The Gambia, Indonesia and Thailand, respectively [11]. A declining

risk of malaria in travellers to South America has also been reported. The total

number of imported malaria cases reported to surveillance bodies annually for the

years 2000 to 2005 inclusive, fell from 395 to 209 cases of which 69% were non-

falciparum in 2005 [12].

A study comparing the risk of side effects from chemoprophylaxis with risk of

malaria infection [7] assumed that the risk of malaria is the same in travellers and in

the indigenous population, which may not always be true. The risk in the indige-

nous population should therefore be seen as a maximal risk situation for travellers

with high standards of overnight accommodation. An endemicity level of 20 cases

per 1,000 of the indigenous population would result in an estimated one death per

100,000 travellers per year without chemoprophylaxis. This allows an estimation of

the numbers of travellers to receive chemoprophylaxis to prevent one case and

prevent one fatal outcome.

3 Risk of Adverse Events from Malaria Chemoprophylaxis

The risk of being infected with malaria should be balanced against the risk of

adverse events from malaria chemoprophylaxis. Adverse events can be divided into

frequently occurring events, usually mild, self-limiting and affecting large

percentages of users and rare serious events, which are seen much less frequently

and which are often recognised only after millions of users have taken the drug.

Rare events are usually not discovered in Phase III trials prior to licencing of a drug

and rely on post-marketing surveillance after licencing, which make the true

incidence very uncertain as unreported events are likely. Amodiaquine was with-

drawn due to serious side effects recognized after release and the same happened to

the combination of dapsone/pyrimethamine (Maloprim).

There is only one double blind, randomised controlled trial which compared all

current malaria prophylactic regimens and associated adverse events in 623

travellers randomised to atovaquone/proguanil (Malarone®), mefloquine

(Lariam®), doxycycline and chloroquine/proguanil (as Savarine) [13]. Of the chlo-

roquine/proguanil, mefloquine, doxycycline and atovaquone/proguanil users,

45, 42, 33, and 32% reported mild-to-moderate adverse events, respectively. Severe

adverse events (that interfered with daily activity) were reported in 11, 12, 6 and 7%

of mefloquine, chloroquine/proguanil, doxycycline and atovaquone/proguanil

users, respectively [13]. It should be emphasised that an adverse event is not

necessarily attributable to the antimalarial drug, but reflects all inter-current events

experienced during the use of the drug.
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A recent detailed review [14] found that despite widespread reports of the

adverse effects of mefloquine, controlled studies (involving >5,000 subjects)

have found a low incidence of serious adverse events. Studies of minor adverse

events have, however, highlighted the neuropsychiatric/neuropsychological profile

of this antimalarial showing an excess of such events in women.

In summary, because travellers are healthy persons and side effects do occur, it is

important that the physician prescribing malaria chemoprophylaxis discuss the risk

of side effects with the traveller and obtain consent of the need for malaria

chemoprophylaxis and the drugs chosen.

4 Prophylaxis for Short-Term Visitors

Short-term travellers are persons visiting a malaria-endemic area for weeks or a few

months. This group includes most tourists and the main reason for travel is business

and leisure. The travellers usually have little prior knowledge of disease including

malaria risk at their destination. Because of the incubation period of malaria, many

short-term travellers who acquire the disease will be diagnosed after return. The

actual profile of imported species varies among countries primarily reflecting the

geographic origin of the infection. Malaria deaths are due almost exclusively to

infection with P. falciparum [15].

The key problem for travel health practitioners, at present, is when to advise use

of chemoprophylaxis for travellers to low-risk endemic areas? Based on the

estimates of risk of malaria and adverse events, we propose that the prescription

of chemoprophylaxis in areas with an endemicity level in the indigenous population

below 10 cases per 1,000 population per year is not justified [7].

Should chemoprophylaxis be required, the proper selection of drugs and dosage

for a given area can be found elsewhere [16–18].

5 Standby Emergency Treatment

Standby Emergency Treatment (SBET), where the traveller is prepared to self-treat

if he or she has symptoms suggestive of malaria and is out of reach of medical

attention, is recommended by many authorities as a possible strategy for short-term

travellers to low-risk destinations [18]. Central European countries (Switzerland,

Germany, Austria) are recommending increasingly this strategy for low-to-moder-

ate risk areas except for sub-Saharan Africa and some high-risk areas in Indonesia

and Papua New Guinea. SBET is, however, not indicated to travellers on trips

shorter than the incubation period for malaria, which is a minimum of 6 days for

P. falciparum malaria. The medications recommended vary by country depending

on the registration status of medications and the national ideology.
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6 Prophylaxis for Long-Term Visitors and Frequent Visitors

The risk of malaria cumulates over time, but the increased risk cannot just be

attributed to longer exposure alone [10]. Long-term travellers, defined as persons

staying permanently in an area for 6 months or longer and frequent travellers to

endemic regions, behave differently from short-term visitors. Long-term travellers

frequently discontinue chemoprophylaxis prematurely because they perceive the

risk to be lower than expected. They also believe that they can effectively manage

an infection and they are worried about side effects from long-term use of malaria

chemoprophylaxis [19, 20]. Use of counterfeit drugs (i.e. fake drugs containing no

or sub-therapeutic doses of active compounds) is particularly an issue for long-term

travellers who often buy local supplies of dubious quality because they are cheaper

and expatriates should be encouraged to bring adequate quantities of antimalarial

medications with them [20]. The consequences of travellers using counterfeit drugs

are far-reaching; untreated P. falciparum has a high mortality rate, sub-therapeutic

dosages lead to inadequate prophylactic doses, a risk of increased adverse events

due to excessive dosage or potentially toxic contaminants and finally a loss of faith

in genuine medicines.

The health personnel advising long-term travellers should understand these

aspects and accept that these are important issues, which must be addressed.

The key to managing malaria prevention in long-term and frequent travellers is

to provide the travellers with knowledge and understanding of malaria so that they

can take more responsibility for their own health compared to the short-term

traveller.

Long-term travellers to high-risk areas should take malaria chemoprophylaxis

even if this is necessary over several years. Mefloquine is the best documented drug

used by long-term travellers and, if well tolerated, can be used for prolonged

periods (i.e. there is no upper time limits for the use of mefloquine) [21]. It has a

simple weekly dosing schedule that encourages adherence [22] and toxic accumu-

lation in the body does not occur during long-term use [23]. Doxycycline

(a tetracycline compound) is used for treatment of skin infections for months, but

side effects, especially vaginal candidiasis in women is a problem in long-term

users. The more expensive monohydrate form of doxycycline is considered to have

superior tolerability to the older hyclate form of the drug. A third option is the use of

atovaquone/proguanil [24]. The CDC has no upper limit on the duration of intake of

atovaquone/proguanil [16], and recent United Kingdom guidelines consider

atovaquone/proguanil to be safe for continuous use of up to 12 months [25].

Overall, long-term travellers must have knowledge about malaria as a disease

including key symptoms such as fever, adequate use of SBET, the problems of

counterfeit drugs and the need to identify reliable health care facility in case of

emergency.

Mosquito bite prophylaxis is even more relevant for the long-term traveller and

comprehensive information about screening, impregnated bednets, coils, repellents,

insecticides and the biting habits of mosquitoes is required. Systemic use of
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impregnated bednets can reduce the risk of malaria by 50% [26]. In selected cases,

the long-term traveller may be trained to use the rapid malaria diagnostic kits, but

this option needs to be restricted to persons staying in isolated places and thorough

pre-travel instruction is essential [19, 27].

Health personnel advising travellers must recognise that this group is unlikely to

take chemoprophylaxis continuously for years, and it will increase the credibility of

health care workers if travel health advisors acknowledge this and try to prepare

realistically this group for their long-term travel.

Suggestions for advice to long-term travellers and frequent visitors are

summarised in Table 1. The drug of choice for SBET depends on the use of

prophylaxis, if any, and the expected drug susceptibility pattern at the destination

and the guidelines of the traveller’s country of origin, and as a rule, the drug used

for treatment should not be the same as that used for prophylaxis. Malaria break-

through while compliant and on prophylaxis could be due to resistance of the

P. falciparum parasite to the chemoprophylactic drug, which is why the drug

used for prophylaxis should not be re-used for treatment. There is also the possibility

of reaching potentially toxic drug levels if the prophylaxis and treatment drug are the

same.

7 Prophylaxis Against P. vivax and P. ovale

The main goal of malaria chemoprophylaxis is to prevent P. falciparum, which is

primarily responsible for malaria fatalities. However, P. vivax, P. ovale P.malariae
and P. knowlesi can cause serious febrile illness in non-immune individuals. The

clinical presentation of P. vivax and P. ovale cannot be distinguished from

P. falciparum malaria [28]. The burden of infection is considerable in indigenous

populations, and P. vivax is the most prevalent malaria type in Southeast Asia and

Table 1 Guidelines for preventing malaria in long-term travellers and travellers with frequent

visits to malaria-endemic areas

Inform about the disease; symptoms, diagnosis and need for rapid treatment

Discuss access to qualified medical assistance at destination and the need to identify qualified

medical staff before the traveller becomes ill

Inform about alternatives to continuous chemoprophylaxis

Provide detailed advice on methods to prevent mosquito bites

Inform about the use of standby emergency treatment, SBET, and emphasise the need for medical

assessment despite the use of SBET

Inform about the problems with counterfeit drugs in many malaria-endemic countries, and that

drugs for both chemoprophylaxis and SBET should be purchased before arriving at the

destination

Rapid diagnostic tests can be recommended for selected travellers but require comprehensive

pre-travel instruction
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South America and is also found in East Africa [29]. P. vivax is susceptible to most

antimalarial drugs although isolates with reduced sensitivity to chloroquine and

primaquine are found in parts of Indonesia, Papua New Guinea, Iraq and

Afghanistan [1, 30, 31]. There is a decreased susceptibility of P. vivax in Thailand

to sulfadoxine/pyrimethamine [32].

A study from Europe of 518 imported cases of P. vivax found that 60% were

admitted to hospital in an average of 4 days after the start of symptoms, and seven

had severe complications: hepato-splenomegaly (3 patients), spleen-rupture

(1 patient), pancytopenia (1 patient), macrohaematuria (1 patient) and psychosis

(1 patient) [33].

P. vivax and P. ovale develop hypnozoites when the host is infected, which

may relapse later and cause malaria symptoms long after the traveller has returned

home. The hypnozoites are only susceptible to primaquine. One study found that

the first P. vivax attack was seen approximately 3 months after leaving the

malarious area regardless of whether the traveller had taken prophylaxis or not

[34]. Prevention of relapsing P. vivax can only be achieved by treating presump-

tively post travel with a course of primaquine or by using primaquine as a

chemoprophylaxis during travel. So far, neither of these options has been exten-

sively used and primaquine is not registered in most countries as a primary

prophylaxis. Terminating a stay in a P. vivax endemic area with a 2-week course

of primaquine without knowing whether the traveller is infected is not attractive

for practitioners or patients, as primaquine has some side effects (primarily

causing methaemoglobinemia). Use of primaquine requires that the individuals

are tested for G6PD deficiency. The recommended adult dose for “anti-relapse

treatment” based on clinical trials and expert opinion is 30 mg given daily for

14 days, starting on return from a malarious region and taken together with a

blood schizonticide. This is based on evidence from the 1950s showing that

primaquine’s activity against hypnozoites is enhanced when given with chloro-

quine. The adult dose for primary prophylaxis is 30 mg daily starting 1 day before

travel and continuing for 7 days after return [35].

One study used primaquine as prophylaxis alone in an area with a high risk of

P. falciparum infections and found breakthroughs in four users out of 106 [36].

Primaquine has only limited activity against blood stage P. falciparum and if

parasites emerge from the liver into the blood, primaquine alone will be insufficient

as chemoprophylaxis.

Using primaquine as the drug of choice for P. vivax in endemic areas raises the

concern of selecting for primaquine resistance, which so far has been found only in

Irian Jaya, Papua New Guinea and a single report from Iraq and Afghanistan [31].

As long as the absolute risk of P. vivax and P. ovale infection is not known, the

best strategy is still to inform travellers of the risk of a late onset attack of either

parasite after return and cessation of chemoprophylaxis.
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8 Malaria Prevention for Pregnant and Breastfeeding Women

A significant proportion of travellers are women of childbearing potential who

need evidence-based advice on the use of antimalarials in the peri-conception

period, during pregnancy and breastfeeding. Malaria during pregnancy is hazard-

ous for the mother, the foetus and the neonate and is an important cause of

maternal and child morbidity and mortality [37]. P. falciparum is responsible for

the main burden of malarial disease in pregnant women [38]. Other malaria

species do not parasitize placental blood to the same extent and hence have less

impact [39]. The clinical features of P. falciparum malaria in pregnancy depend

to a large extent on the immune status of the woman, which in turn is determined

by her prior exposure to malaria. Non-immune travellers have little or no immu-

nity and are prone to episodes of severe malaria leading to stillbirths, spontaneous

abortions or even maternal death. Mosquito bite protection is essential and

research shows that N,N-diethyl-3-methylbenzamide (DEET) is effective, safe

and has a low risk of accumulation in the foetus [38]. Pyrethroid insecticide-

treated nets are safe and have been shown to substantially reduce the risk of

placental malaria [33, 39]. Bednets are particularly indicated in rooms with no

air-conditioning.

Malaria chemoprophylaxis in pregnancy is complex. Due to ethical and safety

restrictions, few antimalarials have been evaluated for pregnant travellers, and

there is also a dearth of information on drug disposition in the pregnant woman

(Table 2). Chloroquine can be used but widespread resistance limits this option.

Doxycycline and primaquine are contra-indicated. Due to insufficient data,

atovaquone/proguanil is not recommended, although proguanil is considered

safe in pregnancy and no teratogenicity has been observed in animal studies

using atovaquone [40]. Mefloquine is an option for pregnant women who cannot

defer travel and who need chemoprophylaxis for chloroquine-resistant malaria-

endemic areas. Some authorities now allow the use of mefloquine in all

trimesters, others advise against using the drug in the first trimester apart

from exceptional circumstances. A recent trial of chloroquine prophylaxis for

P. vivax malaria in pregnant women in Thailand found no effect on maternal

anaemia or birth weight [41]. However, in areas with predominantly P. vivax
malaria, infection during pregnancy contributes to maternal morbidity and mor-

tality [42].

With regard to breastfeeding, chloroquine, hydroxychloroquine and meflo-

quine are considered compatible with breastfeeding and atovaquone/proguanil

can be used if the breastfed infant weighs more than 5 kg. Proguanil is excreted

into human milk in small quantities. Infants who are breastfed do not receive

adequate concentrations of any antimalarials and require their own chemopro-

phylaxis [13].
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9 Malaria Prevention for Small Children

Imported malaria case numbers in children are increasing with the rise in travel

among children and changing profiles of immigrants, particularly settled

immigrants VFR in malaria-endemic countries. The use of DEET containing insect

repellents is recommended for children older than 2 months and an alternative

repellent, picaridin, can be recommended for children older than 2 years. Chloro-

quine is safe for children of all ages and weights but the use of this option is limited

by widespread resistance to the drug. Mefloquine can be used for children >5 kg

and atovaquone/proguanil prophylaxis (as paediatric tablets) can be used for chil-

dren >5 kg according to new CDC guidelines [16]. The manufacturer, the World

Health Organisation [18] and some European authorities sanction the use of this

combination only for children weighing more than 11 kg. Coartem®, an artemisinin

combination, in dispersible tablet form with cherry flavour, has been available since

2009 in Switzerland and some African countries for the treatment of infants

(personal communication Novartis, Switzerland), but cannot be used for prophy-

laxis. Doxycycline is for children aged >8 years (in the UK, allowed for children

aged over 12 years). Table 3 shows the currently recommended doses for malaria

prophylaxis in children.

When possible, deferral of travel is recommended for pregnant and

breastfeeding women and also for young children.

Table 3 Antimalarial chemoprophylaxis for children

Antimalarial Chemoprophylaxis Dosing Comments

Atovaquone/proguanil a>5 kg CDC

>11 kg manufacturer

some

European

countries

–Daily
–Paediatric

tablets**

–Palatable

–Expensive

Chloroquine

(hydroxychloroquine)

All ages and

weights

5 mg base/kg

weekly
Limited use due to

resistance

Proguanil All ages and weights 3 mg/kg per

day

Only in combination with

chloroquine

Doxycycline Children > 8 years 1.5 mg salt/kg

daily
Contra-indicated for children

under 12 years

Mefloquine >5 kg 5 mg/kg

weekly
Bitter taste

Primaquine Children > 4 years

WHO

CDC specifies no

lower age limit

0.5 mg/kg

base daily
–G6PD testing essential

– Last choice

aNew 2007
**Specified by the manufacturer
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Malaria Diagnostics: Lighting the Path

David Bell and Mark D. Perkins

Abstract Drugs cure malaria, while diagnostics reduce the use of drugs. Thus, they

not only impose a risk, demanding strong health service structures, but also deliver

clear advantages in drug targeting and evidence-based management of fever. Often

in the past, the costs of delivering accurate diagnostic results were seen as a reason

for remaining blind, contributing to a stagnation in malaria and febrile disease

management. The advent of new diagnostic technologies and demands of declining

transmission rates have brought diagnosis to center stage in malaria management,

and promise to catalyze reform in the management of febrile illness and wider

health service delivery.

On an October day in 1880, Laveran first identified a microscopic parasite in the

blood of a febrile patient in Algeria. In doing so, he opened our eyes to the

possibility of addressing malaria as a specific disease with a specific cause, as

many of his contemporaries were doing with other human ailments. Malaria is

almost uniquely distinguished in that many eyes were later closed again; across the

swathes of the malaria-endemic world, the ability to distinguish malaria from other

causes of tropical fever syndrome was deliberately ignored. In sub-Saharan Africa

in particular, despite the lack of pathognomonic symptoms, building on Laveran’s

discovery required a level of effort deemed unmanageable or unnecessary. Essen-

tially, all malaria-like fevers were to be managed as one; a legacy that is still

influencing African health systems today.
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1 Evolution of Diagnostics in Malaria Control

Malaria shares symptoms with several other common diseases that exact significant

mortality and/or morbidity, such as the early stages of acute respiratory tract

infection, meningitis, typhoid, and typhus [1–3]. Algorithms to distinguish malaria

reliably on clinical grounds lack accuracy [4–8]. Managing each case of suspected

malaria on an evidence base requires a significant degree of sophistication in health

systems that until recently was considered unreachable, at least with the resources

available. As a result, malaria diagnosis was largely guesswork, and many antima-

larial drugs went to patients with other diseases. Not only was this practice wasteful

of antimalarial drugs and dangerous for those misdiagnosed, but it also ensured

continued ignorance about the epidemiology of malaria and the effectiveness of

control efforts: malaria prevalence is highly heterogeneous but fever is quite

uniformly common. The potential value of excluding malaria opened up by

Laveran, thereby allowing a more focused treatment approach to other diseases,

was largely lost.

Across much of Asia and South America, and the endemic areas of Europe and

North America from which malaria is now largely eliminated, health systems did

sometimes rise to the challenge of creating much of the diagnostic infrastructure

necessary to allow targeted use of the slowly evolving stable of antimalarial drugs.

Vertical structures to support microscopy were often associated with campaigns

that were successful in eliminating malaria in Europe and North America, and in

greatly reducing transmission in Asia and South America [9–12]. However, it is

only in the past few years that guidelines for malaria management have fully

embraced an evidence-based treatment policy such as is standard practice for

most other infectious diseases, and in doing so opened the possibility of addressing

a plethora of other diseases often exacting a similar or greater mortality in the same

populations [13]. The recent increased use of parasite-based diagnosis is in part

responsible for the steady reduction in reported incidence of malaria in areas where

it was long considered the major public health problem; fever no longer equals

malaria [14]. A review of published clinical studies, which tend to be carried out in

high transmission areas, shows that malaria as a cause of fever has substantially

declined across sub-Saharan Africa (Fig. 1) in the last 20 years: the median fraction

of all patients with presumptive malaria found to be parasitemic was 22% in studies

published since the year 2000 [15]. In many areas of sub-Saharan Africa previously

thought to support high malaria transmission, incidence and prevalence are now

known to be low [14]. In some areas, especially where effective control measures

have been put in place, the decline in reported malaria that accompanies the

introduction of diagnostics is dramatic. Data such as that reported from Livingstone

district in Zambia (Fig. 2) demonstrate the impossibility of measuring the effec-

tiveness of control measures in the absence of parasite-based diagnostics. As the

proportion of febrile disease caused by malaria declines, the imperative for parasite-

based diagnosis to target the use of antimalarial drugs increases further.
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The diagnostic infrastructure established in the health systems of many Asian

and South American countries likely had a significant impact in improving overall

health system capacity and drug delivery. The structures set up to train, supply, and

quality assure microscopists in countries such as India, Thailand, and Peru

established supply lines and levels of management invaluable for delivery of a

range of services, and a cadre of personnel trained sufficiently to use them [12].

While microscopy coverage often remained patchy and confined mostly to the
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Fig. 1 Comparison between the proportions of fevers associated with Plasmodium falciparum
parasitaemia (PFPf) in years �2000 and >2000, stratified by baseline characteristics (numbers
above plots corresponds to the number of studies involved). Taken from [15]

Fig. 2 Reported incidence of malaria in Livingstone district, Zambia, 2004–2008. Until late 2007,

malaria was largely diagnosed clinically, masking the true incidence of disease and the effective-

ness of control measures. Courtesy of the Zambia National Malaria Control Program
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public health sector, the effort and infrastructure put in place to support diagnosis

provided gains in malaria control well beyond case management (Fig. 3). It also

strengthened advocacy for resources with some expectation that they would be

directed to those who required them. The implementation of diagnostics required

dedication of resources on the part of malaria control programs; antimalarial drugs,

particularly chloroquine, and sulphadoxine–pyrimethamine, remained relatively

cheap up to the last decade, and well below the costs of diagnosis.

Several factors have influenced the move, over the last decade, toward parasite-

based diagnosis as an essential element in case management. First, the costs of

antimalarial therapy rose dramatically with the introduction of artesunate-based

combination therapies on a wide scale, particularly in Africa. As shown by several

cost–benefit models and analyses, it was no longer economically viable to hand out

antimalarial therapy to a large section of the population that had some other disease

[16, 17]. Second, the advent of commercial lateral flow tests for malaria in the

1990s offered an alternative to microscopy that required significantly less infra-

structure to support it. Evidence of the reproducible accuracy of some of the

products in both laboratory and field settings has enabled confidence in their use

[18–20]. Third, the rapid increase in funding available for malaria control programs

over the past decade through mechanisms such as the Global Fund to Fight AIDS,

Tuberculosis and Malaria has enabled Ministries of Health, especially in sub-

Saharan Africa, to contemplate investments in malaria management not previously

possible.

Training and  
supervision

•  Save resources
•  Reduce pressure 
    to drug resistance

•  Reduce mortality
•  Early referral

•  Assess impact
•  Enable planning
•  Guide elimination

Accurate malaria 
diagnosis

Know true malaria rates and 
results of interventions

Rational use of anti-malarial 
drugs 

(e.g. ACT)

Early recognition
and management
of other diseasesGood 

manufacture
Quality
control

Good 
procurement

Fig. 3 Diagnostic effort and outcomes. Common to both microscopy and RDTs used at point of

care, a well systematic quality control structure to ensure accuracy and provide confidence among

users is expected to impart benefits beyond the management of malaria cases. Courtesy of the

Foundation for Innovative New Diagnostics (FIND)
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The rise of drug resistance, first to chloroquine and sulphadoxine–pyri-

methamine, and more recently concern over the possible development of resistance

to artemisinin-based combination therapies (ACTs), has further fuelled interest in

diagnostic-based therapy. While an uninfected person will not add to pressure

toward parasite resistance by inappropriately ingesting an antimalarial drug, the

concern is that prolonged circulation of partner compounds, such as those

accompanying artemisinin-based compounds in ACTs, could expose parasites

from an infection arising after the one being treated to subtherapeutic doses and

select for resistant strains.

In 2009, the World Health Organization (WHO), in response to increasing

evidence of the safety and impact of diagnostics, updated its malaria control

recommendations to include parasite-based diagnosis prior to the prescription of

antimalarial drugs.

2 Utilization of Diagnostics

Although malaria parasites cause an acute, often recurring febrile illness, a signifi-

cant number of individuals living in endemic areas may have asymptomatic

parasitemia (Fig. 4). Such asymptomatic parasite carriage may occur as a result

of clinical immunity to blood stage carriage, particularly of Plasmodium falciparum
and P. malariae, or carriage of liver stages of P. vivax or P. ovale. For clinical
purposes, laboratory methods for malaria diagnosis can therefore usefully be

Non-malarial 
febrile illnessMalaria

Fever / malaria-like symptomsParasitaemia

Fig. 4 The relationship between malaria parasitemia and malaria-like febrile illness in an

endemic population. While most patients with malaria parasitemia are likely to have current or

recent fever, a certain proportion can be asymptomatic and so do not present for diagnosis through

fever case management. The clinical picture of febrile patients is indistinguishable for that of a

number of other febrile diseases. Courtesy of the Foundation for Innovative New Diagnostics

(FIND)
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divided into medical tests for case management – determining whether a febrile

patient has malarial disease – and surveillance tools for determining the prevalence

of parasites in a given population. Surveillance testing, especially in areas of low

transmission and in elimination campaigns, needs to detect very low parasite

densities (Fig. 5). Tests to detect other metabolic or pathological states relevant

to malaria treatment are also required to varying extent to ensure safe case manage-

ment; apart from routine biochemical monitoring to manage severe malaria, an

example is the identification of glucose-6-phosphate dehydrogenase (G6PD) defi-

ciency to allow safe use of 8-hydroxyquinolones in management of P. vivax and

P. ovale (Box 1).

Box 1. P. vivax, Latent Parasites and Tafenoquine

An interesting case of the dependence of drug management on diagnostics,

and the relative emphasis afforded the two areas of research and development,

is seen in the currently rising interest in improved management and even-

tual elimination of P. vivax. In common with P. ovale, the latent liver-stage

of P. vivax is not susceptible to drugs effective in clearing blood stages,

which prevents acute treatment from clearing the parasite. Currently, the

8-aminoquinoline, primaquine, is the only available drug that can achieve

radical cure, requiring a course conventionally of 14 days duration. Primaquine

is further limited by the potential toxicity of the 8-aminoquinolines in cases of
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Fig. 5 The utility of different diagnostic methods will depend on the epidemiological setting of

use, and on the indication – for case management or active screening. Courtesy of the Foundation

for Innovative New Diagnostics (FIND)
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glucose-6-phosphate dehydrogenase (G6PD) deficiency. A newer drug in the

same class, tafenoquine, has a longer half-life than primaquine, which could

greatly simplify dosing. However, concern over the toxicity of a long-acting

drug in G6PD-deficient patients is a major obstacle to tafenoquine introduction.

In this context, it is perhaps surprising the large investment over more than 20

years in the development and evaluation of the drug has not been matched by a

far more modest investment in the development of field-ready G6PD screening

tests to accompany its use.

2.1 Diagnostics for Case Management

Light microscopy has remained essentially unchanged since the time of Laveran.

Early improvements in staining, the advent of binocular microscopes, and light-

emitting diode (LED) illumination have all made the technician’s life easier and

improved accuracy. However, despite notable exceptions, sometimes unsustained,

in countries such as Thailand, India, Sri Lanka, and endemic areas of the Americas,

in most countries microscopy has largely remained a tool limited to reference

laboratories and hospitals. Because significant investment in human resources is

required to maintain good malaria microscopy services, the extension of micros-

copy to lower levels of the health system has often resulted in a significant decline

in performance standards [21–26].

From the 1970s to 1990s, a handful of new detection methods were developed to

enhance or build on conventional light microscopy. Such methods, including

fluorescent microscopy of acridine orange stained thick films or of centrifuged

microhematocrit tubes [27–29], have thus far had limited impact. This is partially

because they removed some advantages of light microscopy (including accurate

species determination and utility of the equipment for a broad range of diseases),

but more importantly because they failed to address the largest barrier to the success

of microscopy in most malaria-endemic settings; the limited technical and human

resources infrastructure available at the place where diagnostics are most needed –

within walking distance of a sick patient.

Nucleic acid amplification [e.g., polymerase chain reaction (PCR)] and enzyme

linked immunoassays (ELISA) for plasmodial antigens added to the armamentar-

ium of reference methods available at the top of national laboratory systems, but

failed to offer a solution to the ease-of-use limitations of light microscopy for

routine case management.

The development of lateral flow immunochromatographic test strips to detect

plasmodial antigens in the early 1990s finally brought a challenge to the dominance

of microscopy, and the potential to overcome many of its weaknesses in case

management. Because of their simplicity, these immunochromatographic tests,

commonly referred to as rapid diagnostic tests (RDTs) or “dipsticks,” have been

favored for field use over the other alternatives. Since the first RDT was evaluated
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in 1993, a steadily expanding number of malaria RDTs has appeared on the market,

and others are under development [30]. All are based on the detection of parasite-

derived protein in whole blood. Blood is lysed and drawn along a nitrocellulose test

strip by a combination of capillary action and flushing by a buffer reagent. The

protein is bound during testing by dye-labeled specific antibodies (colloidal gold is

commonly used), and the labeled antigen–antibody complex is captured by a line of

antibody bound to the strip (Fig. 6). Tests may contain multiple lines of antibody to

detect species-differentiating Plasmodium proteins. A control line further along the

strip, composed of anti-immunoglobulin antibody, also captures dye-labeled anti-

body and confirms that proper wicking has occurred.

Lateral flow tests are relatively simple to manufacture, given the availability of

the main components including antibodies and nitrocellulose film. However,

manufacturing in large quantities presents challenges in maintaining consistent

quality. As a result, the number of available products mushroomed, but with a

high variability in performance. More than 100 million RDTs are financed in the

public sector in 2011 [31]. The diversity in quality, limited resources of the

Fig. 6 Composition and detection mechanisms of lateral flow immunochromatographic tests for

malaria. Courtesy of the WHO – Regional Office for the Western Pacific
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manufacturers involved, and lack of reference standards necessitated the develop-

ment of an independent quality assurance program to guide procurement and

provide the confidence necessary for reliance on these tools [32, 33].

WHO and the Foundation for Innovative New Diagnostics (FIND) and partners

have collaborated to establish a quality assurance system that includes product

testing, to determine the comparative performance of commercial tests, and lot

testing, to check the quality of specific manufactured lots before they are

distributed. Manufacturers operating under appropriate ISO standards are invited

annually to submit products for testing against a highly characterized panel of blood

samples with clinically relevant concentrations of P. falciparum or P. vivax. To
date, four annual rounds of product testing have been initiated on 168 products

submitted by more than 30 manufacturers. The reports of this product testing show

a wide variability in the capacity of different tests to detect low parasite densities

and in thermal stability – the latter an essential requirement for remote area

transport and storage [18, 19]. They also show that there are many tests that perform

very well. Since product testing has begun, the quality of RDT manufacturing has

increased, as evident from significant performance improvements in tests that have

been resubmitted for product testing after manufacturing changes.

2.2 Risks of Parasite-Based Diagnosis for Case Management

Efficacious antimalarial drugs cure malaria, while diagnostics, when replacing

symptom-based diagnosis, lead to withdrawal of drugs from those who would

otherwise have received them. This puts a huge imperative on quality of result

before routine parasite-based diagnosis is contemplated. When accurate, diagnosis

leads to gains in drugs saved, quality of data for disease tracking, and the potential

to reduce mortality through the improved early management of other diseases as

malaria is excluded [13]. When inaccurate, diagnostic use may increase malaria

mortality as a result of missed diagnoses.

Conversely, parasite-based diagnosis may lead to inappropriate assumptions that

malaria parasitemia is a cause of illness. Although symptomatic malaria

parasitemia always deserves to be treated, parasitemia may occur as a secondary

cause of fever or as an incidental infection in a fever caused by other etiology. As

with all diagnostic testing, test results should not be interpreted in the absence of

clinical assessment.

All diagnostic tests have limits; malaria RDTs detect a certain threshold of

parasite density, or more precisely an antigen concentration equivalent to this.

This detection threshold must be low enough that clinically significant disease is

not missed. The ratio of antigen concentration to parasite density varies widely, as

does the severity of symptoms at any given parasite density vary, depending on the

level of immunity. A threshold of approximately 200 parasite/mL is considered a

reasonable cut-off that must be detected reliably to ensure safe management [34]
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for the four common species of malaria infection humans. P. knowlesi may have a

lower parasitemia threshold for causing symptoms.

Concern over the ability of tests to detect a sufficiently low threshold (adequate

clinical sensitivity), together with the ingrained belief that “fever equals malaria,”

is probably largely responsible for the slow uptake of parasite-based diagnosis,

whether by RDTs or microscopy. Evidence of poor adherence to diagnostic results

is reported in antimalarial drug dispensing in several studies [35–37]. However,

large reductions in drug dispensing are now being seen on a national scale, where

RDT introduction has been systematically accompanied by programs to ensure both

quality of the tests and training in their use [38, 39]. Moreover, studies on treatment

withholding on negative test results have found that this is safe, even in young

children, when the RDTs are confirmed to be working [40]. In order to establish this

level of confidence, and safety, however, the structure of implementation and

associated health systems development needs to be taken seriously and sufficiently

resourced (Fig. 7).

The overall health benefits of parasite-based diagnosis and introduction of RDTs

at a village or community level are difficult to quantify and are expected to vary in

differing epidemiological situations, but may include improved adherence to antima-

larial therapy promoted by surety of diagnosis, and better management of nonmalarial

fever. Where early appropriate action is taken to identify and manage other etiologies

of fever in patients with parasite-negative results, major gains in mortality reduction,

especially for severely ill patients, may accrue [13, 16, 41], but the means and ability

Training, drugs / supplies for non-malarial fever

Community education

Training and supervision

Monitoring accuracy in field
Lot-testing and laboratory monitoring
Procurement of gloves, sharps disposal containers etc

Transport and storage

Procurement of RDTs

Fig. 7 The costs of implementation of malaria RDTs in a typical health system go well beyond the

costs of RDT procurement. While the relative cost of the various areas of implementation will vary

widely between programs, all must be adequately resourced. Courtesy of the WHO – Regional

Office for the Western Pacific
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to address these are often lacking. Together with exposing the need for the develop-

ment of capacity for managing these nonmalarial febrile illnesses, RDT implementa-

tion, such as microscopy, requires considerable investment in health services to

ensure adequate delivery and utilization of results. While this may slow implementa-

tion and impose new strains on resource-poor health systems, it also provides an

opportunity to build structures to support community disease management that have

spin-offs for other disease programs and other areas of health-care delivery.

2.3 Diagnostics for Screening and Surveillance

2.3.1 Nucleic Acid Detection

A nested PCR is the current gold standard for the detection of parasitemia, detecting

less than one parasite per microliter [42, 43]. Quantitative PCR offers the potential

to determine the concentration of circulating DNA, and therefore estimates of

circulating parasite density and to a lesser extent parasite load. The applications

of PCR-based methods are limited to well-equipped laboratories with specifically

trained technicians, and are further limited by cost. Avoidance of contamination

(leading to false-positive results) requires a high standard of laboratory practice.

PCR capacity is limited in most malaria-endemic countries, and considerable

resources would be required to establish and maintain this capacity. Restriction to

well-equipped laboratories limits its utility for clinical care by preventing feedback

timely enough for case management in most endemic areas, though the develop-

ment of systems that automate and integrate sample processing, in place for some

other diseases, may increase its accessibility [44].

Alternative molecular methods, which are inherently simpler than PCR, have

been developed and applied to malaria. One such method is loop mediated

isothermal amplification (LAMP), which operates at a single temperature and

yields a turbid or fluorescent endpoint that can be detected by the naked eye. A

sensitive malaria test using LAMP has been developed targeting mitochondrial

DNA, and a report on a noncommercial early version of this assay published [45].

Such an approach has potential to reduce the training and infrastructure

requirements of molecular diagnosis, making proximal implementation possible,

where results could be rapidly available. This could be very useful for surveillance

and active case finding for low-density parasitemia, and for monitoring parasite

presence in drug efficacy monitoring and trials and vaccine trials. A LAMP assay

that has sufficient throughput to be used for surveillance testing of large numbers of

individuals has not yet been developed.

2.3.2 Serological Tests for Antibody Detection

Antibody detection, currently available in ELISA and RDT formats, can readily

demonstrate infection with malaria. These tests are inappropriate for case
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management because they cannot reliably differentiate between past and current

infection, and because antibodies may not be detectable in blood stage infections of

very recent onset. They do, however, have a potential role in tracking the epidemi-

ology of malaria. Parasite prevalence data provide a snapshot in any given season of

the epidemiology of disease, whereas antibody responses represent transmission

intensity over several years, reducing seasonal or annual bias. Age-adjusted rates of

immune responses may be used to estimate the force of infection [46, 47]. As

humoral immune responses are very sensitive measures of infection, they may have

potential, little used till now, to guide stratification of malaria risk, where transmis-

sion is very low.

Detection of antisporozoite antibodies has been suggested as a surrogate

for detecting individuals with a high likelihood of carriage of P. vivax hypno-

zoites (evidence of infection), and could therefore be used to guide the use of

8-aminoquninolines for clearance of liver-stage P. vivax and P. ovale.

3 Conclusions

Parasite-based diagnosis has a large and growing role in malaria control and the

case management of febrile illness, thanks to the development of simple and

reliable assays and a mechanism to monitor their quality, and thanks to improved

health funding and a clearer understanding of the benefits of parasite-based diag-

nosis. The expanding role of rapid testing in malaria control programs has in many

areas transformed local understanding of the true prevalence of malaria and has,

where properly supported by health-worker training, saved millions of courses of

unwarranted malaria therapy. These benefits come with a cost, not just only for the

commodities used, but also for the complexity that knowledge brings. Confronting

a patient with an unknown cause of fever is much more complicated for health

workers than simply dispensing, needed or not, antimalarial drugs. Having spent

decades treating all fever in the tropics as malaria, health systems will have to adapt

to maximize the advantages that knowing before treating can bring.
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