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THESIS ABSTRACT 

This thesis focuses on the clinical efficacy, pharmacokinetics and pharmacodynamics of 

artemisinin based drugs and their combinations for their treatment of P. Jalciparum malaria. The 

aims of the thesis are to get a better understanding of the basic pharmacology of artemis in in type 

drugs and their combinations. Chapter 1 is introduction and general knowledge about malaria 

disease, antimalarial drugs, treatment and drugs resistance. Chapter 2 determines parasite drug 

susceptibility and drug interaction of dihydroartemisinin and the quinoline type drug, 

piperaquine, used together as a fixed dose drug combination against P. Jalciparum in vitro. The 

results show that P. Jalciparum is highly susceptible to these two drugs even though when used 

in combination they show slight antagonism. Using a set of genetically manipulated parasites the 

data also showed a clear role for mutations in pJcrl to confer cross resistance to piperaquine and 

chloroquine. Chapter 3 focuses on the development of methods to accurately measure artesunate 

and dihydroartemisinin levels in human plasma. The method was highly sensitivity, robust and 

importantly reproducible. This method was subsequently used for the measurement of 

artemisinin type drug concentrations throughout my research. Chapter 4 was a clinical trial of 

dihydroartemisinin plus piperaquine in Thai adults infected with P. Jalciparum. The results 

showed that this drug combination is safe but efficacy is not up to World Health Organization 

recommendation (failure rate 16% at day 28 of follow up). Chapter 5 determines 

pharmacokinetic properties of dihydroartemisinin and piperaquine from the same patients in 

chapter 4. The results show that critically the exposure to dihydroartemisinin was significantly 

lower in the treatment failure patients. Chapter 6 was a novel clinical trial of the prototype 

artemisinin combination Artequick® (artemisinin plus piperaquine) in Thai adults infected with 

P jalciparum. The result showed that this combination therapy was safe and most importantly 

had a 100% cure rate. Pharmacokinetic profiles of artemisinin and piperaquine from patients in 

this study were comparable to previous reports. Chapter 7 was a clinical trial of intravenous 

artesunate in severe P. Jalciparum infected patients. Again this drug was shown to be safe and 

effective for use in severe P. Jalciparum infected patients with 88% cure rate. However, the 

pharmacokinetic profiles showed high variability between each patient particularly in renal 

insufficient patients whose drug concentrations, half life and clearance rates were higher than 

others. Unfortunately due to limited number of patients the results can not show any statistical 

significance. 
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1.1. Malaria overview 

CHAPTER 1 

INTRODUCTION 

Malaria is a major global health problem and one of the leading causes of mortality 

and morbidity especially in the tropical world and is a risk to 3 billion people, 

representing approximately 40% of the world's population in about 100 countries. It is 

endemic in more than ninety countries worldwide and afflicts an estimated 300-500 

million people annually (Snow et al., 2005), with at least 90% of cases occurring in Sub­

Saharan Africa. In 2004, the World Health Organization (WHO) estimated a global 

burden of 350-500 million malaria cases, of which 270-400 million are due to infection 

by P.falciparum (Korenromp et al., 2004). 

In 2002, based on the world's clinical attacks at a regional level, most clinical P. 

falciparum events were concentrated in the African region (70%), but the highly 

populated Southeast Asia region contributed to 25% (Snow et al., 2005). The WHO 

estimates that 36% of the world's population live in areas where there is risk of malaria 

transmission, 7% live in areas where malaria has never been significantly controlled and 

29% reside in areas that were once considered to be low transmission zones but where 

significant transmission has now been established (Snow et al., 2005; WHO., 2001). 

Annually, over a million die of P. falciparum malaria, mainly children under the age of 

1 



5 (Rollback Malaria report, 2005). Over 80% of malaria deaths occur in Africa where 

around 66% of the populations are thought to be at risk. In contrast, less than 15% of 

the global total malaria deaths occur in Asia (including Eastern Europe), despite this fact 

it is estimated that 49% of the people in this region are living under threat from the 

disease. Compare this with America, where only 14% of the populations are at risk 

(Rollback Malaria report, 2005). In addition to its burden in terms of mortality and 

morbidity, malaria poses a huge economic burden on the people it affects. The economic 

cost can be looked at in two ways: there are direct costs of treatment and prevention of 

the disease, and there are indirect costs such as loss oftime seeking treatment and loss of 

productivity due to morbidity and mortality (Snow et at., 2005). 

Geographical distribution of the disease is worldwide, being found in tropical 

areas, throughout sub-Saharan Africa and to a lesser extent in South Africa, Southeast 

Asia, the Pacific Islands, India and Central and South America. Global estimates of 

incidence rates of all malaria cases and of P. Jalciparum malaria for 2004 are depicted in 

Fig. 1.1 and Fig. 1.2, respectively. The incidence of malaria and the incidence rate 

classified by the WHO for 2004 are illustrated in Fig. 1.3 and Fig. lA, respectively. 

Across the six world regions, around 35% of cases were estimated to occur in children 

under five, 36% in children ages 5-14 years, and 28% in adults over the age of 15 years 

(Korenromp et al., 2004). 
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Abbreviations: AFRO- African Regional Office; SEARO- South East Asian Regional 

Office; EMRO- Eastern Mediterranean Regional Office; WPRO- Western Pacific 

Regional Office; P AHO/ AMRO- American Regional Office; EURO- European 

Regional Office. 
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Over the past few years several agencIes have set initiatives to control the 

disease, new kinds of public-private partnerships for malaria action have been initiated. 

These are the Revised Global Malaria Strategy, Multilateral Initiative on Malaria 

(MIM), the African Initiative on Malaria and the recent Roll Back Malaria campaign 

launched in 1998. The campaign hopes to strengthen health services, so that effective 

treatment and prevention of malaria strategies are accessible to all who need them. It is 

however, difficult to control the rapid emergence and spread of the malaria parasites that 

have adapted resistance to the commonly used antimalarial drugs (Petersen, 2004). More 

worrying is the fact that the rate at which drug resistance is developing exceeds the rate 

of developing new drugs and deploying them within the affected populations (Ridley, 

1997). The emergence of multi-drug-resistant parasites in some areas such as Southeast 

Asia and Africa has made the drug-resistance situation even worse. Unless this trend is 
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reversed some malaria endemic parts of the world may not have an affordable effective 

antimalarial drug. Compounded by the lack of an effective malaria vaccine and an 

aggressive, sustainable vector control programme, this situation could lead to a malaria 

disaster. Therefore, something more or different needs to be done with the existing tools 

in order to control malaria if this disaster is to be averted. 

1.2. Malaria parasite and its life cycle 

Human malaria is caused by an intracellular protozoan parasite of the genus 

Plasmodium and is transmitted to humans by a female Anopheles mosquito. Four 

different species of Plasmodium cause malaria in human being: jalciparum, malariae, 

vivax and ovale. Falciparum is the most predominant species and is the one that causes 

the most severe form of the disease and is also responsible for the rise of drug-resistant 

strains of malaria parasites that have swept across the world. Plasmodium vivax and 

Plasmodium ovale are not lethal but they have dormant liver stage parasites 

("hypnozoites"), which can reactivate ("relapse") and cause malaria several months or 

years after the infecting mosquito bite (CDC, 2004). 

The malaria parasite life cycle is complex. It can be divided into two stages 

namely in the definitive (vertebrate) host and intermediate (invertebrate) host. Figure 

1.5 illustrates the malaria parasite life cycle. During a blood meal, a malaria-infected 

female Anopheles mosquito inoculates sporozoites into the human hostO. Sporozoites 

are rapidly transported to the liver where they infect liver cells6 . Here they usually 

develop and mature into schizonts{). These exo-erythrocytic schizonts may contain 

many thousands of merozoites, which rupture and release merozoites O. In P. vivax and 
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P. ovale development of the schizonts is retarded and a dormant stage of the parasite 

(hypnozoites) can persist in the liver and cause relapses by invading the bloodstream 

weeks or years later.). After this initial replication in the liver (exo-erythrocytic 

schizogony r.J), the parasites undergo asexual multiplication in the erythrocytes 

(erythrocytic schizogony m). The merozoites are capable of infecting erythrocytes and 

generating the bloodstream forms of the parasite0 . The ring stage trophozoites mature 

into schizonts, which rupture releasing merozoites O. Some parasites differentiate into 

sexual erythrocytic stages (gametocytes) O. Blood stage parasites are responsible for the 

clinical manifestations of the disease. The gametocytes: male (microgametocytes) and 

female (macrogametocytes), are ingested by an Anopheles mosquito during a blood 

meal0. The parasites' multiplication in the mosquito (invertebrate host) is known as the 

sporogonic cycle[!J. In the mosquito's stomach, the microgametes penetrate the 

macrogametes generating zygotes 0. After fertilization , the zygotes transform into a 

motile and elongated ookinetes~. The ookinetes burrows through the stomach wall of 

the mosquito, where they develop into oocysts 'I). The oocysts divide to produce about 

1,000 sporozoites. Upon maturation, the oocysts rupture, and release sporozoites $. 

They move to the mosquito's salivary glands ready to infect another human (vertebrate 

host) in the next blood meal perpetuating the malaria life cycle O. 
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FIGURE 1.05. Life cycle of malaria parasite. Adapted from the Centers for Disease 

Control and Prevention. http://www.cdc.gov/malarialbiology/life_cycle.htm 

1.3. Clinical manifestations of P. falciparum malaria 

All symptoms and signs of uncomplicated malaria are non-specific, as shared 

with other febrile conditions, and can occur early or later in the course of the disease. 

The patient usually complains of fever with chill, headache, aches and pain elsewhere in 

the body, occasionally with abdominal pain and diarrhea (WHO, 2000a). In endemic 

areas, the presence of hepatosplenomegaly, thrombocytopenia and anemia is associated 

with malaria, particularly in children (Grobusch et ai., 2005). The diagnoses of malaria 
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are mainly based on the detection of malaria parasite in blood smears combined with 

clinical sign and symptoms. Diagnosis by clinical symptoms alone are non specific and 

usually based on fever history and geographic location. A correct diagnosis is always 

confirmed by the detection of malaria parasites in the blood. There are two methods for 

this. First is the conventional examination of a blood smear under I ight microscope. This 

method has a major advantage in that it can also be used to determine the species of 

Plasmodium and the exact parasitaemia of the infection. This method can also show up 

other abnormalities including bacterial or fungal infection, abnormality in blood cell (i.e. 

anemia, thrombocytopenia). Importantly this method is cheap, quick and reliable. 

However, the one major disadvantage of this method is that it needs well trained 

personnel to examine the blood smears. Another method for diagnosis of malaria 

infection is by use of rapid diagnosis test kit that is based on detection of antibody or 

antigen to specific malaria species in blood. This method is quick, easy and convenient 

to use, even in the field. The disadvantage is that a previous infection can give rise to a 

false positive result and lead to misdiagnosis and treatment. 

Diagnosis of severe P. Jalciparum malaria, as defined by the WHO is described 

below (WHO, 2000b). Patients that meet anyone of these criteria along with confirmed 

detection of malaria parasite in blood will be diagnosed as severe malaria and more 

aggressive treatment will be used in this kind of patients. 
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Cerebral malaria 

Severe anemia 

Renal failure 

Unarousable coma not attributable to any other cause, with a Glasgow Coma 

Scale score ~ 9. Coma should persist for at least 30 min after a generalized 

convulsion. 

Hematocrit <15% in the presence of parasite count >10 OOO/Ill. 

Urine output <400 ml/24 hours in adults and a serum creatinine> 3.0 mgldl 

despite adequate volume repletion. 

Pulmonary edema and The acute lung injury score is calculated on the basis of radiographic densities, 

acute respiratory severity of hypoxemia, and positive end-expiratory pressure. 

distress syndrome 

Hypoglycemia 

Circulatory collapse 

(algid malaria) 

Abnormal bleeding 

and/or disseminated 

intravascular 

coagulation 

Whole blood glucose concentration 40 mg/dJ. 

Systolic blood pressure <70 mmHg in patients> 5 years of age with cold clammy 

skin or a core-skin temperature difference> 10°C. 

Spontaneous bleeding from gums, nose, gastrointestinal tract, or laboratory 

evidence of disseminated intravascular coagulation. 

Repeated generalized ~ 3 convulsions observed within 24 hours. 

convulsions 

Macroscopic 

hemoglobinuria 

Prostration or weakness 

Hyperparasitemia 

Hyperpyrexia 

Hyperbilirubinemia 

Hemolysis not secondary to glucose-6-phosphate dehydrogenase deficiency. 

Malaria parasite> 250 000 parasites/ill. 

Core body temperature >40°C. 

Total bilirubin > 2.5 mg/dJ. 
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1.4. Treatment of P.(alciparum malaria 

Treatment for uncomplicated P. Jalciparum malaria depends on severity of the 

infection, the patient's age, background immunity (if any), the susceptibility to anti­

malarial drugs, and the cost and availability of such drugs (White, 1996). Combinations 

of antimalarials with different mechanisms of action are now recommended by WHO for 

the treatment of P. Jalciparum malaria (WHO, 2001; WHO, 2006). The combination 

therapy is the simultaneous use of two or more blood schizontocidal drugs with 

independent modes of action, one of which is an artemisinin based drug. It is argued that 

the combination improves therapeutic efficacy and delays the development of resistance 

(Biagini et al., 2005). In 2006, the WHO guidelines for the treatment of malaria 

recommended the following ACTs: artemether+lumefantrine, artesunate+amodiaquine, 

artesunate+metloquine, artesunate+sulfadoxine-pyrimethamine. In areas with multidrug 

resistance such as In Southeast Asia, artesunate+metloquine and 

artemether+lumefantrine are recommended, while in Africa, artemether+lumefantrine, 

artesunate+amodiaquine, and artesunate+sulfadoxine-pyrimethamine are recommended. 

To achieve the optimum effect, these drugs must be given for at least 3 days (WHO, 

2006). 

Two classes of drugs are currently recommended by WHO for the treatment of 

severe malaria: the cinchona alkaloids (quinine and quinidine) and the artemisinin 

derivatives (artesunate, artemeter and artemotil). Quinine dihydrochloride is the most 

widely used, with the recommended loading dose (20 mg/kg body weight) twice that of 

the maintenance dose (10 mg/kg body weight every 8 hr.). Artesunate (2.4 mg/kg body 

weight) is given on admission then at 12 hr and 24 hr, and then once a day. Artemeter 
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(3.2 mg/kg body weight) can be initially administered intramuscularly then at half the 

dosage per day (WHO, 2006). Unfortunately this drug has poor tissue perfusion in 

severe malaria patients and affects the absorption and distribution leading to highly 

variable blood concentrations in individual patients. Recently it has been shown that 

intravenous artesunate has a lower death rate and reduces parasitaemia quicker than 

quinine in the treatment of severe malaria (Dondorp et al., 2005). Aside from the 

administration of antimalarial drugs, management of the severe complications is equally 

important in malaria treatment. The ultimate aim for the treatment of severe malaria is to 

save the Ii fe of patients. 

Treatment outcomes for study of antimalarial drugs were classified by WHO as 

described below. 

Early treatment failure 

• Development of danger signs or severe malaria on days 1-3 in the presence of 

parasitemia. 

• Parasitaemia on day 2 higher than the day 0 count irrespective of axillary 

temperature. 

• Parasitaemia on day 3 with axillary temperature ~ 37.5° C. 

• Parasitaemia on day 3 that is ~ 25% of count on day O. 

Late treatment failure 

Late clinical failure 

• Development of danger signs or severe malaria after day 3 in the presence of 

parasitaemia, without previously meeting any of the criteria of early treatment 

failure. 
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• Presence of paras it aemi a and axillary temperature 2:37.5 °e (or history of fever) 

on any day from day 4 to day 28, without previously meeting any of the criteria 

of early treatment failure. 

Late parasitological failure 

• Presence of paras it aemi a on any day from day 7 to day 28 and axillary 

temperature < 37.5 °e, without previously meeting any of the criteria of early 

treatment failure or late clinical failure. 

Adequate clinical and parasitological response 

• Absence of paras it aemi a on day 28 irrespective of axillary temperature without 

previously meeting any of the criteria of early treatment failure, late clinical 

failure or late parasitological failure. 
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1.5. Antimalarial chemotherapy 

Due to the failure of vector eradication programmes and lack of an effective 

malaria vaccine on the ground, malaria control is heavily reliant on the use 

chemotherapeutic agents. 

1.5.1. Drugs currently used for malaria treatment and prophylaxis 

There is a limited choice of drugs available for malaria treatment and prevention and 

lack of affordable new drugs (Winstanley, 2000). Available drugs can be broadly 

classified into five categories: 

(i) quinoline-based antimalarials such as chloroquine and mefloquine 

(ii) anti folate drugs such as pyrimethamine and chlorproguanil 

(iii) artemisinin compounds such as artemether and artesunate 

(iv) antibiotics such as doxycycline and clindamycin 

(v) hydronaphthoquinones such as atovaquone. 

1.5.1.1. Quinoline antimalarials 

(i) Cinchona alkaloids 

The history of quinoline antimalarials dates back to the 17th century when 

missionaries returning from South America introduced Cinchona alkaloids - quinine, 

quinidine, cinchonine and cinchonidine (Figure 1.6) into Europe (Jaramillo-Arango, 

1949). 
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FIGURE 1.06. Chemical structures of Cinchona alkaloids. quinine (a), quinidine (b), 

cinchonidine (c) and cinchonine (d). Note that quinine and quinidine are diastereomers 

of each other and so are cinchonidine and cinchonine. 

Further clinical development of these compounds was hampered by high-level 

toxicity and only quinine found clinical use. Because quinine was extensively used soon 

after its discovery, the limited natural supplies of quinine started to decline. For this 

reason, several attempts were made to synthesize this compound. Most of the early 
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attempts failed and it was not until the mid 1940s when the total synthesis of quinine 

was achieved (Woodward, 1944). Quinine is currently used for the treatment of P. 

falciparum infections thought to be SP and chloroquine resistant. It is also a drug of 

choice for the treatment of severe malaria and for the treatment of malaria during the 

first trimester of pregnancy. However, this compound has some liabilities: it has side 

effects and its dosage regimen is complex and takes a long time to complete (3 times per 

day for 7 days) and this greatly reduces compliance in some cases. 

(ii) 4-aminoquinolines 

The development of 4-aminoquinoline drugs, chloroquine and amodiaquine 

Figure 1.7, was greatly facilitated by complete structural elucidation of quinine. To date, 

no antimalarial drug has been as successfully and extensively used as chloroquine. This 

compound rose to such a position of prominence in malaria control because of four basic 

attributes: its modest cost, safety, ease for outpatient use and great efficacy. However, 

the emergence of parasite resistance to this drug has undermined its clinical utility. It is 

currently being replaced with newer drugs. Its sister drug, amodiaquine (AQ), has only 

been used to a limited extent since the 1980s after it was associated with agranulocytosis 

and hepatotoxicity in non-immune adult travellers that were using the drug for 

prophylaxis (Neftel et al., 1986). However, because amodiaquine retains a high degree 

of efficacy in areas infested with chloroquine resistant parasites (Staedke e/ aI., 2001), 

there has been a renewed interest in this drug. Recent findings from clinical trials 

conducted in Africa also suggest the risk of toxicity is low when amodiaquine is used for 

treatment (Staedke et al., 2001). 
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FIGURE 1.07. Chemical structures of chloroquine and amodiaquine. 

(iii) Quinoline and phenanthrene methanols. 

The quinoline methanol, mefloquine and the phenanthrene methanol 

halofantrine, are structurally related drugs (figure 1.8) that are active against chloroquine 

resistant strains. However, resistance to each of these drugs has been found to develop 

rapidly (Croft, 2001).The two drugs also exhibit a high degree of cross-resistance with 

each other and have highly variable bioavailability, which often leads to treatment 

failure. High cost is also a problem for the use of halofantrine and mefloquine in most 

parts of Africa. In addition, halofantrine is contraindicated and associated with fatal 

cardiotoxicity in individuals with a history of heart disease (White, 2007). Despite these 

liabilities, mefloquine and halofantrine are quite useful drugs especially in areas infested 

with multi-drug-resistant malaria. 
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FIGURE 1.08. Chemical structures of halo fan trine and mefloquine. 

(iv) 8-aminoquinolines. 

8-aminoquinolines were amongst the first antimalarials to be used in man, with 

primaquine the most effective (figure l.9.) This compound is used for the treatment of 

exoerythrocytic stages of P.vivax and P.ovale (hypnozoites) and is the only drug that is 

available for this purpose in the market. There are other 8-aminoquinolines in the 

development pipeline such as tafenoquine (Crockett et aI., 2007) and bulaquine 

(Krudsood et al., 2006). Primaquine also has potential as a gametocytocidal agent in P. 

jalciparum infections. 

Primaquine 

N~NH2 
H 

Tafenoquine 

FIGURE 1.09. Chemical structures of primaquine and tafenoquine. 
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However, primaquine has a short half-life and therefore requires daily 

administration. Primaquine can cause haemolysis contraindicated in patients with 

glucose-6-phosphate deficiency (Myat Phone et aI., 1994). Its congener, tafenoquine, 

which is currently being developed, has a larger therapeutic index and longer half-life 

than primaquine, and is expected to be safer than primaquine (Crockett et aI., 2007). 

1.5.1.2. Antifolates 

Unlike most antimalarial drugs, which trace their origins to plants and herbs, 

antifolate antimalarial drugs are a special class of drugs that were developed based on a 

proper understanding of the parasite's cell biology coupled with excellent synthetic 

medicinal chemistry. The discovery of these compounds stemmed from the finding that 

fully reduced folate cofactors are essential for the one-carbon transfer reactions needed 

for the parasite's nucleic acid biosynthesis and amino acid metabolism (Nzila, 2006). 

Currently, the most widely used anti folate drug is a synergistic combination of 

pyrimethamine, an inhibitor of dihydrofolate reductase (DHFR) and sulfadoxine (figure 

1.10), a sulfonamide that interferes with the action of dihydropteroate synthesis (DHPS), 

an earlier enzyme in the folate pathway (Nzila, 2006). This combination is commonly 

known as SP. 
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FIGURE 1.10. Chemical structures of pyrimethamine and sulfadoxine. 

Both components of SP have long-half lives and this makes SP an useful drug for 

intermittent preventive treatment (lPT) during pregnancy (Wolfe et al., 2001). However, 

extensive use of SP results in the rapid selection of mutants with reduced susceptibility 

to this drug. It is now widely accepted that point mutations in dhps and dhfr, genes 

encoding target enzymes for SP, confer resistance to this drug (Nzila, 2006). 

1.5.1.3. Antibiotics 

Antibiotics such as tetracycline, doxycycline and clindamycin have slow 

antiplasmodial action and are used in combination with other antimalarials (mostly 

blood schizonticides) to augment their activity (WHO, 2006). When used in combination 

with quinine, they can increase the efficacy of treatment in areas with quinine resistance 

and reduce the risk of quinine associated side effects by reducing the duration of quinine 

treatment (WHO, 2006). These compounds are also useful chemoprophylaxis agents 

(Petersen, 2004). 
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1.5.1.4. Artemisinin derivatives 

These are a class of antimalarials derived from the active ingredient artemisinin 

from the Chinese herb ' qinghao ' (Artemisia annua) , which was traditionally used for 

treating fevers. These semisynthetic analogues of artemisinin include artemether, 

arteether and artesunate (Figure 1.11), which are all metabolised into dihydroartemisinin 

- the principal active metabolite in the body. These drugs are highly potent, rapidly 

acting and also exert activity against immature gametocytes (Price, 2000). However, 

their use as single agents is hampered by high rates of recrudescence and poor 

compliance due to the need for multiple dosing (White, 1999). 

o 

Artemisinin 

OH OR 

Dihydroartemisinin R=CH3 (artemether) 
R=CH2CH3 (arteether) 

R=COCH2CH2COOH (artesunate) 

FIGURE 1.11. Chemical structure of artemisinin and its derivatives. 
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In order to derive maximum clinical benefit out of these drugs, artemisinin 

derivatives are being used in combination with long-acting antimalarials. Currently, this 

is the widely advocated approach to malaria case management and is termed 

'Artemisinin Combination Therapy' (ACT) (WHO, 2001). The basis of this strategy is 

that if an artemisinin compound is used in combination with a long-acting drug, rapid 

clearance of parasites by an artemisinin compound will reduce the probability of 

resistance development to the partner drug. At the same time, the long-acting drug will 

eliminate any residual parasites and reduce the probability of selecting mutants with 

reduced artemisinin sensitivity. However, this approach needs to be fully assessed 

especially in Africa, where several issues might delay the speed of implementation. The 

first issue regards the choice of a long-acting antimalarial to partner an artemisinin 

derivative. There is a fear that the use of a drug with a very long half-life may facilitate 

development of resistance in Africa. This fear is based on the fact that in Africa, the 

proportions of individuals with sub-therapeutic drug levels from previous treatments and 

/ or counterfeits drugs are generally high due to frequent use of antimalarials. Any new 

infection that occurs before the long-acting drug is cleared from the blood stream would 

be subjected to sub-therapeutic concentrations of the drug, which constitute a potent 

selection pressure for the development of resistance. The second issue that might delay 

the implementation of artemisinin-based combination therapy in Africa is that of cost. 

Most malaria infections occur in resource-poor settings and as such use of antimalarials 

largely depends on cost. Artemisinins are generally more expensive than conventional 

antimalarials such as chloroquine and sulfadoxine-pyrimethamine. Adoption of 

artemisinin-based combination therapy would require managers of national malaria 
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control programmes to convince their governments and/or external funding source about 

the benefits of this apparently costly strategy. 

1.5.2. New drugs for P. /alciparum malaria 

There are a few drugs that have emerged from the developmental pipeline and 

the principle of artemisinin combination therapy was applied in the development of 

some of them. 

Chlorproguanil-dapsone (Lapdap®). 

This drug combines two old anti folate drugs, chlorproguanil and dapsone Figure 1.12, in 

a novel fixed-dose combination. This combination has been found to be effective against 

SP-resistant infections in Africa (Lang et aI. , 2003; Winstanley, 2000) and will be 

affordable for Africa. It has been suggested that combining chlorproguanil-dapsone with 

artesunate could lengthen the useful therapeutic lifespan of Lapdap® (Tangpukdee et aI. , 

2005). Unfortunately this prgramme has now been terminated following then finding of 

unacceptable hemotoxicity in phase III trials. 

Chlorproguanil Dapsone 

FIGURE 1.12. Chemical structures of chlorproguanil and dapsone. 
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Artemether-Iumefantrine (Coartem®). 

This is a fixed-ratio combination of lumefantrine (formerly bentlumetol) Figure 

1.13 and artemether, an artemisinin derivative. This combination had been used in many 

countries around the world and had high success rate of treatments. This combination is 

now being developed by an MMV - Novartis joint program and a novel pediatric 

formulation has completed phase III clinical trial (www.mmv.org) 

CI 

CI CI 

FIGURE 1.13. Chemical structure of lumefantrine. 

Atovaguone-proguanil (Malarone®). 

When used as a monotherapy, atovaquone (Figure 1.14) has unacceptably high 

rates of recrudescence but its synergistic combination with proguanil, known as 

Malarone®, is highly effective against uncomplicated P. Jalciparum malaria 

(Looareesuwan et ai. , 1996; Radloff et al., 1996). 
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Atovaquone Proguanil 

FIGURE 1.14. Chemical structures of atovaquone and proguanil. 

Malarone® is also effective against cases of P. malariae, P. vivax and P.ovale 

malaria. Unfortunately, Atovaquone® is expensive to produce and its combination with 

proguanil may not be affordable for Africa. Despite of this malarone® been registered 

and used as malarial chemoprophylaxis in many western country base on safety and 

efficacy of this combination (Camus et aI. , 2004; Marra et al., 2003; Petersen, 2004). 

Pyronaridine 

Pyronaridine Figure 1.15 is a synthetic acridine derivative that may find utility 

against multi-drug-resistant P. Jalciparum malaria. It is reported to be effective and safe 

(Gupta et al., 2002; Vivas et al., 2008). Further developments of this drug are now at 

phase III clinical trial within the MMV portfolio in combination with Artesunate to 

make an artemisinin combination therapy (www.mmv.org). 
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FIGURE 1.15. Chemical structure of pyronaridine. 

Piperaquine 

Piperaquine is an antimalarial compound belonging to the 4-aminoquinolines 

(figure 1.16.). In 1966 Shanghai research institute of pharmaceutical industry 

synthesized this compound. In 1978 piperaquine replaced chloroquine for use as first 

line monotherapy in China and was used for mass prophylaxis between 1978 - 1992 

until resistance developed (Davis et aI., 2005). Piperaquine was recently brought back 

for use in treatment of P. jalciparum malaria in combination with artemisinin based 

drugs. This combination therapy, like many other drugs that been developed for use in 

treatment of infectious diseases in low income countries lacks pre-clinical data and even 

after many years of clinical use there are still only limited published preclinical in vitro 

and in vivo information, pharmacokinetics profiles, metabolism and toxicity data. In 

clinical use, piperaquine combined with dihydroartemisinin (marketed as Artekin®) 

shows excellent cure rates (over 90 %) for treatment of P. jalciparum and vivax malaria 

in Africa and southeast Asia (Ashley et aI., 2004; Ashley et aI. , 2005; Denis et aI. , 2002; 

Giao et ai., 2004; Grande et aI., 2007; Hasugian et ai., 2007; Hung et aI. , 2004; Janssens 

et aI., 2007; Karunajeewa et aI. , 2004; Mayxay et al., 2006; Myint et aI., 2007; Smithuis 
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et aI., 2006; Tangpukdee et aI., 2005; Tran et aI., 2004b; Wi lairatana et al., 2002; Zongo 

et aI., 2007). Further pre-clinical and clinical details of piperaquine and its combination 

will be described in subsequent chapters of this thesis. 

CI CI 

FIGURE 1.16. Chemical structure of piperaquine phosphate 

Despite having some very potent antimalarials the major factor that confounds 

treatment is the development of drug resistance. Unfortunately the majority of drugs on 

the market have developed resistance and as such many research projects focus on 

elucidating the mechanisms of resistance in the hope of being able to design novel 

antimalarials that retain potency yet bypass the resistance mechanism. Drug resistance to 

the most commonly used antimalarials will be discussed below. 
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1.6. Antimalarial drug resistance 

The development of drug resistant strains of P. Jatciparum has proved to be a 

major obstacle to the successful treatment of malaria infected patients. Drug resistance 

in malaria is a vitally important public health concern (Breman et a/., 2001; 

Wongsrichanalai et at., 2002). The quinoline antimalarials are still widely used and are 

highly effective drugs for treatment and prophylaxis, although the development of 

resistance has gradually eroded their therapeutic value in malaria endemic regions 

(Wernsdorfer et at., 1991). Resistance to chloroquine arose over 50 years ago and today 

resistance to the drug has been observed in every region where P. Jatciparum occurs 

(Wongsrichanalai et at., 2002). It was initially thought that resistance developed from 

two independent loci; South America (Maberti, 1960) and Southeast Asia (Harinasuta et 

at., 1962), although recent studies have suggested the development of a third locus 

originating from Papua New Guinea (Mehlotra et aT., 2001). Gradually over the next 20 

years, resistance spread throughout South America and Southeast Asia eventually 

arriving in East Africa in the late 1970s. Chloroquine resistance has since spread across 

all of Sub-Saharan Africa (Petersen, 2004). 

As drug resistance is genetically determined, it will spread by active malaria 

transmission, as gametocytes from resistant isolates will produce resistant offspring. 

Interestingly, Sutherland et at., 2002 showed that children that were successfully treated 

with chloroquine were still capable of harbouring and transmitting P. JaTciparum 

gametocytes carrying resistance alleles. The drug resistance phenotype is a stable 

phenotype that can be maintained through in vitro culture over many years without the 

28 



need for further drug selection (Le Bras et al., 1983). Selection for resistant parasites by 

drug pressure presumably occurred on a number of separate occasions, leading to 

differing levels of drug resistance. At a genetic level, this is probably also valid, with 

different levels of resistance arising through the sequential accumulation of mutations in 

linked or independent genes (Hastings et al., 2002). 

Drug resistance in P. Jalciparum is not confined to chloroquine. Amodiaquine is 

an active analogue of chloroquine used in the chemotherapy of cases of treatment failure 

but is also subject to resistance mediated failures (Campbell et al., 1983; Childs et al., 

1989; Glew et al., 1974; Hall et al., 1975). More worrying, though, is that parasite 

resistance to the newer class of antimalarials, such as mefloquine, was reported as early 

as 5 years after its introduction as a prophylactic treatment in parts of Thailand 

(Mockenhaupt, 1995; Pukrittayakamee et al., 1994). In some regions of Thailand cure 

rates for MQ have now dropped to below 41 % (Fontanet et al., 1993; Nosten et al., 

1991) and only the introduction of a combination therapy of mefloquine with artesunate 

or artemether has stemmed the rapid development of resistance to this drug (Price et al., 

1995). 

1.6.1. Mechanism of resistance to antifolate drugs 

Antifolates comprise a group of drugs that work through inhibition of folate 

metabolism of various organisms, including malaria parasites. Antifolate antimalarials 

such as pyrimethamine and cycloguanil act by inhibiting DHFR, an enzyme responsible 

for reduction of dihydrofolate to tetrahydrofolate. Sulfa containing drugs, including 

sulfonamides and sulfones, inhibit another enzyme in the folate salvage pathway, DHPS, 

responsible for forming a precursor of dihydrofolate two steps earlier in the folate 
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metabolic pathway. This two pronged attack on targets in the same pathway results in a 

potent antimalarial combination therapy. Unfortunately, the widespread use of the drug 

has resulted in the rapid rise of resistance, especially in Southeast Asia, South America 

and more recently many areas of Africa (Roper et ai., 2004; Sibley et ai., 2001; 

Wongsrichanalai et al., 2002). 

Molecular basis of antifolate resistance 

The antifolate antimalarials are the most well studied of all antimalarials with 

both the mechanisms of action and resistance to the drugs well characterised. The 

principle mechanisms of resistance involve mutations in dhfr and dhps. Simplistically, 

mutations in dhfr confer resistance to pyrimethamine and the biguanides, whilst 

mutations in dhps confers resistance to sulfadoxine and dapsone (Sirawaraporn et al., 

1997). It would appear that the evolution of resistance in dhfr is due to mutations being 

acquired in a stepwise selection. A serine to asparagine change at codon 108 is selected 

first and is ultimately the critical mutation resulting in a decrease in inhibitor binding 

while retaining normal enzyme activity (Sirawaraporn et al., 1997). The single mutant 

provides a moderate level of resistance, with the acquisition of subsequent mutations at 

codons 51, 59 and 164 resulting in increasingly higher levels of resistance to 

pyrimethamine (Gregson et ai., 2005). Similarly, a stepwise selection of mutations in 

dhps results in progressively increased levels of resistance to the sulfa drugs including 

sulfadoxine. The mutation at codon 437 is the first to be selected with additional 

mutations at codons 436, 540, 581 and 613 (Hyde, 2002). However, since most drugs 

that target either DHFR or DHPS are used in combination, such as sulfadoxine-
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pyrimethamine (SP), resistance to this combination requires multiple mutations in dhfr 

(three or more) coupled with mutations in dhps (Hyde, 2002). 

1.6.2. Mechanism of resistance to napthoquinones 

Atovaquone is a napthoquinone developed to selectively compete for ubiquinone 

(CoQ) in the mitochondrial electron transport chain of the malaria parasite (Vaidya et 

al., 2004). Atovaquone which is 1000 fold more active against parasite compared with 

mammalian mitochondria (Fry et al., 1992) specifically acts by binding to the CoQ 

oxidation site in the cytochrome b CI complex (Vaidya et al., 2004; Syafruddin et al., 

1999). When used as a single agent, resistance to atovaquone was quickly observed 

both in vitro and in mice models (Gassis et al., 1996; Rathod et al., 1997; Srivastava et 

al., 1999). In species of Plasmodium, resistance to atovaquone is associated with 

missense mutations around the Qo (CoQ oxidation site) region of the cytochrome bel 

gene, especially near the highly conserved PEWY sequence (Korsinczky et al., 2000). 

Atovaquone-resistant P. Jalciparum lines, generated in the laboratory, were polymorphic 

at codons 133, 272 and 280 (Korsinczky et al., 2000). Whilst in vivo, the first cases of 

Malarone (combination therapy consisting of atovaquone and the biguanide proguanil) 

treatment failure were associated with mutations at codon 268, namely Y268N and 

Y268S (Fivelman et al., 2002; Schwartz et al., 2003). These mutations were 

subsequently considered useful tools for the surveillance of Malarone-resistance, 

however recent reports indicate the presence of Malarone-resistance in the absence of 

the 268 mutation (Wichmann et al., 2004). 

31 



1.6.3. Mechanisms of resistance to artemisinin 

Artemisinin and its derivatives (artesunate, artemether, arteether and 

dihydroartemisinin) represent a very different class of antimalarial compounds 

developed from an Chinese herbal remedy extracted from the sweet wormwood 

Artemisia annua or "qinghao" (Meshnick, 2002). The cellular target of artemisinin is 

controversial and as such the mechanism of resistance is poorly defined. The 

artemisinins are endoperoxides, containing a peroxide bridge and this feature is believed 

to be the key to their mode of action, reacting with ferrous iron in the parasite resulting 

in cleavage of the endoperoxide bridge which subsequently forms highly reactive free 

radicals. The generation of free radicals can result in many different parasite proteins 

being alkylated which is probably a major reason why no defined mechanism of action 

and resistance to artemisinin and its derivatives has been described. 

At the molecular level a number of candidate genes have been put forward as 

conferring parasite resistance to artemisinin. The parasite sarcoplasmic reticulum 

calcium-dependent ATPase (PfA TPase6) has received a lot of attention after it was 

shown that introducing a mutation into a key region of the PfA TPase6 protein was 

sufficient to control sensitivity to artemisinin when expressed in the Xenopus faevis 

heterologous expression system (Uhlemann et af., 2005). However, it remains to be 

seen whether or not this mutation translates into in vivo parasite resistance to artemisinin 

or its derivatives. Incidentally, genetic manipulation of the parasite multidrug resistance 

protein (pfmdrl) either by reducing the protein expression of PfMDRI or allelic 

exchange of mutations has resulted in differential susceptibility patterns in the parasite 

to artemisinin (Sidhu et aI., 2005). 
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1.6.4. Mechanisms of resistance to quinoline containing antimalarials 

The quinoline anti malarias such as chloroquine, amodiaquine, qumme and 

mefloquine have been the mainstay of malaria chemotherapy for many years. As 

mentioned previously, the success of these drugs is based on their excellent clinical 

efficacy, limited host toxicity, ease of use and probably most importantly their cost­

effective synthesis. Unfortunately, despite it taking nearly 20 years to appear, resistance 

to quinoline antimalarials is now widespread throughout all malaria endemic regions and 

is making the once 'great' drugs essentially useless. Because of the importance of the 

quinoline antimalarials to the control of malaria a lot of effort has been invested in 

elucidating the mechanism of resistance, particularly resistance to chloroquine. 

Many investigations have focused on detailing individual components of the 

mechanism, albeit at the molecular or biochemical level. Proposed hypotheses have 

mostly been based around the fact that chloroquine resistant parasites accumulate less 

drug than their chloroquine sensitive counterparts (Bray el at., 1992; Bray el at., 1999; 

Fitch, 1969; Krogstad el al., 1987; Verdier el al., 1985) and that such mechanisms must 

control the reduced access of chloroquine to its intracellular target/receptor. 

Resistance to chloroquine is conferred primarily by polymorph isms in the P. 

faleiparum chloroquine resistance protein (PfCRT) with PfMDRl contributing to high 

levels of drug resistance. PfCRT was identified as the key determinant of chloroquine 

resistance through a genetic cross between a chloroquine resistant clone and a 

chloroquine sensitive clone (Wellems el at., 1990). Analysis of the resulting progeny 

revealed segregation of the verapamil-reversible chloroquine resistance phenotype as a 

Mendelian trait. After a number of false positives the genetic determinant of chloroquine 

resistance was finally mapped to chromosome 7 and subsequently named pferl (Fidock 

33 



et at., 2000). Genetic mutations in plert were reported to be associated with reduced in 

vitro susceptibilities to chloroquine in laboratory lines and field isolates (Djimde el at., 

2001)." Subsequent allelic exchange experiments have now shown without doubt that 

polymorphisms in pierI confer chloroquine resistance (Sidhu et ai., 2002). 

Point mutations have been observed in 10 codons of the pierI gene of chloroquine 

resistant parasite isolates from various regions. These include mutations at amino acid 

positions 72, 74, 75, 76,97,220,271,326,356, and 371 (Fidock el al., 2000). Broadly 

speaking, the chloroquine resistant parasite isolates from Southeast Asia and Africa have 

pierI genes with seven to nine mutated codons, and their mutated codons are represented 

by the amino acid residue pattern of CIETH(L)SEST(I)I, from positions 72 to 371 

(Fidock el al., 2000). The chloroquine resistant parasites from South America and 

Papua New Guinea possess pferl genes with four to five mutated codons forming 

patterns ofS(C)MNTHSQDLR (Mehlotra el aI., 2001). The minimum number of 

mutations previously reported in pierI of chloroquine resistant parasites is four; C72S, 

K76T, N326D, and I356L (Wootton el aI., 2002). Mutation K76T is found in all 

chloroquine-resistant parasites and A220S is observed in most chloroquine resistant 

isolates, signifying their essential role in chloroquine resistance. Recently, two novel 

mutations, A144T and L160Y, were identified outside of the 10 known mutations in 

pferl in Morong isolates (Chen el ai., 2003). These novel mutations were identified only 

in parasites with K76T and N326D but without the common A220S mutation found in 

most chloroquine resistant isolates. Confirmation of these novel mutations by other 

study groups has yet to appear. The role of the remaining pferl mutations in chloroquine 

resistance remains unclear. It should be noted however that mutations in the P. vivax 

homolog of pierI, are not associated with chloroquine-resistance (Djimde el ai., 2001), 
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suggesting a genetic basis for chloroquine-resistance in P. vivax that is different from 

that in P.falciparum. 

Proposed functional roles for PfCRT in chloroquine resistance 

Although localised to the digestive food vacuole membrane (Fidock et al., 2000), 

the physiological role of the PfCRT transporter in P. Jalciparum physiology is currently 

unknown, and for this reason the exact role of PfCRT in chloroquine resistance 

mechanisms remains elusive. This deficiency however has not deterred assiduous 

workers in proposing a variety of putative resistance mechanisms. Three main theories 

have evolved, the first proposes that PfCRT influences chloroquine distribution 

indirectly, by altering ion gradients across the digestive food vacuole membrane such as 

chloride (Warhurst, 2001; Zhang et al., 2002). The second hypothesis proposes that 

chloroquine is effluxed out of the digestive food vacuole by an ATP-dependent primary 

active transport process (Krogstad et al., 1992; Krogstad et al., 1987). The final 

hypothesis, known as the "charged drug leak model" proposes that PfCRT facilitates the 

movement of protonated-chloroquine (CQ++) down its concentration gradient out of the 

digestive food vacuole (Johnson et al., 2004). 

In support of the first hypothesis, studies which have heterologously expressed 

PfCRT into yeast (Pichia pastoris33
) and Xenopus oocytes (Naude et al., 2005) indicate 

that PfCRT is able to modulate host transport systems. In the yeast, PfCRT is reported 

to function in the passive movement of cr, whilst in the Xenopus system, PfCRT­

expressing oocytes exhibit a depolarised resting membrane potential ('I'm) and a higher 

intracellular pH (pH), compared to control oocytes. However, the fact that PfCRT 

"modulates" other transport process is somewhat vague. There is considerable 

35 



distinction to be drawn between the scenario whereby PfCR T actively regulates other 

transporters and that whereby it merely acts consequentially on other transport processes 

by the perturbation of ion (e.g. Ca2+, cr, K+, Na+, H+) homeodynamics. A further 

problem faced by these studies, is that due to the high AfT of P. Jalciparum genes, the 

coding content of the pJcrt gene had to be reconstructed to allow for protein translation. 

It is not known therefore how these changes affect the function of the heterologously 

expressed protein. 

Evidence for an energy-dependent chloroquine transporter as described in the 

second hypothesis, was first proposed by Krogstad and collegues (Krogstad et al., 1992; 

Krogstad et al., 1987). It was demonstrated that steady-state accumulation of 

chloroquine by chloroquine resistant parasites is reduced by adding glucose to the 

medium. By contrast, adding glucose to suspensions of chloroquine sensitive parasites 

markedly stimulated the accumulation of chloroquine. The simplest interpretation of 

these data is that chloroquine sensitive parasites have an energy-dependent chloroquine 

uptake mechanism (energy is required both to maintain the digestive food vacuole 

proton gradient and to traffic and digest haemoglobin, releasing FPIX) and that 

chloroquine resistant parasites have an additional energy-dependent chloroquine efflux 

mechanism. In addition, a recent study has demonstrated that chloroquine uptake can be 

trans-stimulated and that in chloroquine resistant parasites this effect is energy 

dependent (Sanchez et al., 2003). Based on these observations, these authors suggested 

that an A TP-dependent primary active efflux transporter is responsible for chloroquine 

resistance (Sanchez et ai., 2003). There are however other explanations for these data 

and currently this theory as yet to be widely accepted. 
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The "charged drug leak" hypothesis (Johnson et al., 2004), has recently gained 

support from two independent studies indicating that PfCRT is a member of the 

drug/metabolite transporter super family (Martin et al., 2004; Tran et al., 2004a) that 

may therefore be able to transport chloroquine directly. Transporters of this class are not 

directly energized by ATP and transport is often modulated by the transmembrane 'Pm. 

The charged drug leak hypothesis provides a potential explanation as to how 

polymorphisms in pierI may directly mediated chloroquine resistance. The critical 

mutations associated with the development of chloroquine resistance are located on the 

food vacuole side and in the membrane. These mutations are associated with a loss of 

basic and hydrophobic residues. Since chloroquine is diprotonated at the pH of the food 

vacuole, the loss of a basic residue at the opening of the channel in mutated PfCRT may 

allow the positively charged chloroquine to diffuse through an aqueous pore into the 

parasite cytoplasm. The release of chloroquine will be aided by both the protonated 

chloroquine (CQ++) concentration and proton gradients across the food vacuole 

membrane. In addition, it provides a potential explanation for the observed "reversal" of 

chloroquine resistance by a wide variety of structurally unrelated compounds whose 

only common features are hydrophobicity and positive charge (Bray et al., 1998). It is 

predicted that such compounds at high concentrations could sit in the hydrophobic core 

of the transporter, replace the positive charge and block the leak of charged chloroquine 

(e.g. verapamil). In support of this, a recent study shows that a novel mutation in PfCRT 

(S 163R) replaces a positive charge inside the barrel of the PfCRT transporter returning 

the parasites to a chloroquine sensitive status and abolishing verapamil reversibility 

while retaining all of the mutations, including K76T and A220S, associated with 

resistance (Johnson et al., 2004). 
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PfMDRl and resistance mechanisms to mefloquine and quinine 

It was hypothesised that analogous with mammalian tumour cells exhibiting 

multidrug-resistance (mdr) phenotypes by virtue of the up-regulation of A TP-dependent 

P-glycoproteins, it was possible that drug-resistant P. falciparum lines may also harbour 

similar multidrug-efflux transporters. Subsequently, two genes showing homology with 

human mdr-type genes where identified and named pfmdrl and pfmdr2 (Wilson et al., 

1989). Further analysis of pfmdr2 indicated that there was no up-regulation or 

polymorphisms which correlated with P. falciparum drug resistance (Zalis et al., 1993) 

(Rubio et al., 1994) and in addition it was shown that structurally this gene product 

differed significantly from mammalian mdr-encoded proteins (Rubio et al., 1996). 

Polymorph isms in pfmr 1 however, were shown to correlate with chloroquine resistant 

parasite, although further surveys did not always show such a good correlation (Basco et 

al., 1995; Foote et al., 1990; Wilson et al., 1993). Nevertheless, the localisation of the 

pfmdrl gene product, Pghl (for P-glycoprotein homologue) in the membrane of the 

parasite digestive food vacuole suggested an involvement in quinoline drug resistance 

(Cowman et aI., 1991). 

The polymorphisms found in the pfmdrl gene which correlate with drug resistance 

include N86Y, Y184F, Sl034C, N1042D and D1246Y. The mutation N86Y shows an 

association with chloroquine resistance however it is absent from a large number of 

South American chloroquine resistant strains. The discrepancies surrounding the 

involvement of pfmdrl in resistance to chloroquine and related quinolines was c1eared­

up in a study by Cowman and colleagues using allelic exchange techniques (Reed et al., 

2000). Variant pfmdrl genes from a drug resistant line (7G8) carrying the mutations 

1034C, 10420 and 1246Y were transfected into a chloroquine sensitive P. falciparum 
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strain (D 1 0) carrying the wild-type sensitive residues (l034S, 1042N and 1246D). The 

variant pfmdr 1 genes from the drug resistant line did not confer resistance to chloroquine 

but did confer resistance to quinine. However, removal of the pfmrl mutations from the 

chloroquine resistant strain did increase sensitivity to chloroquine and confer resistance 

to mefloquine and halofantrine. These data conclusively demonstrated that pfmdr 1 was 

a genetic determinant for mefloquine, quinine and halofantrine but not for chloroquine. 

In order to explain the "chloroquine modulation" effect of Pgh 1, it was proposed that 

Pghl can act in concert with another system (now known to be PfCRT) which confers 

chloroquine resistance. 

In addition to polymorph isms arising from point mutations, gene amplification of 

pfmdr 1 has also long been suggested as a possible cause for antimalarial drug resistance, 

and a casual link between halofantrine, mefloquine and quinine resistance was inferred 

(Cowman et af., 1994; Foote et af., 1989) Recently, gene amplification of pfmdrl was 

correlated to mefloquine resistance in vivo (Price et al., 2004). It was concluded that 

increased copy number of pfmdr 1 was the most important determinant of mefloquine 

resistance. Interestingly, single nucleotide polymorph isms in pfmdrJ were only 

associated with increased mefloquine susceptibility in vitro, and not in vivo. 

Quinine remains effective against P. falciparum but decreasing efficacy has been 

reported in the main malaria endemic areas (Jelinek et aI., 1995; Pukrittayakamee et al., 

1994). It is assumed that quinine resistance shares some of the mechanisms associated 

with chloroquine and mefloquine resistance. As described above, it was shown that 

polymorphisms in pfmdrl increase resistance to quinine (Reed et al., 2000), and in 

addition mutations in PfCRT and in particular K76T, also confers a quinine resistant 

phenotype (Lakshmanan et al., 2005). Interestingly, it was observed that the K76I 
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mutation greatly increased sensitivity to quinine but reduced sensitivity to its enantiomer 

quinidine, indicative of a unique stereo-specific response not observed in other 

chloroquine resistant lines (Cooper et aI., 2002). A recent search of genetically crossed 

P. faiciparum lines for quantitative trait loci (QTL) associated with quinine resistance, 

has identified three main loci on chromosomes 5, 7 and 13 (Ferdig et ai., 2004). The 

mapped segments on chromosomes 5 and 7 are consistent with the involvement of 

pfmdrl and pfert respectively, however the chromosome 13 segment implies the 

involvement of a novel genetic determinant. Several candidate genes have been 

analysed and some correlation has been demonstrated between quinine resistance and 

polymorph isms in pfnhe-l, a putative Na + /H+ exchanger, however it should be stressed 

that this work is still at a preliminary stage. 

Importantly the mechanisms described above are the only accepted processes 

that may be involved in drug resistance. With new drugs such as those under study in 

this thesis it will be important to ensure a lack of cross resistance with known 

mechanisms. This is most relevant with piperaquine which has some similarities to 

chloroquine. In addition piperaquines' use as monotherapy in china resulted in rapid 

high level resistance (Chen, 1991; Fan et ai., 1998; Wu, 1985; Yang et ai., 1995; Zhang 

et at., 1987) the mechanism of which is totally unknown. 
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1.7. Pharmacokinetics 

The part of work to be described in this thesis is to determine the basic 

pharmacokinetic properties of the artemisinin type drugs and its combination. 

Pharmacokinetics represents the fate of drugs when administered in to the body and 

involve absorption, distribution and elimination of drugs with the resulting parameters 

being used to predict drug level in similar individuals or others by using mathematical 

calculation and models. It is useful to review general principles of pharmacokinetics that 

will be applied throughout this thesis. 

1.7.1 Drug absorption 

All drugs administered extravascularly are required to access their site of action 

by absorption, usually involving the crossing many of biological membranes. 

Absorption can be either be passive or an active process or even a combination of both 

processes. Factors that can influence absorption of drugs including dissolution 

properties, lipophilicity, molecular weight, environmental pH and also blood flow to 

region where drugs been administered. 

1.7.2. Drug distribution 

After drugs enter systemic circulation drugs they are distributed throughout the 

body. This is a dynamic and reversible process. Rate of distribution depends on many 

factors including systemic blood flow, property of the drugs, binding to proteins or 

specific tissues. 
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1.7.3. Drug elimination 

The process of elimination is the irreversible loss of drug from the body as a 

result of metabolism and excretion. The major route of drug elimination for small 

molecules is through urine via kidney excretion with larger and nonionized molecules in 

the bile via hepatic excretion. The metabolism or biotransformation of drugs includes 

many varied routes including oxidation, reduction, hydrolysis, hydration, conjugation 

and condensation. The routes of drug metabolism are usually divided into two phases, 

phase I and phase II. The ultimate aim of drug metabolism is to increase the water 

solubility of the molecule which improves the rate of excretion. Some drugs have 

extremely active metabolites, more potent than the parent compound. One such drug is 

the metabolism of artemisinin and artesunate to dihydroartemisinin. Some of drug 

metabolite like dihydroartemisinin that is a metabolite ofartesunate has a greater activity 

against malaria than its parent artesunate. 

1.7.4. Pharmacokinetics parameters 

Pharmacokinetic parameters are derived from the change of drug concentration 

over time. All pharmacokinetic analysis in this thesis are based on the analysis of drug 

concentration in human plasma with the data being plotted as semi-logarithmic graphs. 

Primary parameters used in this thesis include 

• Elimination half-life is defined as the time taken for the drug concentration to fall 

to half its original value after reaching equilibrium. 

• Clearance. This parameter describes the rate at which drugs are eliminated and is 

determined by the elimination rate constant. 
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• The area under concentration time curve (AUC) is a measure of the total body 

load of drug (bioavailability) and changes in the AUe represent overall changes 

in the bioavailability of the drug. For example individual variation in absorption, 

distribution and excretion will alter the AUe. 

• Volume of distribution this parameter relate the measured drugs concentration to 

total amount of drugs in the body after drugs distribution equilibrium. 
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AIMS OF THESIS 

The focus of this thesis is to provide an increased understanding of the 

pharmacology of new piperaquine based antimalarial combinations for use in the 

treatment of malaria. Three products have been investigated in clinical trials namely 

piperaquine plus dihydroartemisinin or Artekin®, artemisinin plus piperaquine or 

Artequick® and Artesunate (water soluble form for intravenous use). In particular the 

thesis focuses on: 

• the role of know resistance mechanisms in drug susceptibility and the potential 

interactions between components 

• the development of validated analytical methods to facilitate pharmacokinetic 

studies in clinical trials 

• a series of three clinical trials addressing different issues relevant to clinical 

pharmacology of the artemisinin combination therapys 
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CHAPTER 2 

In-vitro pharmacodynamics of dihydroartemisinin and 

piperaquine 

2.1. Introduction 

As described in chapter 1 artemisinin based combination therapies (ACT) were 

recommended by WHO for the treatment of P. Jalciparum malaria (WHO., 2001). The 

ACT dihydroartemisinin plus piperaquine (DHA/PIP) is one such combination. 

DHAIPQ, although not currently a licensed product it is in use in South East Asia and 

China and has been investigated in clinical trials in many countries.(Ahmed et al., 2008; 

Ashley et al., 2004; Ashley et al., 2005; Denis et al., 2002; Giao et at., 2004; Grande et 

at., 2007; Hasugian et al., 2007; Janssens et al., 2007; Kamya et al., 2007; Karema et 

al., 2006a; Karunajeewa et at., 2004; Mayxay et al., 2006; Myint et al., 2007; Price et 

al., 2007; Ratcliff et al., 2007; Smithuis et al., 2006; Tangpukdee et al., 2005; Tran et 

al., 2004b; Wilairatana et al., 2002; Zongo et ai., 2007). Overall this ACT appears to be 

safe and very effective against both Plasmodium /alciparum and Plasmodium vivax 

infections in adults and children. 

The development of this drug combination has not been conventional with the 

idea emerging from China and followed immediately by clinical trials in human 

populations. The argument for this was based on the fact that there was considerable 
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human experience with the artemisinin like dihydroartemisinin, and piperaquine had 

been used successfully in China as a monotherapy for many years until unacceptable 

resistance emerged(Huang et al., 1985; Li, 1985; Wu, 1985). There is little published 

pre-clinical pharmacology on this combination therapy with little data on their 

mechanisms of action, interactions between the two components in terms of antimalarial 

activity or the influence of known resistance mechanisms on parasite susceptibility. 

These deficiencies are addressed in this chapter. 
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2.2. Material and methods 

2.2.1. Malaria parasite isolate 

Plasmodiumfalciparum parasite isolates used in these studies included: 

I. The chloroquine resistant laboratory isolates K I, TM6 and 7GS 

2. The chloroquine sensitive laboratory isolate 307 

3. pfcrl-recombinant lines C2GC03
, C3Dd2 and C67G8 

4. pfmdrl-recombinant lines OIODIO, D107G8
, 7GS7G8 and 7GSD10 

The pfcrt and pfmdr 1 genotype for the lines of P. falciparum used in these studies is 

shown in table 2.1 

Funclional PfCRT haploh'pe PfMDRI haololvne 

Parenlal LIne co slalus 72 74 7S 76 22U 271 326 356 371 86 1034 1042 LIne 

KI CQR C I E T S E S I I Y S N 

TM6 · COR C I E T S E S I I Y . 
7G8 · COR S M N T S Q 0 L R N C 0 

307 · CQS C M N K A 0 N I R N S N 

ciifOJ GCOJ COS C M N K A Q N I R N S 0 

C3"'" 
G(,03 CQR C I E T S E S T I N S 0 

C6
701

' 
GeOJ CQR S M N T S Q 0 L R N S 0 

DIOlll• 
010 COS C M N K A 0 N I R N S N 

01010• 
010 COS C M N K A Q N I R N C 0 

7G8m• 7G8 COR S M N T S Q 0 L R N C 0 

7GH[1IO 7(1S CQR S M N T S Q 0 L R N S N 

TABLE 2.01. PfCRT and PfMORI haplotype of the P. falciparum lines used in 

these studies. The bold type indicates amino acids that differ from the canonical 

chloroquine sensitive pfcrl and pfmdr 1 alleles. C2GC03
, C3Dd2 and C67G8 were generated 

by genetic modification of pfcrl (Sidhu el at., 2002). DIODIO, 0 107G8, 7G87G8 and 

7GSD10 were generated by genetic modification of pfmdr 1 (Reed el al., 2000). 
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2.2.2. Malaria parasite culture and maintenances 

Malaria parasites were grown and maintained in culture using a modification of 

the method by Trager and Jensen (Trager et al., 1997). 

2.2.2.1. Preparation of culture medium 

Culture mediums and all supplements were prepared in a sterile laminar flow 

hood and sterilized by filter-sterilization using a O.2f.lm filter. Complete medium for 

parasite culture was prepared from RPMI 1640 medium supplemented with L-glutamine 

and sodium bicarbonate purchased in 500 ml bottles to which was added 1 ml of 

gentamicin solution (IOmg/ml), 12.5ml of a 1M aqueous solution of HEPES (N-[2-

hydroxyethylpiperazine-N'-[2-ethanesulfonic acid]) at a pH of 7.4 and approximately 

50ml (10%) of pooled human AB serum. Culture medium and supplements were all 

obtained from Sigma. 

2.2.2.2. Preparation of serum and uninfected erythrocytes 

Human AB serum used in the experiments described in this thesis was supplied 

by the gastroenterology ward, Royal Liverpool Teaching Hospital, UK. The serum came 

from multiple donors collected without anticoagulant and pooled together in a pre­

autoclaved conical flask to achieve a homogenous mixture suitable for parasite culture. 

The pooled serum was heat-inactivated at 56°C prior to use in parasite cultivation. 

Stocks of AB serum were ali quoted in to 50ml volumes and stored at -20°C. prior to use 

the serum was thawed at 37°C in a water bath. 
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Human erythrocytes group 0, rhesus positive were obtained from The Regional 

Blood Transfusion Centre, Liverpool, UK. The blood was screened for anti-HIV (human 

immunodeficiency virus), anti-hepatitis B antibodies and syphilis and with no history of 

recent antimalarial or antiparasitic drugs administration. The erythrocytes were prepared 

by re-suspending 20ml of blood in 30ml of RPMI followed by centrifugation at 2000g 

for 5 minutes at room temperature, the supernatant and buffy coat layer were carefully 

removed aseptically and the remaining red cell pellet washed a further two times with 

incomplete RPMI media. Washed erythrocytes were stored at 4°C and used within seven 

days. 

2.2.2.3. Continuous culture of malaria parasites 

Malaria parasites were grown in complete medium at a hematocrit level of 2% in 

a sealed sterile flask under a gas mixture of 4% O2, 3% CO2 and 93% N2 and placed in a 

temperature controlled incubator at 3tC. 

Parasite growth was monitored by percentage parasitaemia, determined (usually 

daily) from blood smears prepared from parasite cultures. Slides were air dried, fixed 

with methanol and stained with 1 % giemsa solution. To determine percentage 

parasitaemia the number of parasitized erythrocytes were counted against at least 500 

erythrocytes under light microscope and a simple percentage determined. The parasites 

were maintained at 2-10% parasitaemia, with subculture of malaria parasites performed 

or when parasitaemia approached 10 % to maintain parasite viability. Sub-culturing was 

performed by centrifuging the parasite suspension at 2000g for 5 minutes and discarding 

the supernatant. An aliquot of the parasite pellet was added to washed un infected 
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erythrocytes and complete media to produce a final parasitaemia of < 2% at a hematocrit 

of 2%. The sub-culture was transferred aseptically into a fresh sterile flask under a gas 

mixture of 4% O2, 3% CO2 and 93% N2 and placed in a temperature controlled incubator 

at 3ic. 

2.2.3. Cryopreservation 

Parasite cultures comprising of predominantly ring stage parasites (>5%) were 

centrifuged at 2000g for 5 minutes and the supernatant removed. The parasite pellet was 

re-suspending in sterilized cryoprotectant solution (28% glycerol and 72% of 4.2% w/v 

sorbitol in 0.9% w/v sodium chloride solution) and mixed gently for a minute. 1 ml of 

the mixture was ali quoted into a fresh labeled cryotube. After leaving to equilibrate at 

room temperature for 5 minutes the cryotubes were placed under liquid nitrogen for 

storage. 

2.2.4. Retrieval of malaria parasite 

Cryopreserved parasites were removed from liquid nitrogen storage and thawed 

unassisted at room temperature. The content from the cryotube was transferred 

aseptically to a sterile centrifuge tube for centrifugation at 2000g for 5 minutes. After 

removal of the supernatant an equal amount of3.5% sodium chloride solution was added 

followed by equilibration for 5 minutes and centrifugation again at 2000g for 5 minutes 

followed by the removal of the supernatant. The resulting pellet was re-suspended in 5 

ml complete media and mixed thoroughly prior to centrifugation at 2000gfor 5 minutes. 

After discarding the supernatant the pellet was re-suspended in 15 ml of complete media 

plus 0.5 ml of fresh washed uninfected erythrocytes. The culture suspension was 
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transferred aseptically into a sterile flask under a gas mixture of 4% O2, 3% CO2 in N2 

and placed in a temperature controlled incubator at 37°C. 

2.2.5. Synchronization of malaria parasite 

Malaria parasite life-cycle stages were synchronized to ensure the parasite 

populations grew at the same stage of malaria asexual life cycle. This is important for 

drug action studies. Synchronization was achieved using the sorbitol lysis treatment 

(Lambros et ol., 1979). This method is based on the principle of osmotic permeability of 

mature malaria parasitized erythrocytes to sorbitol (trophozoites and schizonts) whereas 

younger parasites (ring stages) are not permeable to sorbitol. This leads to selective 

osmotic cell lysis and death of matured malaria parasites, trophozoites and schizonts, 

leaving only young viable ring stages. Synchronization was performed on mixed stage 

cultures (with a predominance of rings). Cultures were transferred to sterile centrifuge 

tubes and centrifugation at 2000g for 5 minutes. The supernatant was removed and 

sorbitol 5% w/v to ml was added to the pellet followed by gentle mixing I and 

equilibration for 20 minutes. There after the content was centrifuged at 2000g for 5 

minutes and the supernatant removed the resulting pellet was re-suspended with an 

excess amount of complete media and following mixing was centrifuged at 2000g for 5 

minutes. Again the supernatant was removed and the resulting cells were then re­

suspended in complete media and transferred aseptically into sterile flasks under a gas 

mixture of 4% 02, 3% C02 in N2 and placed in temperature controlled incubator at 3ic. 
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2.2.6. In vitro drugs susceptibility and drug synergism test 

In-vitro malaria parasite-drug susceptibility tests were performed using a 

modification of the method of Desjardins et al., 1979 by measurement of eH] 

hypoxanthine incorporate into parasite nucleic acids. This method is based on measuring 

how much an antimalarial drug inhibits the incorporation of tritium labeled 

hypoxanthine into the parasite's nucleoprotein. 

The drugs under investigation were dihydroartemisinin and piperaquine both 

obtained from The Republic of China and checked for purity by Professor Paul O'Neill 

(Department of Chemistry, University of Liverpool). Drug stocks for dihydroartemisinin 

were prepared by dissolving a known amount of solid material in 100% DMSO. Drug 

stocks for piperaquine were prepared by dissolving a known amount of solid material in 

90% methanol and 10% of 1 M hydrochloric acid to make a final concentration of 

10f.1g1ml. All drug stocks were serially diluted with culture media to the desired 

concentration and 100 f.1L aliquots were added to 96-well micro-titer plates. Each well 

contained 100 f.1L of 2% parasitized erythrocyte at a hematocrit of 1 % each as well as 

100 f.1L of drug or drug free control media plate (diagram show in figure 2.1.) 
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FIGURE 2.01. ICso plate layout; blue colours show drug testing wells and red colours 

show control wells with no drug added. 

The plates were placed in a sealed chamber and flushed with a gas mixture 

containing 4% 0 2, 3% C02 and 93% N2, and incubated at 37°C for 48 hrs. After the first 

24 hrs of incubation, tritiated hypoxanthine (supplied at 22.0ci/mmol by Amersham 

Biosciences, UK) was added to the parasite drug suspension (200111) at a fixed volume 

of 10111 per well to give a final concentration of 0.055ci/mmol. The plate was incubated 

at 37°C for further 24 hrs. At the end of incubation, cultured cells were harvested onto 

Wallac A Printed filter mats (Wallac, Finland) using a Tomtech Mach III M Cell 

harvester (Wallac, Finland). Filter mats were allowed to dry completely in an oven 

before being overlaid with a melt-on MeltilexTM A Scintillant sheet (Wallac, Finland). 

Filter mats were sealed together with scintillant sheets using a Wallac 1295-012 Heat 

Sealer (Wallac, Finland) before melting the scintillant. The amount of radiolabeled 
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hypoxanthine incorporated by cultured parasites was measured using a 1450 Micro Beta 

Trilux Liquid Scintillation and Luminescence Counter (Wallac, Finland). Radioactive 

counts at various concentrations of the drug were processed by an excel spreadsheet that 

expresses them as a percentage of control values. These values were then plotted against 

drug concentrations using Grath Software (Erithacus Software Ltd, England) to generate 

log dose-response curves from which ICso values were obtained. All results are given as 

the mean of at least 3 separate experiments each performed in triplicate. 

Isobologram analysis was used to determine the interaction between the two 

drugs. Isobolograms were performed by firstly determinining the ICso for each drug 

alone as describe above. Using this value a stock solution of each drug was prepared 

such that ICso of each drug when used alone would fall around 4th serial dilution. The 

drugs were combined in constant ratios of 0:10, 1:9,3:7,5:5,7:3,9:1 and 10:0 and each 

combination was serially diluted in a micro-titer plate. Fractional inhibitory 

concentration (FlC) = IC 50 of drug in combination/IC 50 of drug when tested alone was 

calculated and result were plotted as an isobologram. 

2.2.7 Statistical analysis 

Data were analyzed with statistical software package (Minitab®) by using Mann-

Whitney U-test. P-values were given with 95% confidence interval. 
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FIe dru21 

FIGURE 2.02. Interpretation of isobologram; red line is a standard imaginary line 

drawn from FIC drug 1 to FIC drug 2, green line shown antagonism effect, purple line 

shown synergism effect and blue lines shown additive effect. 
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2.3. Results 

2.3.1. In vitro drug sensitivity 

The In-vitro drug sensitivity for dihydroartemisinin and piperaquine tested 

against standard laboratory isolates and recombinant lines of P. jalciparum are shown in 

table 2.02. and 2.03. 

Piperaquine (nM) 
Oihvdroartemisinin (nM) 

" 

Parasite line (standard laboratory) 

CQ sensitive CQ resistant 

307 

3.4±lJ 
O.6±1.l 

TM6 
15.8±4 
1.0±O.2 

7G8 

11.2±1.7 
1.3±O.3 

Kl 

13.4±2.4 
l.O±O.l 

TABLE 2.02. In-vitro ICso (mean ± standard deviation of at least three independent 

experiments) for laboratory adapted isolates strains of Plasmodium jalciparum. P-value 

(95%CI) for chloroquine resistant strains TM6, 708 and K 1 compared with chloroquine 

sensitive strain 3D7 are 0.01(-19.58 to -5.41),0.05(-12.71 to -4.36) and 0.02(-15.90 to-

5.57) respectively in piperaquine tested group. Dihydroartemisinin tested group shown 

no statistical significant (P > 0.1) with all parasite strains. 
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Parasite line (Genetically moditied) 

pJerl pJilldrl 
C2(;CO) C3DD1 C67(;M DIODIo DlOM 7GS JGM 7GS D1O 

Piperaquine (nM) 3.9+0.4 11.5+ 1.8 6.6+1.58 8.1+1.3 10.4+ 1.1 9.1+1.3 12+3 

Dihydroartemisinin (nM) 0.8±0.1 1±0.4 0.3±0.1 0.7±0.3 0.7±0.3 0.6±0.2 1.3±0.2 

TABLE 2.03. In vitro ICso (mean ± standard deviation of at least three independent 

experiments) for transfected lines of Plasmodium jalciparum. P-value (95%CI) for 

chloroquine resistant transfected strains C3DD2 and C67G8 compared with C2GC03 are 

0.05(-9.94 to -4.07) and 0.08(-5.60 to -0.53) respectively in piperaquine tested group. 

pfmdrl transfected strains show no statistical significant (P > 0.1). Dihydroartemisinin 

tested group also show no statistical significant different (P > 0.1). 

What is clear is that both laboratory adapted chloroquine resistant parasites 

(Table 2.02) and parasites transfected with the chloroquine resistant allele of PfCRT 

(Table 2.03) are significantly less sensitive to piperaquine compared to their chloroquine 

sensitive controls with the difference in ICsos ranging from 3.2-4.1 fold. Conversely, 

genetic modification of the pfmdrl gene had little effect on parasite susceptibility to 

piperaquine with all parasite lines showing similar IC50 values. 

However, for dihydroartemisinin, despite there not being a clear trend as 

observed with piperaquine all isolates tested (laboratory and genetically modified) 

showed similar ICso values (range 0.3-1.3nM). 
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2.3.2. Drug interactions 

The interaction between piperaquine and dihydroartemisinin against a range of 

Pfalciparum isolates was investigated by isobologram analysis (see figures 2.3 - 2.11). 

In general the interaction between the two drugs was antagonistic. In the case of isolates 

7GS, 307, C2GC03 and C67G8the interaction was very pronounced (figures 2.3-2.5, 2.7). 

Whereas in the case of the C3DD2
, DlODl O, D107G8, 7GSD10 and 7GS7G8 isolates the 

antagonism, although still apparent, was less marked (figures 2.6, 2.S-2.11). 

c:C 
:z: 
Q 
V -iAo 

4 

3 

2 

1 

o 
o 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 

FIe PIP 

- - - -
Red dashed line 
represents standard 
imaginary line of 
identity 

FIGURE 2.03. Isobologram showing the in vitro interaction between piperaquine (PIP) 

and dihydroartemisinin (DHA) against the 7G8 isolate of Pfalciparurn. (FIC = fractional 

inhibitory concentration. The results are representative of at least three isobole 

experiments. 
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FIGURE 2.04. Isobologram showing the in vitro interaction between piperaquine (PIP) 

and dihydroartemisinin (DHA) against the 3D7 isolate of P,falciparum. FIC = fractional 

inhibitory concentration. The results are representative of at least three isobole 

experiments. 
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FIGURE 2.05. Isobologram showing the in vitro interaction between piperaquine (PIP) 

and dihydroartemisinin (DHA) against the C2GC03 isolate of P ,falciparum. FIC = 

fractional inhibitory concentration, The results are representative of at least three isobole 

experiments. 
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FIGURE 2.06. Isobologram showing the in vitro interaction between piperaquine (PIP) 

and dihydroartemisinin (DHA) against the C3DD2 isolate of Pfalciparum. FIC = 

fractional inhibitory concentration. The results are representative of at least three isobole 

experiments. 
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FIGURE 2.07. Isobologram showing the in vitro interaction between piperaquine (PIP) 

and dihydroartemisinin (DHA) against the C67G8 isolate of Pfalciparum. FIC = 

fractional inhibitory concentration. The results are representative of at least three isobole 

experiments. 
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FIGURE 2.08. Isobologram showing the in vitro interaction between piperaquine (PIP) 

and dihydroartemisinin (DHA) against the DlODIO isolate of Pfalciparum. FIC = 

fractional inhibitory concentration. The results are representative of at least three isobole 

experiments. 
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FIGURE 2.09. Isobologram showing the in vitro interaction between piperaquine (PIP) 

and dihydroarternisinin (DHA) against the D 1 07G8 isolate of Pfalciparum. FIC = 

fractional inhibitory concentration. The results are representative of at least three isobole 

experiments. 
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FIGURE 2.10. Isobologram showing the in vitro interaction between piperaquine (PIP) 

and dihydroartemisinin (DHA) against the 7G8D1 0 isolate of Pfalciparum. FIC = 

fractional inhibitory concentration. The results are representative of at least three isobole 

experiments. 
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FIGURE 2.11. Isobologram showing the in vitro interaction between piperaquine (PIP) 

and dihydroartemisinin (DHA) against the 7G87G8 isolate of Pfalciparum. FIC = 

fractional inhibitory concentration. The results are representative of at least three isobole 

experiments. 
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2.4. Discussion 

It is clear from this data that both piperaquine and dihydroartemisinin are potent 

antimalarials with in vitro ICso values in the low nM range. This data is consistent with 

previous reports. The Warhurst group has reported ICso values for piperaquine of 36.9 

and 19.9nM against chloroquine sensitive parasites 307 and T9-96 and 49.0nM against 

chloroquine resistant K 1 (Fivelman et aT., 2007; Warhurst et al., 2007). Basco and 

Ringwald (Basco et al., 2003)investigated the sensitivity of West African Field isolates 

of P. Jalciparum to piperaquine in vitro and reported a sensitivity range from 7.7 - 78.3 

nM, although this was not separated in to chloroquine sensitive and resistant parasites 

(35.5nM and 40.7nM respectively). Even earlier Deloron et al (1985) reported an ICso 

for piperaquine of between 100 - 250nM in field isolates of P. Jalciparum (Deloron et 

al., 1985). 

Despite some studies showing a cross-resistance between chloroquine and 

piperaquine at the molecular level the exact mechanism of reduced susceptibility to 

piperaquine has not been elucidated. We aimed to extend the initial observations of 

Warhurst et al., (2007) and dissect further the mechanism of reduced susceptibitlity to 

piperaquine by including parasite lines that had been genetically modified at either the 

pJert or pJmdr 1 locus and phenotype them with respect to resistance in piperaquine and 

dihydroartemisinin. The pJcrl-modified lines were generated by replacing the entire 

pJcrl allele in a chloroquine sensitive parasite with that from a chloroquine resistance 

parasite (Sidhu et al., 2002). The resulting parasite exhibited all the characteristics of a 

chloroquine resistance parasite and confirmed a major role for pJert in chloroquine 

resistance. Phenotyping of this parasite line (C3
Dd2

) showed an approximate 3-fold 
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decrease in susceptibility to piperaquine compared to the control line C2GC03 (11.5nM 

versus 3.9nM respectively) with a similar result being obtained using standard 

laboratory chloroquine resistance and Cchloroquine sensitive lines (table 2.2 and 2.3). 

The most novel finding from this study is the clear link between parasite piperaquine 

susceptibility and chloroquine resistance status in both laboratory adapted isolates and 

genetically modified parasite lines. This data provides the first evidence of a 

phenotype/genotype relationship for piperaquine and PfCRT. Interestingly genetic 

modification of the pJmdrl locus had little effect on parasite susceptibility to 

piperaquine (table2.3). 

The use of the pJerl-modified parasites has provided a clear role for this gene in 

determining parasite susceptibility to piperaquine. This observation is novel yet not 

surprising since it has been well documented that pierI can influence parasite 

susceptibility to a range of structurally unrelated antimalarials including chloroquine, 

halofantrine and mefloquine (Johnson et al., 2004; Lakshmanan et al., 2005; Sidhu et 

al., 2002). Furthermore it was shown that a single amino acid substitution in pierI, the 

K76T mutation, is sufficient to confer this susceptibility to a range of antimalarials 

(Lakshmanan et al., 2005). Unfortunately due to time constraints it was not possible to 

determine the effect of the single PfCRT K76T mutation on parasite susceptibility to 

piperaquine but based on the data obtained with the C2
GC03 

and C3
Dd2 

pJerl-modified 

lines it can be hypothesized that the back mutant parasite line, a chloroquine resistance 

parasite genetically engineered to harbor the wild-type chloroquine sensitive amino acid 

at position 76 (K76), would exhibit an increased susceptibility to piperaquine. 

Extending the data set to include more parasites that have plert alleles from different 
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geographical regions would provide further evidence that parasite susceptibility to 

piperaquine is controlled by pfert. 

At a clinical level the piperaquine cross-resistance with chloroquine is a concern. 

When piperaquine was first deployed as a monotherapy for the treatment of malaria in 

China, reports of high-level clinical failure due to parasite resistance appeared within 

less than a decade (Chen et af., 1982; Huang et af., 1985; Li, 1985; Wu, 1985; Yang et 

af., 1992; Zhang et af., 1987). This was against a backdrop of existing chloroquine 

resistance, although there was no link made between the two phenotypes at this time. 

Despite this knowledge it has been argued that as the drug has never been used outside 

of China as a monotherapy and would now only be deployed as a combination resistance 

was unlikely. The data presented in this chapter suggest that this is incorrect as it is 

based on the assumption that the resistance mechanism operating in China does not exist 

else where in the world. However, PfCRT dependent chloroquine resistance is present in 

high levels in almost all of the malaria endemic world (Congpuong et aJ., 2005; Ehrhardt 

et af., 2007; Mayxay et af., 2007; Nkhoma et af., 2007; Schonfeld et af., 2007; Viana et 

a1., 2006; Yang et af., 2007) and it is assumed that this will provide a platform for 

higher-level resistance to piperaquine when the drug is eventually in widespread clinical 

use. Furthermore, piperaquine has a very long half life in excess of 30 days (see Chapter 

5) whereas dihydroartemisinin is eliminated within hours. Therefore in clinical use 

piperaquine will essentially be present as a monotherapy in the systemic circulation for 

long periods with the potential to select resistant parasites and thereby further reducing 

the potential therapeutic life span of this drug and more importantly any additional 

combination therapy that utilizes piperaquine (Watkins et af., 1997). 
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Dihydroartemisinin is a drug which has been tested for in vitro activity against a 

wide range of laboratory adapted malaria parasites isolate, field and genetically­

modified parasite isolates over the past decade or so (see examples in table 2.4). All 

reports suggest that dihydroartemisinin has a very potent antimalarial activity with 1Cso 

values usually in the nM range (0.57 - 23.3nM). 
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ICso range 

(nM) 

0.13-2.58 
2008 

- .- .. -. -
Mayxay et aJ., 

0.69-23.2 
2007 

--.- _.--- - -
Chaijaroenkul et 

1.2 - 2.6 
al., 2007 

--Tinto et af. ,~2006 2.2 - 3.2 

... Chaija~oenkul ~t· -
0.73 -2.47 

af., 2005 

Type of ICso 

determination 

methods 
-- - -.--. -- -- - .. -

Isotopic microtest, 

pLDH ELISA 

pLDH ELISA 

Type of P. 

falciparum strains 

Field and laboratory 

Field 

---- - .- .-. -- -- --- --- - - ...... -.- --, - -
Schizont maturation 

Field 
inhibition 

Isotopic microtest Field 

Isotopic microtest Field 

-- --_ .. -.------~ .. --. -. -_._. - - _._._--._------------ ----"-~ ----- "".-- - --. -"-.~-.--.- ----.-.. - .. '-"-'---¥---~ -,-----_ ..... . 

·-Ramh~rt~r·~t af., 
0.57 -0.63 

2003 

Noedl et af., 2001 1.16 - 2.35 

- .... ------------

B~ockffi~n-~t-~/. , 
2.3 - 3.8 

2000 
--- _." .. _- - ._-_.-. __ .----- - - --- - -_. -- .. - .-- .. 

-. -Ringwald et af., 
0.81- 1.57 

1999 
---." ----- --~ 

Le Bras, 1998 0.87 - 1.51 

Histidine rich protein II 

Schizont maturation 

inhibition 

Isotopic microtest 

Isotopic microtest 

Flow cytometry 

Laboratory 

Laboratory 

Field 

Field 

Field 

TABLE 2.04. In vitro ICso values for dihydroartemisinin from a range of published 

reports. 

In our laboratory we routinely screen using dihydroartemisinin as this is the 

active metabolite that the parasites would be exposed to in an infected individual. 

Unfortunately the majority of the published data focuses on the influence of mutations in 

pfmdr 1 and pfert and the parasite response to the parent compound artemisinin and so 
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makes interpretation of our data more difficult. Although we cannot guarantee that 

dihydroartemisinin is handled by the parasite in exactly the same way as artemisinin, the 

close structural similarity of the compounds would suggest that this is the case. Despite 

these issues what was clearly apparent was that dihydroartemisinin remained equally 

potent against all lines tested with no trend towards either a chloroquine sensitive and 

chloroquine resistance laboratory or genetically modified line of P. falciparum. This 

lack of association to either pfmdr 1 or pfert is in stark contrast to that of piperaquine. 

At the molecular level it has been shown by a number of studies that both 

mutations in and the expression level of pfmdr 1 as well as mutations in pfert can 

influence parasite susceptibility to artemisinin (Sidhu et al., 2006; Sidhu et al., 2005; 

Sidhu et aI., 2002). However, the only clear association that was found in these studies 

was for a general trend towards decreased artemisinin susceptibility in parasite lines that 

harbor the pfmdrl SNP haplotype (Sidhu et al., 2005).In fact the greatest impact on 

artemisinin susceptibility was produced by genetically modifying a parasite line to 

express significant lower levels of PfMDRI with the resultant parasite being twice as 

susceptible to artemisinin (Sidhu et al., 2006). Our data would suggest that neither 

pfmdr 1 nor pfert influences parasite susceptibility to dihydroartemisinin maintaining the 

excellent potency of this drug. Given the issues that have been raised for piperaquine 

with the cross resistance to chloroquine and the potential for resistance development it is 

encouraging to determine that at least one half of the artemisinin combination therapy 

will remain active and is not likely to face the onset of resistance in the near future. 

The interaction between dihydroartemisinin and piperaquine in vitro was 

antagonistic in a range of parasite isolates. This is in agreement with earlier reports. 

Davis et al. 2006 have shown antagonism between dihydroartemisinin and piperaquine 
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against 307 and K 1 laboratory isolate, Synder et al. 2007 demonstrated antagonism 

between piperaquine and the synthetic peroxide OZ277 and the semi-synthetic 

artemether (both related to dihydroartemisinin) against K 1 and NF54 laboratory 

isolates. The antagonistic interaction between quinoline based drugs such as piperaquine 

and peroxide based drugs such as dihydroartemisinin is well accepted but is not 

considered to be a problem in their clinical use as combination therapy. This is clear 

from the very high efficacy of artemisinin based combinations (ACTs) such as coartem® 

(Iumefantrine and artemether), metloquine/artesunate and amodiaquine artesunate all of 

which are in clinical use. The fact that this antagonism is not an issue clinically is 

important and might reflect the fact that the artemisinin component is very potent yet is 

eliminated quickly from the body (Binh et aI., 2001; IIett et aI., 2002; Na-Bangchang et 

al., 2004; Newton et aI., 2002). 

The mechanism behind this interaction is not clear but there is strong evidence 

that drugs such as piperaquine, just like chloroquine, interact with heme in the food 

vacuole of the parasite, similarly dihydroartemisinin and the artemisinins are able to 

become activated by Fe2
+ and heme (Kannan et al., 2002; Meshnick, 2002). This 

common requirement for heme may be the basis for this antagonism. 

In this chapter the excellent antimalarial activities of the two components of the 

antimalarial drug combination Artekin® have been confirmed in a range of parasite 

isolates. The antagonistic interaction between the two drugs has been demonstrated. 

Importantly the potential cross-resistance between piperaquine and chloroquine has been 

definitively demonstrated and at a molecular level suggests a role for PfCRT in 

determining parasite susceptibility to piperaquine. However, the association between 

mutations in pierI, that are already prevalent worldwide, does raise concerns about the 
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rapid development of resistance to this drug when used extensively. Despite these 

concerns overall the data indicate a highly potent drug combination but with a potential 

for resistance development. In light of this very careful monitoring will be required after 

deployment. 

Importantly there are no reports of clinical failure to this combination to date. In 

the subsequent chapters the pharmacokinetics and clinical response to this combination 

and related drugs will be investigated. 
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CHAPTER 3 

Development and validation of an analytical method for the 

accurate determination of artesunate and its metabolite 

dihydroartemisinin in human plasma by LC-MS/MS: a 

method to support clinical trials with these drugs 

3.1. Introduction 

The main focus of this thesis was to look at three treatment strategies for malaria 

case management in Thai adults with P. Jalciparum malaria. In the first study the new 

combination of piperaquine and dihydroartemisinin (Artekin®) was investigated in 

patients with non-severe malaria. Second study the use of new artemisinin combination 

piperaquine and artemisinin (Artequick®) in patients with non-severe malaria. The third 

clinical trial studies the use of intravenous administration artesunate in severe malaria. 

Important to note is the fact that dihydroartemisinin is a major metabolite of artesunate. 

A key element of these studies was the measurement of drug pharmacokinetics. 

Accurate and reliable quantification of drugs concentration in plasma is required to 

generate this high quality pharmacokinetic data on drugs. 

In this chapter I set out to develop a method for the rapid, sensitive, and specific 

measurement of artesunate and its metabolite dihydroartemisinin in human plasma. 

71 



Unfortunately these molecules lack ultraviolet or fluorescent chromophores and so 

cannot be measured by traditional and simple detection methods (Edwards, 1994). 

However, a number of methods have been reported. Previous pharmacokinetic profiles 

of artesunate and its metabolite dihydroartemisinin have been characterized usmg 

HPLC-electrochemical detection (Karbwang et al., 1997; Navaratnam et al., 1995; 

Navaratnam et al., 1997), gas chromatography (Mohamed et al., 1999), HPLC - mass 

spectrometry (Naik et al., 2005; Sabarinath et al., 2003; Souppart et al., 2002; Xing et 

al., 2007), post- column derivatisation (Batty et al., 1996) and bioassay(Teja-Isavadharm 

et a/. , 2004) as shown on table 3.1. 

Although all of these reported assays were validated according to the standard 

validation guidelines (U.S. FDA, 2001) it is generally accepted that the HPLC­

electrochemical method is very difficult to establish, the gas chromatography method 

causes problems with thermal degradation and the post-column derivatisation adds the 

complexity of a post column step. Due to relative simplicity, sensitivity and throughput 

an HPLC-mass spectrometry based method was developed. 
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Methods Extraction Run Range Internal 

times (ng/ml) standard 

(minutes) 

--- - --
Navaratnam et aI., HPLC- ECD Liquid > 18 6.25 - 100, QHS 

1995 75 - 500 

- ---
Karbwang et aI. , HPLC - ECD Liquid >9.6 80 - 640 QHS 

1997 

-
Navaratnam et aI., HPLC- ECD Liquid > 18 50 - 200 QHS 

1997 

- Mohamed et aI. , GC - MS Solid phase > 11 .5 2 - 4000 QHS 

1999 

Souppart et aI., LC - MS Liquid > 10 50 - 200 QHS 

2002 (APCI) 

~nath etal. , LC - MS Liquid 7 0.78 - 200 Propyl 

2003 (ESI) ether 

-----
- Naik et aI. , 2005 LC - MS Solid Phase 21 1 - 3000 QHS 

(APCI) 

---
Teja-Isavadharm Bio - assay Incubation for 40 hrs, 2.5 - 100 

etal. , 2004 measure malaria parasite 

growth by radioactive 

hypoxanthine 

incorporation 

---

TABLE 3.01. Summary of methods for the detection of artemisinin compounds in 

human plasma 
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3.2. Material and methods 

3.2.1. Solvents and chemicals 

Artesunate (ARTS; C1 9H2S0 S M.W. 384.18) and dihydroartemisinin (DHA; 

ClSH240S M.W. 284.35) were obtained from Novartis Pharma AG, Basle, Switzerland. 

Deoxyartemisinin (Cl sH220 4 M.W. 266.15) used as internal standard (I.S.) were 

synthesized by Professor Paul O'Neil, Department of Chemistry, University of 

Liverpool. Dihydroartemisinin is a mixture of a and p tautomers with unknown ratio. 

The structures of artesunate, dihydroartemisinin, and deoxyartemisinin are shown in 

Figure 3.01. Acetonitrile, l-chlorobutane, methanol , deionized water and glacial acetic 

acid were all HPLC grade and obtained from Fischer scientific (UK) and ammonium-

acetate was obtained from sigma-aldrich (UK). Drug free human plasma was obtained 

from a healthy volunteer. 

()H 

H'Cw H 
o 0 0 

CH, 
H H HC#" .& , CH, 

Artesunate Dihydroartemisinin Deoxyartemisinin 

FIGURE 3.01. Chemical structures of artesunate, dihydroartemisinin and 

deoxyartemisinin 
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3.2.2. Preparation of working stock solutions, calibration curves and quality 

control samples. 

Artesunate, dihydroartemisinin and deoxyartemisinin were weighed from solid to 

an appropriate amount. Solids were then dissolved in methanol and serially diluted in 

methanol to make a working stock solution of each compound at a concentration of 

1001lg/ml. This is referred to as the working stock solution of each compound. 

Calibration curves were generated from the standard solutions of artesunate and 

dihydroartemisinin. Calibration pointes were prepared at concentrations of 3, 5, 15, 60, 

120, 240, 480, 960ng/ml from serial dilutions of the stock solution (lOOug/ml in 

methanol) diluted with drug free human plasma. 

Quality controls (Q.C.) for artesunate and dihydroartemisinin at concentrations 

of 9, 60, 480 and 770ng/ml were prepared by serial dilution of stock solution (lOOIlg/ml 

in methanol) with human plasma. The internal standard (lOllg/ml) was prepared from 

solid and serially diluted in methanol. All solutions were stored in silanized glass tube 

and kept darkness at -80°C until required for use. 

3.2.3. Samples preparation 

All samples including calibration curves standards and Q.C. samples were 

prepared in silanized glass tubes. 100llL of I.S. stock solution (deoxyartemisinin 

101lg/ml) was added to 500llL of calibration curve standards, Q.C. samples and 

experimental plasma samples. To these samples was added 1 ml of 1 % glacial acetic 

acid and 8 ml of l-chlorobutane. This was followed by mixing on a rotary-mixer for 40 

minutes. After mixing samples were centrifuged at 2000g for 10 minutes at 20°C. The 

solvent layer was carefully transferred into fresh and clean silanized glass tubes. Solvent 
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was evaporated to dryness under a gentle stream of nitrogen gas at temperature of 30oe. 

The resulting residues were then dissolved in 200flL of purified deionised water, 

vigorously mixed by vortex mixer and transferred into glass autosampler vials for 

injection into the HPLC-MS system. 

3.2.4. Instruments and configuration 

Chromatographic separations were carried out using a Thermo Spectra system 

comprising of TSA 1 00 autosampler and a TSP 2000 isocratic LC pump with a degasser 

unit. Mass spectrometry was performed on a Finnigan TSQ 7000 triple quadrapole Mass 

spectrometer. The TSQ 7000 triple quadrapo\e mass spectrometer was operated in 

Electro-spray ionization, positive ion mode using single reaction monitoring of one 

transition. Manifold temperature was set at 70oe, capillary temperature was set at 

18SoC, capillary voltage 16.7SV, spray voltage 4.SkV, sheath gas flow rate 70 PSI and 

auxiliary gas flow rate 30 PSI. 

Data was captured, processed and analysed by Thermo Xcaliber software, 

version 1.2. 

3.2.5. Chromatographic separation 

Chromatographic separation was achieved using a Thermo BET ASIL phenyl­

hexyl column (50mm x 2.1 mm particle size 5flM) connected to a 10mm guard column 

packed with the same material. The mobile phase comprised of 0.01 M ammonium 

acetate adjusted to pH4 with glacial acetic acid: acetonitrile (50:50 v/v). Mobile phase 

was freshly prepared every day and sonicated for 15 minutes before use. The mobile 

phase was delivered at a flow rate of 400flLlminute. Samples were injected via the 
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Thermo spectra autosampler TSA 1 000. Injection volume was 100JlL for each sample 

and temperature control was set at room temperature. The injection needle was washed 

with Iml of 50%methanol / 50%water solution between injections to eliminate the 

problem of carryover between samples. 

3.2.6. Assay validation 

3.2.6.1. Selectivity 

Six independent healthy human plasma samples were examined to test for the 

potential for endogenous substances to interfere with the assay. These samples were 

processed as described above either as a blank plasma sample or as samples spiked with 

dihydroartemisinin and artesunate (960ng/ml) and internal standard (2Jlg/ml). 

3.2.6.2. Recovery 

The recovery of artesunate and dihydroartemisinin were evaluated in duplicate at 

three different concentrations (9, 240 and 960nglml) from the area under the peak from 

stock solutions, compared with extracts from drug free plasma sample spiked with 

artesunate and dihydroartemisinin at the same concentration. 

3.2.6.3. Stability test 

Freeze-thaw analyses were performed at three different concentrations (9, 240 

and 960nglml). Samples were stored at -80°C then thawed at room temperature 

unassisted, when completely thawed samples were refrozen at-80°C for 24hrs. 

Thereafter these samples were analyzed alongside a calibration curve and QC samples 
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that had not been subjected to freeze thawing. Differences in the reported concentrations 

were expressed as a percentage of the actual known value. 

Storage stability analysis was performed over a period of 3 months, at 

concentrations of 9, 240 and 960ng/ml. Plasma samples were kept at -80a C, calibration 

curves standards, and internal standard solutions were freshly prepared on the day of 

analysis. The stored plasma samples were extracted and analyzed together compared 

with freshly prepared samples at the same concentration and express as percentage of the 

actual value. 

Bench stability analysis was performed at concentrations of 9, 240 and 

960ng/ml. Plasma samples were left on the working bench space at room temperature 

for 24hrs under light and darkness. Samples were extracted and analyzed alongside 

freshly prepared samples at the same concentration. Differences were expressed as a 

percentage of the actual value. 

3.2.6.4. Standard calibration curve and Q.C. 

Standard calibration curve was generated from calibration curves standard s 

artesunate and dihydroartemisinin at concentration of 3, 5, 15, 60, 120, 240, 480, 

960ng/m each concentration performed in duplicate. The calibration curves and QCs 

were validated on three different days. Calibration curves were generated by plotting the 

peak-area ratios (Y-axis) of ARTS or DHA to I.S. against the concentration (ng/ml) of 

the calibration standard (X-axis). Curve fitting used a weighing (l/x) quadratic. This 

curve fitting was performed automatically through Xcaliber software, version 1.2. 

Goodness of fit for the standard calibration curves were determined by r2 value 

calculated from the software. r > 0.99 was considered acceptable. 
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3.2.6.5. Accuracy and precision 

Intra-assay variation of artesunate and dihydroartemisinin was determined at 

concentrations of 3,9,240,770 and 960ng/ml (n=6 at each level) performed on the same 

day. Inter-assay variation of artesunate and dihydroartemisinin was determined at 

concentrations of 3, 9, 240, 770 and 960ng/ml (n=6 at each level) on three different 

days. 

Inter and intra-assay variation was used to establish assay performance, and to 

determine the upper limit of quantification (ULOQ) and lower limit of quantification 

(LLOQ) for the assay. Acceptable ranges for inter and intra-assay variation were set at ± 

15% in accordance with international guidelines (U.S. FDA, 2001) . 
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3.3. Results 

3.3.1. Selectivity and mass-spectral analysis 

Full scan profiles of artesunate, dihydroartemisinin and internal standard after 

direct injection of 10flg/mi working stock solution into the mass-spectrometer are 

presented in figure 3.2, 3.3 and 3.4. The protonated parent molecule of internal standard 

was observed at m/z 267 (M+H), predominate protonated parent molecules for 

artesunateS and dihydroartemisinin were observed at m/z 402.2 and 302.2 (M+[NH4t. 

Fragments of parent molecules were observed having a mass of m/z 267 for both 

artesunateS and dihydroartemisinin and 203 for internal standard. 

Chromatographic separations achieved from HPLC are shown in figure 3.5, with 

peak separation and retention times of artesunate at 1.56 minutes, dihydroartemisinin at 

1.27 minutes and internal standard at 1.96 minutes. 
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T. + C ESI ",~2 40220@·1600 (149.98-450.02J 
267.0 

10 

402.2 

2841 

2&8.4 2854 342.4 385.8 

160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 
mlz 

FIGURE 3.02. Full spectrum scan of artesunate after direct injection in to mass-

spectrometer, parent compound was observed at m/z 402.2 (M+[NH4t) and fragmented 

of parent molecule was observed at mlz 267.0 
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T • c ESI ms2 302.20@·14 00 114998·350.01) 
267.0 

302.0 

2640 

163.1 

2028 220.5 230.3 3031 

160 180 200 220 240 260 280 300 320 340 
m/Z 

FIGURE 3.03. Full spectrum scan of dihydroartemisinin after direct injection in to 

mass-spectrometer, parent compound was observed at m/z 302.2 (M+[NH4t) and 

fragmented of parent molecule was observed at m/z 267.0 
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F: + C ESI ms2 267.00@-20.00 [99.97-400.01] 
267.0 

100 120 140 160 180 280 300 320 
mlz 

FIGURE 3.04. Full spectrum scan of deoxyartemisinin after direct injection in to mass-

spectrometer, parent compound was observed at m/z 267.0 (M+H+) and fragmented of 

parent molecule was observed at m/z 203.0 
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FIGURE 3.05. Chromatographic separation of artesunate, dihydroartemisinin and 

internal standard 

3.3.2. Recovery 

Mean Recovery of artesunate and dihydroartemisinin at concentration 9, 240 and 

960ng/ml were 88.5 % (82-95), 94.5 % (90-99) and 103.5 % (102-105) respectively. 

Recovery of internal standard at the working concentration of 10Jlg/ml was evaluated in 

duplicate with a mean recovery 98 .0 % (96-100). 

3.3.3. Stability 

Stability test including freeze - thaw, storage and bench stability test for 

artesunate and dihydroartemisinin were shO\vu in table 3.2. In all cases variation on 

freeze-thaw, storage and exposure on the bench were less than 15%. With the exception 

of freeze thaw of the 9ng/ml samples stability which showed less than 10% variability. 
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Evaluated Concentration (ng/ml) 

9 ng/mrl 240nm/mrl 
f 

960ng/mrl 

ARTS DHA ARTS DHA ARTS DHA 

-
Freeze-Thaw 11.1 5.5 13.1 3.7 8.3 3.5 

---
Storage 4.4 4.5 4.2 3.1 2.9 6.2 

Bench 10.6 1.5 0.2 4.9 1.1 5.0 

TABLE 3.02. Stability test for artesunate and dihydroartemisinin compound at 

concentration of 9, 240 and 960. Data show as a percentage of different from actual 

value. 

3.3.4. Standard calibration curves and Q.c. 

Standard calibration curves generated over a concentration range of 3 - 960 

ng/ml were fitted with an r2 > 0.99 for both artesunate and dihydroartemisinin as shown 

on figure 3.06 and 3.07. In the case of artesunate there was evidence of non-linearity at 

the higher concentrations (see figure 3.06) 
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FIGURE 3.06. Standard calibration curves for artesunate component give r2 0.9952 
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FIGURE 3.07. Standard calibration curves for dihydroartemisinin component give r2 

0.9915 
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3.3.5. Accuracy and precision 

Inter-assay and intra-assay variation is shown in table 3.3 and 3.4 with 

concentrations generated from back calculation according to fitted regression curve 

equation. These calculations were performed automatically from the Xcaliber software. 

The assay meets acceptable criteria in line with international guidelines (U.S. FDA, 

2001) with inter and intra assay variation less than 15%. 
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TABLE 3.03. Intra-day assay coefficient variation 

Concentration (ng/mL) 
3 9 60 480 770 960 

(LLOQ) (ULOQ) 

Artesunate 
Intra-day Variation (%) day I 14.8 2.1 12.0 10.7 6.6 7.6 

Intra-day Variation (%) day2 3.2 1.4 2.5 3.4 6.6 6.1 

Intra-day Variation (%) day3 3.3 16.3 5.2 3.1 2.0 1.7 

Mean intra-day variation (%) 7.06 5.4 6.56 5.73 5.06 5.13 

DHA 
Intra-day Variation (%) dayl 12.1 2.9 10.3 5.4 2.4 1.5 

Intra-day Variation (%) day2 5.5 4.0 9.2 4.5 2.5 3.7 

Intra-day Variation (%) day3 5.5 12 12.2 6.6 8.5 2.3 

Mean intra-day variation (%) 7.7 6.3 10.56 5.5 4.46 2.5 

TABLE 3.04. Inter-day assay coefficient variation 

Artesunate 
Inter-day Variation (%) 

DHA 
Inter-day Variation (%) 

3 
(LLOQ) 

9 

Concentration (ng/mL) 
60 480 770 960 

(ULOQ) 

1.07 4.58 0.59 0.62 0.68 0.32 

8.34 2.26 2.99 1.18 3.92 0.65 
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3.4 Discussion 

There are a number of assays for artesunate and dihydroartemisinin that have 

been reported in the scientific literature. The most widely employed assay is based on 

electrochemical detection (Karbwang et al., 1997; Navaratnam et al., 1995; Navaratnam 

et al., 1997) which is operated by two main laboratories. This assay is very time 

consuming in terms of sample preparation and run times and most importantly attempts 

to establish this assay in many other laboratories, including Liverpool School of Tropical 

Medicine, have failed. The main problem relates to ensuring the stability of the detector 

response which makes validation impossible. A bioassay has been used extensively by 

one group in Thailand (Teja-Isavadharm et al., 2004). Despite this being an extremely 

sensitive assay it suffers from inherent variability which is greater than would be 

accepted in an analytical assay. In addition, the bioassay measures all bioactive species 

and cannot discriminate between parent drug such as artesunate and active metabolites 

such as dihydroartemisinin. The Batty group has generated high quality data on 

artesunate pharmacokinetics using a post-column derivatisation assay but the 

derivatisation step adds additional complexity to the process (Batty et al., 1996). 

An important consideration in the decision to develop an HPLC-MS based assay 

was based on the critical issue of sensitivity. The literature on artesunate and 

dihydroartemisinin clearly indicates that these drugs are rapidly and extensively cleared 

in many animal models and in humans with a resulting elimination half-life in the range 

of hours. As a consequence many studies have failed to convincingly describe the 

pharmacokinetics of these drugs because of the sensitivity limitations of the assays. To 
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avoid this limitation in the studies described in the next two chapters of this thesis the 

assay developed was based on achieving maximum sensitivity. 

This newly developed assay was developed and fully validated according to 

international guidelines (U.S. FDA, 2001) with inter and intra-assay variation less than 

15% . The assay was capable of reporting concentrations within the range of 3-960ng/ml 

from a O.Sml plasma sample. Calibration curves were fitted via Xcaliber with an r2 

>0.99. This is as sensitive as any other reported method. The short run time of the assay, 

4 minutes versus 7-18 minutes for other assays significantly increased throughput. We 

did not see any evidence of ion suppression with six independent plasma samples. 

Importantly artesunate and its metabolite dihydroartemisinin were shown to be 

stable to the freeze - thaw process, to exposure under room temperature conditions for 

up to 24 hours and were also stable at -80nC storage conditions for up to 3 months (this 

has now been extended to 18 months). This stability is critical to the clinical studies 

where samples are collected from patients from remote sites in the tropics. Samples then 

need to be transported from these rural locations to the analytical laboratory in 

Liverpool. This process can take several months and although all efforts are taken to 

reduce the opportunity for the samples to thaw there may be occasions when this could 

happen. 

In conclusion an analytical assay has been developed and validated. This assay is 

robust and has sensitivity limits at 3ng/ml from a 0.5 ml of plasma which should be 

adequate for the clinical trials that are reported in the following chapters. 
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CHAPTER 4 

A single open labeled clinical trial of dihydroartemisinin plus 

piperaquine (Artekin®) for uncomplicated P. !alciparun, 

malaria in thailand 

4.1. Introduction 

Malaria remains a major disease causing significant health problems in many 

parts of the world especially Africa. Disappointingly it is argued that more people are 

infected with malaria now than was the case twenty years ago with approximately 200 

million infected cases and 2 million deaths each year (Snow et al., 2005). There are a 

number of factors that contribute to these figures but the most important is parasite 

resistance to existing and affordable drugs and an absence of alternatives (WHO, 2005). 

Chloroquine resistance extends throughout all malaria endemic regions making it useless 

(Congpuong et al., 2005; Ehrhardt et at., 2007; Nkhoma et al., 2007; Schonfeld et al., 

2007; Viana et at., 2006; WHO, 2005), SP or fansidar resistance is almost as widespread 

(Chaijaroenkul et al., 2007; Congpuong et at., 2005; Schonfeld et at., 2007; WHO, 

2005) and in South East Asia mefloquine resistance is extensive (Chaijaroenkul et at., 

2005; Congpuong et at., 2005; Mayxay et al., 2007). Alarmingly a recent study 

reporting from the field indicates that parasites are gradually becoming less susceptible 

to the artemisinin based drug, artemether (Jambou et al., 2005). This may be a sign that 
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parasite resistance to the artemisinin-based compounds will be with us soon. If these 

reports are correct then what the world needs are new effective, safe and most 

importantly, affordable antimalarial drugs that can be deployed in areas where some of 

the poorest populations live and work. 

Historically communities have adopted monotherapy strategies for the treatment 

of malaria. Unfortunately due to many reasons this is not the best way to try to limit the 

emergence of parasite drug resistance. In other infectious diseases such as Tuberculosis, 

HIV and some cancers, combination chemotherapy is the routine. The basis for 

combination therapy in malaria is that if you have two or more drugs with independent 

mechanisms of action the probability of a parasite emerging that is resistant to both 

mechanisms at the same time is reduced significantly (White, 1999). It was based on this 

idea that the WHO championed the use of combination chemotherapy for malaria as a 

means of avoiding resistance. Furthermore the WHO has recommended that these 

combinations should include an artemisinin based drug such as artesunate, artemether, 

dihydroartemisinin or artemisinin itself. This recommendation is based on the facts that 

these drugs appear to kill parasites more efficiently than any other class of antimalarial 

drug thereby reducing parasitaemia and fever in patients quicker than any other 

antimalarial drug but most importantly they are highly effective even against multi-drug 

resistant parasites. However, the major drawback is their pharmacokinetic profiles with 

these drugs being eliminated in a few hours. 

There are a number of ACT therapies available for use. The first commercially 

registered fixed dose combination is Coartem®. This is a combination of the quinoline­

like drug lumefantrine with artemether. The drug was developed by Novartis in 

partnership with Chinese scientists. Clinical trials with this drug demonstrate good 
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efficacy in many malaria endemic settings (Falade et al., 2005; Fanello et al., 2007; 

Krudsood et al., 2003; Mulenga et al., 2006). The major drawbacks are a six dose 

dosage regimen that harms compliance, a cost that requires significant subsidy to make 

it affordable to most African populations and recent suggestions that in clinical use the 

lumefantrine component, which has a very long half-life compared to the artemether or 

its principle active metabolite dihydroartemisinin, selects for parasites with reduced 

sensitivity based on PtMDRl (Sisowath et al., 2007; Sisowath et al., 2005). An 

alternative combination originally used as loose combinations but now available as a 

fixed dose combination is amodiaquine plus artesunate. This drug has advantages over 

Coartem® in terms of cost but the main concerns are amodiaquine resistance which has 

been reported in many studies (Brasseur et al., 2007; Falade et al., 2008; Grandesso et 

al., 2006; Meremikwu et al., 2006; Ndiaye et al., 2008; Nsobya et al., 2007; 

Oyakhirome et aI., 2007; Sirima et al., 2007; Tall et al., 2007) and potentially fatal 

idiosyncratic toxicity (Winstanley et al., 1990). Only two other combinations are 

currently under development these are pyronaridine plus artesunate, a drug entering 

phase III trials and piperaquine plus dihydroartemisinin (Artekin®)-the focus of this 

chapter. 

Artekin® is an ACT that is part of the MMV (Medicines for Malaria Venture) 

drug development pipeline (www.mmv.org) and combines piperaquine with 

dihydroartemisinin; Artekin®. Dihydroartemisinin is the active metabolite of artesunate 

and artemether. Dihydroartemisinin is highly effective both in vivo and in vitro against 

P. Jalciparum (see chapter 2) and P. vivax malaria. However, when used alone this drug 

is associated with a very high rate of parasite recrudescence. In order to increase the 

chance of clinical cure the drug needs to be taken for 7 days to achieve a maximum cure 
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rate (Li et of., 1999; Looareesuwan et 01., 1996) . This is because of its very short half 

life. A seven day treatment for malaria is not practical and experience with malaria 

patients indicates poor compliance. Piperaquine is a bis-quinolone compound that 

belongs to the 4-aminoquinoline class of antimalarials such as chloroquine and 

amodiaquine. In contrast to dihydroartemisinin this drug has a very long half-life (Hung 

et 01., 2004). The drug was widely used in China from 1980 as monotherapy to replace 

chloroquine for the treatment and prophylaxis of malaria. It was shown to be very safe 

and effective against P. Jafciparum malaria both in vitro and in vivo (Chen et al., 1982; 

Guan et al., 1983; Qu, 1981; Xu et al., 1983; Zhu et al., 1982). However resistant 

parasite strains have emerged (Huang et 01., 1985; Li, 1985; Li et 01., 1985; Wu, 1985) 

although the mechanism of resistance remains largely unresolved. Data presented in 

Chapter 2 has provided some evidence that resistance to piperaquine might be mediated 

by PfCRT. 

Although both drugs have their pros and cons when combined together the 

combination shows excellent cure rates in many clinical trials conducted in South East 

Asia and Africa. Reported cure rates from these studies are approximately 98% (94-

100%)(Ashley et aI., 2004; Ashley et 01., 2005; Denis et al., 2002; Giao et al., 2004; 

Janssens et af., 2007; Karema et al., 2006b; Karunajeewa et 01., 2004; Mayxay et al., 

2006; Smithuis et al., 2006; Tangpukdee et 01., 2005; Tran et 01., 2004b; Wilairatana et 

al., 2002) summarized in table 4.1. Importantly these trials suggest the combination is 

very safe with minimal adverse events. There remain a number of issues that need to be 

addressed with respect to Artekin®. The drug has entered clinical trials without any 

recognized pre-clinical evaluation as would be required for the registration of a Western 

drug. Also mechanisms of action and resistance have been poorly investigated and form 
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the basis of chapter 2 in this thesis. In terms of clinical trials and pharmacokinetics 

although there are a number of trials that have been undertaken the patient populations 

are very similar. Importantly the clinical efficacy and pharmacokinetics of this 

combination in patients with a high parasitemia on entry into the trial has not been 

addressed. 

In this chapter and in chapter 5 we describe a clinical trial in 28 adult Thai 

patients with pure P. Jalciparum malaria with a high entry parasitaemia. These are more 

challenging clinical conditions to test out this drug combination than those previously 

reported and are more representative of the type of patient profi Ie often encountered in 

Africa where parasitaemia can be very high. 
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Name Year Country Type Drugs arm Species Number FlU 28d PCR Parasitemia per 
of cure adjusted uL 

patients rate cure 
(%) rate (%) 

106 56 96.9 96 
11662 

Denis et al. 2002 Cambodia Single arm DHA-PIP P.f (1000-150000) 

Wilairatana et 
234 28 97 N/A 25846 

al. 2002 Thailand RCT DHA-PIP+ TMP 
MAS3 P.f 118 97 18486 

Ying et al. 2003 China RCT DHA-PIP P.f 30 28 96.7 N/A N/A 
DHA-PIP+ TMP 30 96.7 N/A 

P.for 
76 56 N/A 97 19127 

Hien et al. 2004 Vietnam Pilot DHA-PIP+ TMP Mixed 
MAS3 38 100 24747 

RCT DHA-PIP+ TMP 157 56 N/A 97 7789 
DHA-PIP 166 99 6544 
MAS3 77 99 6272 

Karunajeewa P.for 
62 28 100 N/A N/A 

e/ al. 2004 Cambodia Single arm DHA-PIP P.v 

P.for 
38adult 28 97 N/A 7700 

Hung et al. 2004 Cambodia Single arm DHA-PIP P.v (1000-1 10000) 

47children 98 
12800 

(3100-33342) 

96 



Name Year Country Type Drugs arm Species Number FlU 28d peR Parasitemia per 
of cure adjusted uL 

patients rate cure 
(%) rate (%) 

DHA-
82 28 94 N/A 

19392 
Giao et al. 2004 Vietnam ReT PIP+TMP+PQ P.f ( 15000-25072) 

79 95 
18020 

Malarone® ( 14139-22967) 

P.for 
59 63 96.1 N/A 

4645 
Ashley et al. 2004 Thailand ReT DHA-PIP mixed (43-102500) 

59 98.3 N/A 
3759 

DHA-PIP+AS (27-202860) 

59 94.9 N/A 
8986 

MAS3 (17-238800) 

179 99.4 96 
11915 

ReT DHA-PIP (100-186209) 

174 100 98 
9535 

DHA-PIP+DHA (66-190546) 

176 95.7 95 
10111 

MAS3 (83- I 81970) 

DHA-PIP P.for 
170 63 100 99 

9005 
Ashley et af. 2005 Thailand ReT (3doses) mixed (83-199526) 

163 100 100 
11899 

DHA-PIP (4doses) (100-223872) 

166 98.8 96 
10678 

MAS3 (100-229087) 
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Name Year Country Type Drugs arm Species Number FlU 28d PCR Parasitemia per 
of cure adjusted uL 

patients rate cure 
(%) rate (%) 

Tangpukdee et 
120 28 99 N/A 3759 

af. 2005 Thailand ReT DHA-PIP P.f 
MAS3 60 100 4645 
DHA-PIP P.for 

156 42 99 99 
8128 

Smithuis et al. 2006 Myanmar ReT supervised mixed (627-91741) 
DHA-PIP 

171 99 99 
9593 

unsupervised (585-99502) 
MAS3 

162 100 99 
7663 

supervised (560-90480) 
MAS3 

163 100 100 
8365 

unsupervised (600-96792) 

DHA-PIP P.for 
110 42 N/A 100 

18505 
Mayxay et af. 2006 Lao PDR ReT (3doses) Mixed ( 15438-22182) 

110 99 
22851 

MAS3 (18433-28333) 

DHA-PIP P.for 
252 28 90.4 95 

29999 
Karema et af. 2006 Rwanda ReT (3doses) mixed (25735-34970) 

252 82.1 92 
31952 

AS+Amodiaquine (27355-37321 ) 

258 74.1 85 
28355 

SP+Amodidaquine (24370-32991) 

TABLE 4.01. A summary ofDHA-PIP clinical trials conducted from 2002-2007 
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4.2. Material and methods 

4.2.1. Study site 

A Clinical Trial of dihydroartemisinin plus piperaquine for the treatment of 

uncomplicated P. Jalciparum malaria was conducted in Bangkok Hospital for Tropical 

Disease, Faculty of Tropical Medicine, Mahidol University, Bangkok, Thailand between 

May 2005 - June 2005. 

4.2.2. Inclusion criteria 

• Acute uncomplicated P. Jalciparum malaria 

• Either male or female, if female must be negative for pregnancy by urine 

pregnancy test 

• Age more than 14 years 

• Weight more than 40 kilograms 

• Ability to take oral medication 

• Microscopy positive asexual forms of P. Jalciparum malaria 

• History of fever within 48 hours 

4.2.3. Exclusion criteria 

• No known concurrent major illness, kidney or liver insufficiency, major 

heart lung diseases 

• Severe malaria as defined by WHO criteria 

• Lactating female 

• Previous treatment with any anti-malarial drugs within 90 days 
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4.2.4. Study Procedure 

Ethical clearance was obtained from ethical committee Faculty of Tropical 

Medicine, Mahidol University, Thailand. Informed consent was obtained from patients 

that met all inclusion criteria and no exclusion criteria before enrolment into the study. 

All patients in the study were admitted to the Bangkok Hospital for Tropical Disease via 

diagnosis from either the remote recruitment site (Maesot district, Tak province, 

Thailand, 400 kilometers from the hospital) where patients were brought back for 

treatment in hospital by ambulance, or from the malaria clinic situated inside the 

Bangkok hospital for tropical diseases, one of the great advantages in undertaking 

malaria studies in Bangkok is that there is no malaria transmission in the regions 

surrounding the hospital. This means that the cure rates reported over 28 days or beyond 

are true cure rates without the complications of possible re-infection as occurs in many 

sites and requires complex and less than perfect genotyping to exclude re-infection from 

recrudescence. 

Patients's vital signs were monitored including oral temperature every 6 hours, 

clinical evaluation and physical examination by the attending physician (usually myself) 

every day. Laboratory analysis, including complete blood count, blood biochemistry, 

and urine analysis was performed by an automated machine and light microscopy of 

blood samples before enrollment of patients into the study. These were repeated at day 7 

and every 7 days until the end of the trial at day 63. 

Malaria parasite counts were performed every 6 hours from thick and thin 

blood smears stained with giemsa dye and view at X 1000 magnification on an inverted 

microscope. These observations were continued until samples were considered parasite 

negative. After this, blood smears were prepared daily until day 28 and at every follow-
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up visit until day 42. Malaria parasitemia counts were calculated from the percentage of 

parasites seen from blood smear against red blood cell count reported from the complete 

blood count. 

Blood smears were considered negative when no parasites were seen in thick 

blood smear from 2 consecutive slides. Blood smears were also taken from any patient 

that presented with a fever any time. 

Fever clearance times (FCT) was calculated as the period from the start of 

treatment until oral temperature returned to 37.5°C and remained at or below this 

temperature for next 48 hours. 

Parasite clearance time (PCT) was calculated as the period from start of 

treatment until parasite were negative from the blood smear and remained negative for 

the next 2 consecutive slides. 

Cure rate (cured patients I evaluable patients x 100%) was defined as absence 

of parasite reappearance during 28 and 42 days of follow up. 

Any treatment failures and adverse events were treated by standard hospital 

regimen. The standard rescue therapy for any treatment failure patients comprised of 

quinine 10mg per kilogram body weight orally every 8 hours combined with 

doxycycline 100 mg every 12 hours for 7 days. Patients with fever body temperature 

>37.5°C or pain elsewhere in the body were treated with paracetamol 1000mg orally 

every 4 to 6 hours until body temperature reduced below 37.5°C or pain subsided. 

Nausea and vomiting were treated with antihistamine (Dramamine 5 mg orally) every 6 

hours until symptoms subsided. Blood samples for pharmacokinetic analysis were 

collected and stored in a freezer at -80°C. Samples were transferred to Liverpool School 

of Tropical Medicine in a container packed with dry ice for subsequent 
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phannacokinetics analysis as described in chapter 5. Blood samples were also collected 

on filter papers before treatment and at the day of the reappearance of parasites for 

further genotyping analysis. 

Adverse events are described as any new events that occurred after starting 

drug treatments. Serious adverse events are described as those events that caused fatal 

outcome, prolonged hospitalization or needed an invasive intervention or monitoring. 

4.2.5. Study drugs administration 

Artekin® (40mg. of DHA+320mg of piperaquine phosphate) was obtained 

from Holleykin Pharmaceutical, Republic of China. Batch Number 2004020 I, 

Manufacturing date 12 February 2004, expire date 12 February 2007. 

Drugs were given as 2 tablets orally at time 0, 6, 24, 48 hours to all patients 

under the monitored supervision of a nurse. Dosing was repeated in any patient who 

vomited within one hour after drug administration. Any patient who vomited more than 

once were exclude from the study and gave standard rescue therapy comprising of 

quinine 10mg per kilogram body weight orally every 8 hours combine with doxycycline 

100 mg every 12 hours for 7 days. 

4.2.6. Plasma drugs concentration measurement 

Dihydroartemisinin plasma drug levels were measured using the method 

described in chapter 3. Piperaquine plasma drug level were measured using a previously 

published method (Lindegardh et al., 2005) with slight modifications as described in 

chapter 5. 

version 4.4. 

Pharmacokinetics profiles were calculated by Kinetica ® software 
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4.3. Results 

4.3.1 Clinical responses 

A total of 28 patients were enrolled into this clinical trial all were foreign 

workers travelling to Bangkok. Pregnancy test was negative in all females at the time of 

enrolment. Baseline clinical and laboratory data of patients before treatment are shown 

in table 4.2. Laboratory result showed no anemia. Blood cell counts and kidney function 

tests were normal. Mean liver function test showed values double normal levels and 

mean total billirubin levels three times higher than normal. These observations are not 

unusual for adult malaria patients and all values returned to the normal range within 14 

days of treatment. 

Therapeutic response to Artekin® is tabulated in table 4.3. 90% (25 out of28) of 

patients completed follow-up to day 28 and 46% (13 out of 28) completed follow-up to 

day 42. Patient dropouts were due to socioeconomics problems forcing patients to return 

up-country. 4 out of 25 patients had recrudescent within 28 days of follow-up and there 

were no recrudescent reports after day 28. This represents a failure rate of 16% to a new 

drug. Dihydroartemisinin and piperaquine doses were 1.5 mg/kg/dose (1.1-2) and 12.1 

mg/kgldose (8.6-16) respectively. 

Adverse events are shown in table 4.4. There were no serious adverse events 

during the trial and no fatal outcomes of disease. The most common adverse events 

reported were headache and dizziness. All adverse events were classified as mild and 

self limiting requiring only supportive treatment. None of the patients vomited during 

study drug administration (1 hour after drug administration). The adverse event profile 

was as normally seen in malaria drug trials and represent normal features of the disease. 

(Barrett et al., 1996; Hoebe et al., 1997; Stein et al., 1985; Verhage et al., 2005) 
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Sex 

Age (Years) (Mean±SD) 

Range 

Height (em.) (Mean±SD) 

Weight (kg.) (Mean±SD) 

I Male/Female 

Total patients n=28 

1 21/7 

j 25 .7(±7.6) 

I 15-49 

162.4(±7.3) 

W3.~±8) -

- tJ~;;:7d'Y) 
Fever (CO) (Mean±SD) 

Duration before admit 

Highest fever before treatment 38.4(±O.9) 

Hepatomegaly (%) 3.5 

---------~--------------------
Splenomegaly (%) o 

Parasite density 

Geometric mean per ~L 126372 

Range per ~L 112 - 295750 

Laboratory data (mean ± SD) 
------ ------

Hematocrit (%) _______ L-__ 36 (±8.64) 

White blood cell count (per ~L) 5.7 (±2.3) 

Blood urea nitrogen (mMIL) 3.53 (±1.57) 

I Creatinine (~MIL) 0.94 (±0.19) 

Total billirubin (~M/L) 3.53(± 1.97) 

! AST (IU) 94 (±191) 

ALT (lU) 79.5 (± 115) 

: Albu_m: (mglL) _____ -4- 3.5~ (±_O.5_1_) __ 

Mean DHA received (range) 

Mea; piperaquine received 
_ (range) 

1.5(mglkgldose) (1.1-2) 

12.1 (mglkgldose) (8.6-16) 

TABLE 4.02. Baseline clinical and laboratory characteristics of patients in the trial 
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Number of drop out patients at day 28 

Complete 28 day follow up 

Complete 42 day follow up 

Parasite recrudescence at day 

28 day cure rate 

42 day cure rate 

Parasite clearance time (Mean±SD) 

Fever clearance time (Mean±SD) 

TABLE 4.03. Clinical response to Artekin® 

Weakness -
Headache 

Muscle ache 

Dizzy 

Abdominal Pain 

Diarrhea 

Nausea 

Vomiting 

Anorexia 

Palpitation 

I 

f 6 

3 

6 

6 

3 

I I 

2 

--

1 10% (3 out of 28) 

1 90% (25 out of 28) 

I 46% (13 out of28) 

17,28,23 and 2 1 

1 84% (21/25) 

69% (9/ 13) 

I 45.36 hours(± 17 .6) 

i 54 .64 hours(±34 .64) 

-

TABLE 4.04. Reported side effect 
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Parasite reduction rate profiles for each patient are shown in figure 4.01 . The 

average parasite 50% reduction time was 16 hours (range 6-24 hours) and all patients 

were parasite negative within 3 days after treatment. Seven patients had gametocytes in 

their blood and mean clearance time for gametocytes was 265 hours (range 46-624 

hours). As discussed in the introduction a number of studies have already reported on the 

efficacy of this combination in malaria patients. In figures 4.02 and 4.03 the clinical 

failure rates and entry parasite densities are compared with those of previous studies. It 

is clear that in this study entry parasitemia was more than three times higher than 

previous studies and disturbingly failure rates were much higher. 
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FIGURE 4.01. Malaria parasite reduction rates after treatment with Artekin® 
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FIGURE 4.02. A comparison of Artekin® failure rates across nine clinical trials as 

determined by the percentage of recrudescent P. Jalciparum malaria parasites. 
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FIGURE 4.03. A comparison of study entry malaria parasite density in a number of 

Artekin® clinical trials. 
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4.4. Discussion 

In this study the use of antimalarial combination dihydroartemisinin plus 

piperaquine was shown to be safe and well tolerated without any fatalities and with no 

deterioration in laboratory observations. There were only mild adverse events most of 

which could be attributed to the disease. These observations are in keeping with other 

clinical trials (Ashley et al., 2004; Ashley et al., 2005; Denis et al., 2002; Giao et al., 

2004; Janssens et al., 2007; Karema et at., 2006b; Karunajeewa et al., 2004; Mayxay et 

al., 2006; Smithuis et al., 2006; Tangpukdee et al., 2005; Tran et ai., 2004b; Wilairatana 

et at., 2002). Electrocardiograms were not examined in this study but previous studies 

have shown no clinical significant change in electrocardiogram in patients received 

dihydroartemisinin and piperaquine treatments (Karunajeewa et al., 2004; Mytton et al., 

2007). 

Overall, parasite clearance rates in this study were rapid (PCT50% -30h) and in 

line with previous reports. The most important finding from this clinical trial and in 

contrast to the earlier studies is the observation of a failure rate of 16% at day 28. This is 

a very worrying observation. The WHO recommendation states that when an 

antimalarial drug's efficacy starts to fall below 5% i.e. less than a 95% ACPR 

(acceptable parasitological and clinical response) this drug should be replaced with a 

more efficacious drug. Artekin® is a drug which is yet to receive a registration for use 

and which has only really been used in a clinical trials environment. When drugs fail in 

other malaria endemic settings there is always the concern that rather than a true failure 

the re-appearance of parasites arises from a re-infection with a new parasite. This cannot 

be the case in this study. All patients remained in the hospital for tropical diseases for 
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the first 28 days of the study. There is no malaria transmission in Bangkok and so no 

chance of re-infection. 

The question is what is the underlying cause for these failures? It is possible that 

the parasites that infected the patients who failed treatment were resistant to the 

components of Artekin®? As a recent report suggests potential resistance development 

to artemisinin (Jambou et al., 2005). Reduced sensitivity to dihydroartemisinin would 

seem unlikely to be the cause as it would needed to be present in up to 16 % of 

infections. Piperaquine resistance, possibly linked to PfCRT (see chapter 2), may be a 

contributing factor and the observation requires further detailed analysis of piperaquine 

parasite sensitivity in parasites from the geographical location from where these 

infections were acquired. One important difference between the patients in this study 

and those in earlier reports was the entry parasitaemia. This was much higher in this 

study and it is possible that an initial higher parasite biomass may compromise 

therapeutic efficacy. The current trial is not powered in any way to assess this and there 

was no obvious link between parasitaemia, or any other baseline characteristic and 

outcome in terms of treatment success or failure. This is an area which needs to be 

urgently addressed in a larger study with a broader range of entry parasite burdens. 

Not only did we see 16% failures in this study but the failures occurred quite 

early between days 17 and day 28. One of the arguments behind the development of 

Artekin® was that the piperaquine component, which has a very long half-life (see 

chapter 5), would offer a substantial post-prophylactic effect (Price et al., 2007). It is 

clear from this study that despite the long half-life parasites can still emerge within 2 and 

a half weeks of treatment despite persistent drug exposure for 10 weeks. These would 

seem to be ideal conditions for the selection and emergence of piperaquine resistance. 
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In addition to the effect on asexual parasites we were able to look at gametocyte 

clearance in some patients. Artemisinin compounds are reported to have potent 

gametocytocidal activity (Chen et al., 1994; Dutta et al., 1989; Newton et al., 2006; 

Price et al., 1996) yet gametocyte clearance was relatively slow in this study and again 

this might have implications for the development and spread of artemisinin resistance 

(Newton et al., 2006). 

The data presented In this chapter has very important implications for the 

eventual deployment of Artekin® and its potential useful therapeutic life-span. The data 

suggest an unacceptable failure rate in some patients that may relate to high starting 

parasitaemia or more worryingly altered parasite sensitivity to these drugs. The claim 

that the drug combination will offer excellent post-prophylactic antimalarial cover is 

brought into question and the impact on gametocytes does not look so great. One 

obvious contributor to therapeutic success and failure is drug exposure which in turn is a 

function of the drugs phannacokinetics. In chapter 5 we investigated if the failures 

reported in here could be due to altered pharmacokinetics of the drugs. 
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CHAPTERS 

Pharmacokinetics of dihydroartemisinin and piperaquine in 

Thai patients with non severe P. Jalciparum malaria 

5.1. Introduction 

The data reported in chapter 4 identified an unexpected high level of treatment 

failure with Artekin® of 16%. Other than the high starting entry parasitemia there were 

no other clinical or biochemical parameters that might explain these failures although 

parasite resistance remains an explanation that needs to be investigated. The success of 

treatment is a function of the response of the target system to the drug and the overall 

drug exposure profile. The drug exposure profile is determined from the drug's 

pharmacokinetics. It is possible that the treatment failures reported here result from sub­

optimal drug exposure in some patients. 

Friedrich Hartmut Dost first introduced the term pharmacokinetics in 1953 in 

his text, Der Bliitspiegel-Kinetic der KonZentrationsablaiife published in der 

Frieslauffliissigkeit (for review, see Wagner, 1981 (Wagner, 1981 ». Pharmacokinetics 

literally means the application of kinetics to pharmakon, the Greek word for drugs and 

poisons. Pharmacokinetics uses a mathematical representation of data to model and 

interpret the time-course of drug and metabolite concentrations in biological fluids. 

Gibaldi and Levy introduced a similar definition in 1976 (Gibaldi et al., 1976 a; 
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Gibaldi et al., 1976 b): "Pharmacokinetics is concerned with the study and 

characterization of the time course of drug absorption, distribution, metabolism and 

excretion, and with the relationship of these processes to the intensity and time course 

of therapeutic and adverse effects of drugs. It involves the application of mathematical 

and biochemical techniques in a physiologic and pharmacologic context." The 

pharmacokinetic characterization of a drug is thus important to understand and predict 

its effects. Such information is often scarce for many of the drugs used in tropical 

medicine and malaria for which also dose-optimization frequently is a result of a trial-

and-error approach. 

The pharmacokinetics of both piperaquine and dihydroartemisinin have been 

reported in a number of papers as listed in tables 5.1 and 5.2 respectively. In general 

piperaquine is reported to be a drug which is rapidly and extensively absorbed and 

eliminated in a multi-exponential fashion (Karunajeewa et al., 2008; Taming et al., 

2008; Taming et aI., 2007). The drug has a very long half -life and it has been reported 

that failure to sample for long enough and limitations in assay sensitivity may have 

considerably underestimated elimination half life (Taming et al., 2005). The drug is 

metabolized to five major metabolites including a carboxylic acid and N-oxide 

metabolite (Taming et al., 2006; Taming et al., 2007) (see figure 5.1). 
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Oxidated Metabolite eM5) 

FIGURE 5.01. Chemical structure ofpiperaquine and its metabolites. 
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There is much less data on dihydroartemisinin when administered as an oral 

treatment with much of the data derived from dihydroartemisinin occurring as the 

principle metabolite of drugs such as artesunate and artemether (see table 5.2) . The 

general characteristics of dihydroartemisinin pharmacokinetics are rapid absorption and 

very fast elimination with a half-life in the order of 30 minutes to 2 hours and a lot of 

inter-subject variability (Na-Bangchang et ai., 2004). 

In this study we have determined the pharmacokinetics of the components of 

Artekin® in all evaluable patients in the clinical trial described in chapter 4. 
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Pharmacokinetics parameter 
Author Subject Dosage (mg/kg) 

CLIF (I h·1 kg· l ) Vd"/F (I kg· l
) tllZ,> (h) 

Hung el aI., Adult with 31.9 (4 doses at 

2004 P.jalciparllm or 0, 6, 24, 32 hr) 0.9 574 543 

P. vivax 

Children with 34.9 (4 doses at 

P .jalciparllm or 0, 6,24,32 hr) 1.85 614 324 

P. vivax 

Roshammar el Adult healthy (4 doses at 0, 6, 
1.0 103 288 

aI., 2006 volunteer 24,48 hr) 
----

Sim e/ aI., 2005 Adult healthy 41.9 (single 
1.14 716 488 

volunteer fasting dose) 

Adult healthy 41.9 (single 

volunteer high dose) 0.60 365 501 

fat meal 

Tarning el aI., Rat healthy I.V. 13 (single dose) 1.6 52 34 

2007 Rat healthy Oral SO (single dose) N/A N/A 23 
- ---

Liu e/ al., 2007 Adult healthy Single dose 
0.022 101.8 302.8 

volunteer 

Adult healthy (4 doses at 0, 6, 
0.011 50.3 298.9 

volunteer 24,48 hr) 

Karunajeewa el Children with 35.4 (0, 24, 48 
0.85 431 413 

aI., 2008 P.jalciparum hr) 
-

Moore e/ aI., Rat healthy 30 (single dose) 1.55 956 427 

2008 Rat with 
1.9 1059 386.4 

P.berghei 
---- -----

Taming e/ al., Adult with 31 (0, 8, 24, 48) 
1.4 874 672 

2008 P.jalciparum 

TABLE 5.01. Literature data on the pharmacokinetics of piperaquine 
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Author Subject Dosage (mg/kg) 
Pharmacokinetics parameter 

CLIF (I h· 1 kg·l
) Vd" /F (I kg·l

) tIll .. (h) 

Kongpatanakul Adult healthy 3.9 single dose 
N/A N/A 2 

et aI., 2007 volunteer 

Karbwang et Healthy 4.0 single dose 
7.15 90.5 1.08 

al.,1997 volunteer 

Binh el aI., Healthy 2.4 single dose 
N/A N/A 1.0 

2001 volunteer 

Na-Bangchang Healthy 4.8 single dose 
45.8 8 0 .58 

et al., 1999 volunteer 

TABLE 5.02. Literature data on the pharmacokinetics of dihydroartemisinin 
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5.2 Material and methods 

Details of the study site and design are described in detail in chapter 4. 

5.2.1. Blood sample collection 

Venous blood (5ml) was drawn in to EDTA treated plastic tubes at 0,0.25,0.5, 

0.75, 1,2,3,4,8,24,26,30,40,48,72,96, 168 hour and then at days 14,21,28,42 and 

63 of follow up. The need for this very extensive and long sampling schedule reflects 

the need to determine the pharmacokinetics of a drug with a very long half-life i.e. 

piperaquine with that of a drug with a half-life that can be measured in minutes i.e. 

DHA. All blood samples were centrifuged within 30 minutes at 2000g for 10 minutes at 

40 C. Plasma was removed and placed into two (one for dihydroartemisinin and the other 

for piperaquine analysis) plastic non-treated tubes which were stored at -800 C. Samples 

were transported on dry ice to Liverpool School of Tropical Medicine for the analysis of 

piperaquine and dihydroartemisinin drug levels. 

5.2.2. Drug analysis 

Plasma dihydroartemisinin levels were determined using a fully validated LC-

MS method developed at Liverpool School of Tropical Medicine as described in chapter 

2. The method is fully validated and can measure drug concentrations from 3 -

960nglml. 

Plasma piperaquine levels were measured by HPLC using the method described 

by Lindegardh (Lindegardh e/ al., 2005) with minor modifications .. Briefly the high 

pressure liquid chromatography system was a fully integrated Shimadzu LC2130 system 

with UV detection set to 347 nm. Data acquistration was performed using Chromelion 
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software (Dionex Ltd). The column oven temperature was set at 25° C. Chromatographic 

separation was achieved using a Chromo lith performance (100mm x 4.6mm) column 

connected to a Chromolith guard column RP18 (10mm x 4.6mm). Mobile phase 

comprised of phosphate buffer 0.1 M at pH 2.5 (92%) plus acetonitrile (8%) flowing at a 

rate of 3 ml per minute. Standard calibration curves were generated in a range 5 -

2500nglm. Quality control samples for determination of the assay accuracy and 

precision were prepared at concentrations of 15, 100, 1250 and 2000ng/mL. 

Plasma samples (O.5mJ) were extracted by solid phase extraction after addition of 

the internal standard 100~L (chloroquine phosphate 1 0 ~glml in water w/v). 0.5 ml of 

samples were applied to 3M (EmporeSD4128) solid phase extraction cartridges after 

pre-treatment with 250_~L phosphate buffer (pH 2.0; 0.05 M). Samples were eluted 

from the cartridge with methanol-triethylamine (98:2 v/v). The eluents were evaproated 

to dryness under a gentle stream of nitrogen air. The residuals were then reconstituted 

back in 200 ~L of phosphate buffer O.IM at pH 2.5 (95%) plus acetonitrilre (5%). 100~1 

of the reconstituted samples were then injected into the HPLC. Calibration curves were 

linear in the range 5-2500 nglml. Due to the minor modifications that were introduced 

this method was fully validated again. 
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5.2.3. Pharmacokinetic and statistical analysis 

Pharmacokinetic analysis was performed using Kinetica ® software version 4.4. 

Area under the curve (AUC) 0 - 168 hours and 0 - 00 hours, maximum concentration 

(Cmax), time to maximum concentration (T max), clearance, volume of distribution and 

half life were calculated from kinetica® software. Data are presented as mean ± SD. 

Mann-Whitney test or Student's I-test were use to compare for statistical significance. 
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5.3. Results 

5.3.1. Partial validation of the piperaquine assay 

A typical Standard curve for piperaquine is shown in figure 5.2. The calibration 

was linear over a concentration range of 5 - 2500ng/mL with r2 >0.99. Quality control 

samples were in acceptable criteria of international validation guideline (U.S. FDA, 

2001) showing less than 15% variation from actual concentration values in intra and 

inter-assay variability runs performed as for dihydroartemisinin in chapter 3. The lower 

limit of detection was Sng ImL, and the upper limit of detection was 2S00nglmL. 
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Piperaquine concentration (Ilg/ml) 

FIGURE 5.02. Standard calibration curve for modified methods for detection of 

piperaquine in plasma 
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5.3.2. Plasma Piperaquine level and pharmacokinetics profiles 

Plasma piperaquine levels were successfully analyzed from 532 of the patients 

samples. Plasma piperaquine concentration profiles were multiphasic. Figure 5.3 show 

the 0-72 hour plasma profiles for individual patients and figure 5.4 show the mean data 

over the same period. 
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FIGURE 5.03. Plasma piperaquine levels for each individual patient over the first 72 

hours of treatment. 
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FIGURE 5.04. The mean (± SO) plasma piperaquine profile. The error bars represent 

standard deviation. 

CLIF (I h- I kg-I) T 0.9±0.8 

VdsslF (I kg-I) 424 ± 245 

t1/2,z (h) 464±341 

AVe 0-00 h (ng/mL h) I 8.07 ±5.1 

Ave 0-168 h (ng/mL h) 3.3±2.1 

T max (h) ~ 29 ±10 

Cmax(ng/mL) 160 ±20 

TABLE 5.03 Mean (± SO) pharmacokinetics parameters for piperaquine after oral 

administration as Artekin® 
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Over the first 72 hours plasma piperaquine profiles demonstrated 10 folds 

variability (figure 5.04). The drug had a relatively large volume of distribution and a 

very long elimination halflife in excess of20 days (table 5.03). 

5.3.3. Plasma dihydroartemisinin level and pharmacokinetics profiles 

Plasma dihydroartemisinin levels were successfully analyzed from 532 patient 

samples. Pharmacokinetics parameters are summarized in table 5.04. Plasma 

dihydroartemisinin concentration profiles for individual patients are show in figure 5.05 

and mean data is presented in figure 5.06. 

10000 

.. 
iij 
U 
III 
U 

E 1000 s= ... 
;: 
OJ 
CI 
52 
.E 
Cii 

100 > 
.!! 
c-
.g:§ 
e! CI 
... c: 
c-
Ol u 
c: 
0 
u 
c: 
C 
-;; 
E .. 
1:: 
OJ e 
" ,.. 
s= 
is 

6 12 18 24 30 36 42 48 54 60 66 72 

Time (hours) 

FIGURE 5.05. Plasma dihydroartemisinin levels for each individual patient over the 

first 72 hours of treatment. 
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FIGURE 5.06. Mean (±SO) plasma dihydroartemisinin profile over the first 72 hours of 

treatment. The error bars represent standard deviation. 

Plasma dihydroartemisinin levels were highly variable and rapidly eliminated 

such that after 48hours of the start of treatment dihydroartemisinin levels are below the 

limit of quantification. The kinetic analysis suggested an elimination half-life of 

dihydroartemisinin of less than 1 h when administered orally to man (table 5.04). 
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CLIF (I h· 1 kg· l
) 7.6 ±S.S 

VdsslF (I kg·l
) i 119±93 

t1/2.z (h) 10.9±0.3 

AVC 0-00 h (ng/mL h) I 8.07 ±S .l 

AVC 0.168 h (ng/mL h) 5.08±3.0 

T max (h) I 8.0 ±9.0 
--- I 

Cmax(ng/mL) 647 ±288 

TABLE 5.04. Mean (±SO) pharmacokinetics parameters for dihydroartemisinin after 

oral administration as Artekin® 

5.3.4. Pharmacokinetic differences between treatment successes and treatment 

failures 

The four patients who failed treatment were separated from the successes and the 

pharmacokinetics analyzed separately. In table 5.05 the AUC, T max, Cmax and 

elimination half lives of each drug are compared, there were no differences in the 

pharmacokinetic parameters obtained for piperaquine in the treatment failures and the 

treatment successes. In the case of dihydroartemisinin the 4 patients failing treatment 

had significantly lower dihydroartemisinin exposures, measured as AUC 0-168hrs 

(ng/uL h) compared to treatment successes (see table 5.05). 

It has been suggested that the day 7 piperaquine level can be used as a predictor 

of therapeutic success and failure (Price et aI., 2007). There were no differences 

observed in this measure in this study between recrudescent and completely cured group 

(see table 5.06). 
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Piperaquine 
Completely I Recrudescent P value (95% CI) 

cured group group 

3.3 
- 1 

AVe 0-168hrs (ng/mL h) 1 3.1 0.576 (-0.00 I to 0.001) 

Half life (days) 21.435 25 .26 0.87 (-22 .8 to 14.7) 

T mOl (hours) 29.8 I 31.5 I 0.50 (-21.99 to 22.01) 

emu (ug/ml) 0.60 0.061 
0.97 (-0 .034 to 0.039) 

Completely Recrudescent P value (95%CI) 
Dihyd roa rtemisini n 

cured group group 

AVe 0-168hrs (ng/mL h) 8.0 3.0 0.03**(0.001 to 0.008) 

Half life (hours) 0.92 I 1.09 0.57 (-0.9 to 1.25) 

T mOl (hours) 8.0 7.6 0.53 (-18.1 to 7.2) 

emu (ng/ml) 648 l 410 0.15 (-95 to 582) 

TABLE 5.05. Pharmacokinetics separated according to treatment outcome 

Day of recrudescent 

17 

21 

23 

28 

Day 7 mean piperaquine levels 

in treatment successes 
-

Day 7 mean piperaquine levels 

in treatment failures 

Plasma piperaquine concentrations (ng/ml) 

5.7 

5.9 

8.9 

Below limit of detection«5 ng/ml) 

8.45 ng/ml 

8.7 nglml 

TABLE 5.06. Plasma piperaquine concentrations on the day of parasite recrudescence in 

four patients and mean piperaquine levels at day 7 in treatment failure and successe 
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5.4. Discussion 

In general the pharmacokinetic parameters described in this chapter are in line 

with previous reports (see tables 5.1 and 5.2). For piperaquine the drug displayed a large 

volume of distribution and a very long half-life in excess of 20days. The long half life 

has only recently been fully defined (Taming et al., 2008; Taming et al., 2007). Earlier 

studies had terminated sampling too early to accurately measure this parameter. In the 

present study sampling extended to day 62 in those patients that could be accessed and it 

is assumed that this is more than adequate to secure high quality pharmacokinetic 

parameters. Over the first 72 hours piperaquine exposure was highly variable. This is in 

keeping with the low bioavailability of this drug reported by other in a number of human 

and animal studies (Sim et al., 2005; Taming et al., 2007). Interestingly a previous study 

showed that piperaquine when given after high fatty meal resulted in an increase AUC 

and oral bioavailability with no increase in side effects (Sim et al., 2005). It is not clear 

if this variable absorption and bioavailability contributes towards treatment outcomes. 

The data presented here suggests not but a much more detailed and extended trial would 

be needed to really confirm this. It is worthy of note that for the ACT Coartem® 

enhanced absorption due to fat has caused the manufacturer to recommend its use with 

food, and treatment failures often correlate with low lumefantrine plasma levels due to 

poor and low bioavailability. There is also data suggesting plasma piperaquine exposure 

is lower than that seen in adults (Hung et at., 2004; Karunajeewa et al., 2008; Taming et 

al., 2008) due to differences in clearance. 

Plasma dihydroartemisinin profiles were also very variable. The drug was rapidly 

cleared with a moderate volume of distribution and an extremely short half-life of less 

than 1 h. This is in keeping with many of the literature reports on this drug (table 5.02). 
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The main reason behind studying the pharmacokinetics of these drugs in this 

population was to see 

a) If there was any inoculums effect i.e. drug exposures decrease with increasing 

parasitemia due to a selective drug uptake into parasitized red cells. 

b) If therapeutic failures seen in 16% of patients had a pharmacokinetic basis. 

It was not possible to address the first point because of the small range of high 

parasite loads and this will require additional studies to address. With respect to clinical 

failures it has been reported recently that day 7 piperaquine concentrations are a good 

indicator of treatment failure and success with a cut off of 30ng/ml (Price et al., 2007).In 

the current study almost all patients had plasma piperaquine levels below 30ng/ml on 

day 7 yet 84% were treatment successes and comparing the failures with successes did 

not identify any difference in day 7 piperaquine concentrations. In contrast to this 

patients failing treatment have significantly lower exposures to dihydroartemisinin than 

those that succeeded on treatment. The whole basis of ACT treatment is based on the 

artemisinin component rapidly killing a significant proportion (>99%) of the parasite 

biomass (White, 1999). These leave a trivially small population of parasites for the 

partner drug to eliminate. The data presented here suggest that inadequate 

dihydroartemisinin levels coupled with a high starting parasitaemia may contribute to 

failure. 

In conclusion the pharmacokinetics of piperaquine and dihydroartemisinin 

reported in this chapter are in line with literature values. Importantly we could not 

confirm any link between day 7 piperaquine levels and treatment failure or a link 

between day 7 piperaquine concentrations <30ng/ml and failure (table 5.06). In contrast 

failure was associated with significantly lower exposure to dihydroartemisinin (table 

128 



5.05). These findings raise serious questions about the current dosage regimen being 

developed for Artekin® especially when used in hyperparasitemic patients who are a 

significant minority of African children with malaria. It will be important to develop 

these ideas in further clinical studies and to establish the factors that contribute to low 

dihydroartemisinin exposure. 

Dihydroartemisinin component show small volume of distribution and short half 

life with rapid plasma clearance. Not many dihydroartemisinin pharmacokinetics studies 

after oral administration have been reported. Pharmacokinetics profiles in previous study 

show no different in sexual, age. Well absorption, distribution (Kongpatanakul et al., 

2007; Na-Bangchang et al., 2004; Na-Bangchang et al., 2005). 

In the completely cured group compared with recrudescent group 

pharmacokinetics profiles show significant different in AUCO-168h in dihydroartemisinin 

profiles, where the other pharmacokinetics parameters show no significant difference. 

In conclusion antimalarial combination of dihydroartemisinin plus piperaquine 

was found to be safe and effective against P Jalciparum malaria. The combination of the 

two drugs can give pharmacokinetics property that rapidly kill malaria parasite by 

dihydroartemisinin and protective effect from piperaquine that have a long half life. The 

drugs, as describe by previous studies are recommended to be given with high fat meal 

to increase the bioavailability and may need to be administered in higher doses in 

children. 

129 



CHAPTER 6 

An open label clinical trial of artemisinin plus piperaquine 

(Artequick®) for uncomplicated P. /alciparum malaria in Thai 

adults 

6.1. Introduction 

As described in chapter 1 and chapter 5 artemisinin based combinations are now 

the preferred option for the treatment of uncomplicated P jaldparum malaria. The 

usefulness of piperaquine as a partner drug is highlighted in chapters 4 and 5 and the 

references cited. The main concern with the Artekin® combination that emerged from 

chapters 4 and 5 was the failures associated with low exposure to the artemisinin 

component dihydroartemisinin. There is a second piperaquine containing combination 

called Artequick® that has been developed by another Chinese manufacturer. This is a 

combination of piperaquine with artemisinin, the base material that is extracted from the 

artemesia annua plant. It is assumed that using the directly extracted and purified 

artemisinin brings with it cost reductions compared to the semi-synthetic materials such 

as dihydroartemisinin, artesunate and artemether. 

Many clinical trials have demonstrated the potent antimalarial activity of 

artemisinin when used in man (Alin et aI., 1996; Bich et aI., 1996; de Vries et al., 2000; 
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Le et af., 1997; Li et af., 1994) and there are details on the pharmacokinetics of 

artemisinin in the literature. An overview of the pharmacokinetics and clinical efficacy 

of piperaquine and artemisinin from the literature is presented in tables 6.1 and 6.2. 

Artemisinin has been used in many clinical trials often as monotherapy but also as a 

combination. Monotherapy cure rates are very poor but this improves significantly when 

deployed as a combination. (Arnold et al., 1990; Bich et al., 1996; de Vries et al., 2000; 

Giao et al., 2001; Hien et al., 1992; Hien et al., 1991; Le et al., 1999; Le et al., 1997; Li 

etal., 1984; Lietal., 1994; Tranetal., 1994). 

Although commercially available in China there is no clinical trial or 

pharmacokinetic data on this new combination. The drug is being considered as a 

potential drug for non-severe malaria. To underpin this decision a series of large trials 

are planned. In this chapter we describe a small open label trial to ensure the safety and 

tolerability of Artequick, in order to determine some preliminary data on efficacy and 

pharmacokinetics that will be used in the design of larger blinded and comparative 

studies with Artequick®. This also provides an opportunity to compare this piperaquine 

based combination with Artekin®. 
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Name Year Country Type Drugs arm Route Dosing Malaria Number Follow up Cure 
species of (day) rate % 

_ patients_ 

Arnold et a\. 1990 Vietnam Monotherapy Artemisinin suppository 600 mg for 3 days Pof 32 28 50 

Hien et al. 1991 Vietnam Monotherapy Artemisinin suppository 600-2200 mg for 3 days Pof 
20 

28 70 
children 

18 
Hien et al. 1992 Vietnam Monotherapy Artemis inin suppository 600 mg for 3 days Pof cerebral nJa 28% death 

malaria 

Tran et al. 1994 Vietnam Combination Artemisinin + Mefloquine oral 
500 mg + mefloquine 500 

Pof Adult 28 85 mg single dose 
500 mg for 5 days Pof Adult 28 66 

suppository 
15 mg /kg + mefloquine 7.5 

Pof Children 28 100 
mg/kg 

Hassan Alin 
1996 Tanzania Monotherapy Artemisinin oral 500 mg for 6 days Pof 20 28 65 

et.al 

Alin et al. 1996 Tanzania Monotherapy Artemisinin oral 500 mg for 5 days Pof 18 28 59 

Combination Artemisinin + mefloquine oral 
500 mg 3 days + 

Pof 20 28 100 
mefloquine 750 mg 

Le et al. 1997 Vietnam Combination Artemisinin + Mefloquine oral 
500 mg single dose + 500 

Pof 117 28 85 
mg mefloquine single dose 

Le et al. 1999 Vietnam Monotherapy Artemisinin oral 60mglkg total dose Pof 60 14 100 

132 



Name Year Country Type Drugs arm Route Dosing Malaria Number Follow up Cure 
species of (day) rate % 

- --- -- patie~ts _ 

de vries et at. 2000 Vietnam Combination Artemisinin + quinine oral 
20mglkgs sigle dose 

P.f 96 28 46 +quinine 3 days 

20mglkgs sigle dose 
P.f 88 28 66 +quinine S days 

Giao et al 2001 Vietnam monotherapy Artemisinin oral SOOmg for S days P.f I IS 28 86 
SOOmg for 7 days P.f 112 28 87 

TABLE 6.01. Summary of artemis in in clinical trials data. 
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Pharmacokinetics parameter 
Author Subject Dosage 

CL/F (I h-I
) Vd •• /F (I) 

I 

tIl2 •• (h) I 

- - l -
Svensson et Adult healthy 500mg single 

186 855 3.0 
ai. , 1998 volunteer dose 

Simonsson Adult healthy 500 mg single 
304 1363 2.9 

etai. , 2003 volunteer dose 

- -
250mg single 

8.9* 38.4* 1.38 
dose 

Ashton et Adult healthy 500mg single 
7.83* 35.5* 2.0 

ai. , 1998a volunteer dose 

- -
1 OOOmg single 

6.19* 33.7* 2.84 
dose 

- -- ------
Ashton et Adult with 500mg daily for 

299 N/A 2.0 
ai. , 1998b P Jalciparum 5 days 

-
Adult with 500 mg daily 

402 1504 N/A 
Sidhu et PJalciparum for 5 days 

ai. , 1998 Children with -10 mg kg- 1 

13.2* 36.7* N/A 
PJalciparum daily for 5 days 

- ---

TABLE 6.02. Pharmacokinetics of artemisinin from previous studies. 

* Data reported as normalization per kg body weight 
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6.2. Material and Methods 

6.2.1. Study site 

A clinical trial of artemisinin plus piperaquine for the treatment of uncomplicated 

P. Jalciparum malaria was conducted in the Bangkok Hospital for Tropical Disease, 

Faculty of Tropical Medicine, Mahidol University, Bangkok, Thailand between April 

2007 - June 2007. 

6.2.2. Inclusion criteria 

• Acute uncomplicated P. Jalciparum malaria 

• Either male or female, if female must be negative for pregnancy by urine 

pregnancy test 

• Age more than 14 years 

• Weight more than 40 kilograms 

• Ability to take oral medication 

• Microscopy positive asexual forms of P. Jalciparum malaria 

• History of fever within 48 hours 

6.2.3. Exclusion criteria 

• No known concurrent major illness, kidney or liver insufficiency, major 

heart lung diseases 

• Severe malaria as defined by WHO criteria 

• Lactating female 

• Previous treatment with any anti-malarial drugs within 90 days 
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6.2.4. Study Procedure 

Ethical clearance was obtained from ethical committee Faculty of Tropical 

Medicine, Mahidol University, Thailand. Informed consent was obtained from patients 

that met all inclusion criteria and no exclusion criteria before enrolment into the study. 

All patients in the study were admitted to the Bangkok Hospital for Tropical Disease via 

diagnosis from either the remote recruitment site (Maesot district, Tak province, 

Thailand, 400 kilometers from the hospital) where patients were brought back for 

treatment in hospital by ambulance, or from the malaria clinic situated inside the 

Bangkok hospital for tropical diseases, one of the great advantages in undertaking 

malaria studies in Bangkok is that there is no malaria transmission in the regions 

surrounding the hospital. This means that the cure rates reported over 28 days or beyond 

are true cure rates without the complications of possible re-infection as occurs in many 

sites and requires complex and less than perfect genotyping to exclude re-infection from 

recrudescence. 

Patient's vital signs were monitored including oral temperature every 6 hours 

and underwent clinical evaluation and physical examination by the attending physician 

(usually myself) every day. Laboratory analysis, including complete blood count, blood 

biochemistry, and urine analysis were performed by an automated machine and light 

microscopy of blood samples before enrollment of patients into the study. These were 

repeated at day 7 and every 7 days until the end of the trial. 

Malaria parasite counts were performed every 6 hours from thick and thin 

blood smears stained with giemsa dye and viewed at X 1000 magnification on an 

inverted microscope. These observations were continued until samples were considered 

parasite negative. After this, blood smears were prepared daily until day 28 and at every 
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follow-up visit until day 42. Malaria parasitemia counts were calculated from the 

percentage of parasites seen from blood smear against red blood cell count reported from 

the complete blood count. 

Blood smears were considered negative when no parasites were seen in thick 

blood smear from 2 consecutive slides. Blood smears were also taken from any patient 

that presented with a fever at any given time. 

Fever clearance times (FCT) was calculated as the period from the start of 

treatment until oral temperature returned to 37.5°C and remained at or below this 

temperature for the next 48 hours. 

Parasite clearance time (PCT) was calculated as the period from start of 

treatment until parasite were negative from the blood smear and remained negative for 

the next 2 consecutive slides. 

Cure rate (cured patients I evaluable patients x 100%) was defined as absence 

of parasite reappearance during 28 and 42 days of follow up. 

Any treatment failures and adverse events were treated by standard hospital 

regimen. The standard rescue therapy for any treatment failure patients comprised of 

quinine 10mg per kilogram body weight orally every 8 hours combined with 

doxycycline 100 mg every 12 hours for 7 days. Patients with fever body temperature 

>37.5°C or pain elsewhere in the body were treated with paracetamol 1000mg orally 

every 4 to 6 hours until body temperature was below 37.5°C or the pain subsided. 

Nausea and vomiting were treated with antihistamine (Dramamine 5 mg orally) every 6 

hours until symptoms subsided. Blood samples for pharmacokinetic analysis were 

collected and stored in a freezer at -80°C. Samples were transferred to Liverpool School 

of Tropical Medicine in a container packed with dry ice for subsequent 
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pharmacokinetics analysis as described in chapter 5. Blood samples were also collected 

on filter papers before treatment and at the day of the reappearance of parasites for 

further genotyping analysis. 

Adverse events are described as any new events that occurred after starting 

drug treatments. Serious adverse events are described as those events that caused fatal 

outcome, prolonged hospitalization or needed an invasive intervention. 

6.2.5. Study drugs administration 

Artequick® (62.5mg. of artemisinin + 37Smg. of piperaquine phosphate) was 

obtained from Artepharm, Republic of China (batch Number 2005090 I; manufacturing 

date 08 September 2005, expire date August 2007). Artequick® was given 2 tablets 

orally at time 0, 6, 24, 48 hours to all patients with supervision by nurse. Any patient 

who vomited within one hour after drug administration was repeated with full dose of 

drugs again. 

6.2.6. Plasma drugs concentration measurement 

Plasma artemisinin levels were measured by LC-MS using the modification of 

the method described in chapter 3. Briefly the LC-MS system comprise of TSA 1 00 

autosampler a TSP 2000 isocratic LC pump with a degasser unit, Mass spectrometry was 

performed on a Finnigan TSQ 7000 triple quadrapole Mass spectrometer. The TSQ 

7000 triple quadrapole mass spectrometer was operated in Electro spray ionization, 

positive ion mode using single reaction monitoring of one transition. Manifold 

temperature was set at 70°C, capillary temperature was set at IS5°C, capillary voltage 

I6.75V, spray voltage 4.SkV, sheath gas flow rate 70 PSI, auxiliary gas flow rate 30 
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unit. Data were captured, processed and analysis by Thermo Xcaliber software version 

1.2 

Chromatographic separation was achieved using a Thermo BETASIL phenyl­

hexyl column (50 x 2.1 mm particle size SuM) connected to a 10mm guard column 

packed with the same material. The mobile phase comprised of 0.01 M ammonium 

acetate adjusted to pH4 with glacial acetic acid: acetonitrile (50:50 v/v). Mobile phase 

was freshly prepared every day and sonicated for 15 minutes before use. The mobile 

phase was delivered at a flow rate of 400IlL/minute. Samples were injected via 

the Thermo spectra autosampler TSA 1 000. Injection volume was I OOIlL for each sample 

and temperature control was set at room temperature. The injection needle was washed 

with Iml of 50%methanol I 50%water solution between injections to eliminate the 

problem of carryover between samples. Standard calibration curves were generated in a 

range from 5 - 1000 ng/mL, quality control samples for determination of accuracy and 

precision in plasma were prepared at concentrations of 50,500 and 750ng/mL. 

Plasma samples (0.5ml) were extracted by method previous described in chapter 

3. Calibration curves were linear in the range 5-1000ng/ml. Due to the minor 

modifications that were introduced this method was fully validated again. 

Pieraquine plasma drug level were measured using a previously published 

method (Lindegardh et at., 2005) with slight modifications as described in chapter 5. 
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6.2.7. Statistical analysis 

Data had been presented as mean ± SD. Mann-Whitney test or Student's I-test 

were used to determine statistical significance of the result. 

6.2.8. Pharmacokinetics analysis 

Pharmacokinetics analysis was performed using Kinetica® software version 4.4. 

Area under the curve (AUe) 0 - 168 hours and 0 - 00 hours, maximum concentration 

(C ) time to maximum concentration (T max), clearance, volume of distribution and max, 

half life were calculated. 
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6.3. Results 

6.3.1. Clinical responses 

A total of 10 patients were enrolled into this clinical trial. All were foreign 

workers traveling to Bangkok for employment. Pregnancy tests were negative in all 

females at the time of enrolment. Baseline clinical and laboratory data for patients 

before treatment are shown in table 6.3. The laboratory results showed no evidence of 

anemia. Blood cell counts snd kidney function was normal in all. Slight increases in 

liver function tests (2-3 times higher than the normal range). All abnormalities in these 

laboratory values had returned to normal within 14 days after treatment. These changes 

are normal with malaria patients. The average artemisinin and piperaquine dose received 

is shown in table 6.03. 

Table 6.04. shows the therapeutic response and drop out rate evaluated at day 28. 

Eight out of ten (80%) patients completed follow-up at day 28. The two drop out 

patients left due to socioeconomics problems (they needed to get back to work in deep 

jungle forest to harvest the crop). None of the patients had a recrudescence within the 28 

day of follow-up. 

The main adverse events are shown in table 6.05. There were no serious adverse 

events or fatalities during the study. The most common adverse events reported were 

headache and dizziness. All adverse events were classified as mild and self-limiting 

requiring only supportive treatment. No patients vomited during the dosing (1 hour after 

drug administration). These data (table 6.03 - 6.05) are remarkably similar to those 

reported in chapter 4 for Artekin® and reflect the disease pattern in this patient group. 
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Sex 

Age (Years) (Mean±SD) 

Height (em.) (Mean±SD) 

Weight (kg.) (Mean±SD) 

Hepatomegaly (%) 

Splenomegaly (%) 

Parasite density 

Laboratory data (mean±SD) 

Mean Artemisinin received (range) 

Mean Piperaquine received (range) 

MalelFemale 

Range 

Duration before admit 

Highest fever before treatment 

Geometric mean per ilL 

Range per ilL 

Hematocrit (%) 

White blood cell count (per ilL) 

Total patients n= 1 0 

6/4 

1 27.6(± 11.96) 

17-51 

IS6.2(±S.9) 

I 47.1(±So4) 

1 
I 3. 1(1-IOday) 

T 38.3(004) 

20 

I 10 

\ 46980 

I 153-152790 

.~ 
40.1 (±S. I) 

5.2 (±204) 

Blood urea nitrogen (mMoI/L) l 13 .7 (±S.6) 

I Creatinine (IlMoIIL) _ + 0.76 (±O.28) 

AST (IU) 44.5 (±40.9) 

ALT (IU) 

Albumin (mglL) 

I 62.1 (±97.1) 

4.03 (±0046) 

r IS .9(mglkgldose)(13 .8-19.7) 

r 2.6S(mglkgldose) (2.31-2 .97) 

TABLE 6.03. Baseline clinical and laboratory characteristics 
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-
Number of drop out patients at day 28 

Complete 28 day follow up 

Parasite recrudescence at day 

28 day cure rate 

-
Parasite clearance time (mean±SD) 

Fever clearance time (mean±SO) 

r 20% (2 out of 10) 
I 
I SO% (S out of 10) 
I 

I None 

r 100% (S/S) 

1 59 hours(±21 ) 

I 3S hours(±26) 

TABLE 6.04. Clinical response to Artequick® 

-
1 Weakness 2 

Headache r- IO 

Muscle ache t 
I 

2 

Dizzy + 5 

Abdominal Pain 5 

Diarrhea 2 

- ----
Nausea 

Vomiting 

Anorexia 

Palpitation 

TABLE 6.05. Reported side effect 
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Parasite reduction rates for each patient are shown in figure 6.0 I. In 70 % of 

patients (7 out of 10) parasite levels had been reduced to the 50% level within 24 hours. 

All patients had experienced a 50% parasite reduction rate within 48 hours. All patients 

were negative for malaria parasites within 3 days of initiating treatment. None of the 

parasites were carrying gametocytes during the study. Interestingly there was much 

more variability in parasite clearance times reported here than seen with Artekin® in 

chapter 4. 
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FIGURE 6.01. Malaria parasite reduction rate after Artequick® treatment. 
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6.3.2 Pharmacokinetics analysis 

Plasma artemisinin levels were determined using a modification of the LCMS 

assay reported in chapter 3. All extraction and chromatographic conditions were as 

described in chapter 3 and in this case dihydroartemisinin was used as the internal 

standard. The artemisinin parent ion were observed at 300miz (M + [NH4t) and the 

monitored daughter fragment ion were observed at 209m/z (Figure 6.02). MS conditions 

were optimized with collision energy at 16 EY. Standard calibration curve were linear 

bwith range 5 - 1000ng/mL, using 0.5mlof plasma. The assay was fully validated to the 

same level as the assay described in chapter 3 for dihydroartemisinin and artesunate. 

Inter and intra-assay reproducibility were within 15% of actual values and all assay 

passed QC in line with internationally accepted validation guidelines. 

2'09.4 
a.oc5 

6.005 
265'.5 

3.1 
4.005 

237.<4 30:0..4 

2.oc5 

120 160 2()O 2nO 320 

mlz 

FIGURE 6.02. Full spectrum scan from mass spectrometer for artemisinin 
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18 
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FIGURE 6.03. Standard calibration curves for artemisinin give r2 = 0.9994 

Plasma piperaquine levels were successfully analyzed from 194 patients samples. 

Pharmacokinetics parameters are summarized in table 6.06. Plasma piperaquine 

concentration profiles were multiphasic. The plasma profiles for all patients in the first 

72 hours are shown in figure 6.04 and the mean profile over 168 hours is shown in 

figure 6.05. 
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FIGURE 6.05. The mean (± SD) plasma piperaquine profile. The error bars represent 

standard deviation. 
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-
CLIF (I b-I kg-I) l 53±24 

VdssIF (I kg-I) 467 ± 270 

t\l2,z (b) ' 607±407 

AVC O-oo h (ng/mL b) 18.51 ±3.7 

AVC 0-168 h (ng/mL b) , 3.0± 1.2 , 

T max (b) - 1 37.2 ±14.2 

Cmax(ng/mL) t 50 ±23 

TABLE 6.06. Mean (± SO) pharmacokinetics parameters for piperaquine after oral 

administration as Artequick® 

Reassuringly the data for piperaquine reported in this chapter are in line with the 

data reported in chapter 5 and the literature data. Plasma piperaquine concentration 

displayed an order of magnitude of variability over the first 72 hours, and the drug had a 

very long half-life and large volumes of distribution (see table 6.06). 

Plasma artemisinin concentrations were successfully analyzed from 194 patients 

samples. Pharmacokinetics parameters are summarized in table 6.07 . Plasma artemisinin 

levels rose rapidly after drug administration but were then eliminated very rapidly. The 

individual profiles are presented in figure 6.06 and show large inter-subject variability. 

The mean profile is shown in figure 6.07. The drug was eliminated with a half-life of 

less than I h. 
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FIGURE 6.06. Plasma artemisinin levels for each individual patient over the first 72 hours 
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CLIF (I h- I kg-I) 1 13.2 ± 11.1 

Vdss!F (I kg-I) 163±56 
-

tll2,z (h) 10.9±0.46 

Ave 0-00 h (ng/mL h) 19.02 ±3.01 
1 -

Ave 0-1 68 h (ng/mL h) 8.40±3.08 

T max (h) 9.7 ± 11.3 

Cmax(ng/mL) I 701 ±204 
I 

TABLE 6.07. Mean (± SO) phannacokinetics parameters for artemisinin after administered as 

Artequick® 
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6.4. Discussion 

This chapter describes a small preliminary clinical trial of the new artemisinin 

based combination Artequick® consisting of artemisinin and piperaquine. In 10 patients 

with uncomplicated P.falciparum malaria the drug was well tolerated with minimal side 

effects. Moreover the side effects reported were all mild and were all common to those 

patients with malaria (Alin et al., 1996; Ashton et al., 1998a; Ashton et al., 1998b; Batty 

et al., 1998; Bich et al., 1996; Cao et al., 1997; de Vries et al., 2000; Le et al., 1997; Li 

et al., 1994; Li et al., 1998; Sidhu et al., 1998; Tran et al., 1994). This profile of side 

effects was also seen in the trial described in chapter 4. All ten patients were 

successfully cured without any recrudescence over the study period. The entry 

parasitemia load in this study was much broader than that described in chapter 4 but 

there were still patients with high parasitemia (starting parasitemia higher than 150000 

ceJ)/~I). Although the numbers are very small, starting parasitemia appeared to have no 

influence on any of the monitored clinical parameters including fever and parasite 

clearance times and overall clinical outcome. Having said that although all patients were 

parasite free within three days the parasite clearance rates were very variable with one 

patient having no detectable parasites within 9 hours at one extreme and another 

requiring more than 48h to become clear of parasites. In a small study such as this it is 

not possible to determine if this combination has any features or properties that would 

make it superior to existing artemisinin combinations or other combinations currently in 

clinical development. 

In general the pharmacokinetics described in this chapter are similar to other 

reports. The piperaquine data is very similar to those reported in chapter 5, a drug with a 

large degree of inter-subject variability, thought to be due to poor and variable 
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absorption. The elimination half-life and volume of distribution were of a similar 

magnitude as those reported by others (chapter 5, table5.01). For artemisinin the plasma 

profiles demonstrated large inter-subject variability with exposures between individuals. 

This level of variability has been reported previously (Na-Bangchang et al., 2004; Na­

Bangchang et al., 2005) and reflects the very poor and variable absorption of this poorly 

water soluble drug (Na-Bangchang et al., 2004; Na-Bangchang et al., 2005). This 

variability and the extremely rapid elimination make pharmacokinetic studies difficult to 

perform. Overall the parameters reported here are similar to earlier reports (Ashton et 

al., 1998a; Sidhu et al., 1998; Simonsson et al., 2003; Svensson et al., 1998) although 

the elimination half-life of -1 hour is shorter than 3 hours reported by others. 

The data presented will form the basis for much bigger comparative trials that 

evaluate the potential merits of this combination compared to Artekin® (chapters 4 and 

5), Coartem® and mefloquine plus artesunate which is the "Gold standard" in Thailand. 

In these studies it will be essential to see if the variability in drug exposures due to poor 

and variable absorption impacts on efficacy and to establish which combinations work in 

all patients irrespective of starting parasite burden. 
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CHAPTER 7 

A clinical trial of intravenous artesunate for the treatment of 

complicated P. Jalciparum malaria in Thai adults 

7.1. Introduction 

The data described in chapters 4 and 5 have highlighted a potential concern about 

the use of artemisinins in patients with a high parasitemia and low systemic exposure to 

the drug. Another clinical setting where this may be an issue is severe P. Jalciparum 

malaria. This is the extreme of disease and the clinical setting which is most closely 

linked to 1-2 million deaths each year due to malaria (Snow et al., 2005). There are a 

range of interventions that can contribute to the saving of lives including early detection, 

effective treatment and good supportive hospital care. Drugs available for treatment of 

severe malaria are intravenous quinine, intravenous artesunate, intramuscular (I.M) 

artemether and most recently artesunate suppositories (WHO, 2000a). Intravenous 

administration has been shown to be more reliable than the other routes of 

administration due to poor tissue perfusion limiting efficacy of I.M. drugs (WHO, 2006; 

WHO, 2000a). Quinine was for a long time the treatment of choice despite its 

association with serious side effects including cardiac arrhythmias that can themselves 

be fatal and need monitoring closely. Similarly is the potential of IV drug to cause 

153 



hypoglycemia in patients. Artesunate is the only artemisinin based compound currently 

available in an intravenous form. There have been no reports of serious side effects 

when IV artesunate is used clinically. There was no evidence of a difference in 

neurological squeal, coma recovery time, time to hospital discharge, fever clearance 

time, or adverse effects other than hypoglycemia when IV artesunate was compared with 

quinine for treatment of severe P jalciparum malaria (Jones et al., 2007). Based on this 

data many countries now use this drug as first line treatment for severe P. Jalciparum 

malaria (WHO, 2000a). A key characteristic of severe malaria is hyper-parasitemia. 

Following on from the observations in Chapters 4 and 5 a study was conducted to 

establish the clinical efficacy and pharmacokinetics of artesunate in a hyper-parasitemia 

at risk group of patients. Only a small number of clinical trials for treatment of severe 

malaria patients with intravenous artesunate had been conducted due to limit in hospital 

facility that can handle severe malaria patients. Details of previous studies of 

intravenous artesunate are summarized in table 7.01 -7.03. 
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Geometric mean 

Author Drugs regimen Death parasitemia 

(per ~lL) 

Cao e/ af. , Artesunate: 3 mg/kg 1M at 0 h then 2 
10.8%(4/37) N/A 

1997 mg/kg 1M at 12, 24, 48, and 72 h 

Dondorp el Artesunate: 2.4 mg/kg IV at 0, 12, 

af., 2005 and 24 h then 2.4 mg/kg IV every 24 
15%(1071703) 39850 

h until able to swallow then PO 

2 mg/kg until day 7 

Hien el aI. , Artesunate: 60 mg IV at 0, 4, 24, and 
12.8%(5/39) 48034 

1992 48 h 

- - - -
Newton el Artesunate: 2.4 mg/kg IV at 0 h then 

al., 2003 1.2 mg/kg at 12 h then 1.2 mg/kg 

every 24 h until able to swallow 12%(7/59) 225092 

then 12 mg/kg PO every 24 hover 7 

days 

Newton el Artesunate: 2.4 mg/kg IV at 0 h then 

al., 2001 1 .2 mg/kg at 12 h then 1.2 mg/kg 

every 24 h until able to swallow N/A 220750 

then 12 mg/kg PO every 24 hover 7 

days 

TABLE 7.01. A summary of available studies of intravenous artesunate use in severe 

malaria 
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Dosage 

Author Subject Pharmacokinetics parameter 
(mg/kg) 

CL/F Vd,/F tin .• (h) 

(I h-I kg-I) (I kg-I) 

Newton eJ Adult with Artesunate: 2.4 

al., 2006 severe mg/kg IV at 0 h 

P jalciparum then 1.2 mg/kg 
64 15.2 0.22 

at 12 h then 1.2 

mg/kg every 24 

h for 5 days 

-
Davis et al., Adult with Artesunate: 2.4 

2001 severe mg/kg IV at 0 h 

P jalciparum then 1.2 mg/kg 
1.63 0.08(Vz) 0.03 

at 12 h then 1.2 

mg/kg every 24 

h for 3 days 

TABLE 7.02. Published pharmacokinetics of artesunate after intravenous administration 
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Author Subject Dosage Pharmacokinetics parameter 

CLIF Vdss/F t1/2.z (h) 

(\ h·1 kg· l
) (t kg·l

) 

Newton Adult with Artesunate: 2.4 

el al., severe mg/kg IV at 0 h then 

2006 Pfalciparum 1 .2 mg/kg at 12 h 5.6 1.9 0.34 

then 1.2 mg/kg every 

24 h for 5 days 

Davis el Adult with Artesunate: 2.4 

a/.,2001 severe mg/kg IV at 0 h then 

Pfalciparum 1.2 mg/kg at 12 h 1.09 O.77(Vz) 0.66 

then 1.2 mg/kg every 

24 h for 3 days 

Newton Adult with Artesunate: 2.0 

el aI., uncomplicated mg/kg IV at 0 h then 

2000 Pfalciparum 1.2 mg/kg at 12 h 0.83 0.6 1 0.73 

then 1.2 mg/kg every 

24 h for 3 days 

TABLE 7.03. Published pharmacokinetics data dihydroartemisinin after intravenous 

artesunate administration 
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7.2. Material and Methods 

7.2.1. Study site 

A Clinical Trial of intravenous artesunate for the treatment of severe P. 

Jalciparum malaria was conducted in Bangkok Hospital for Tropical Disease, Faculty of 

Tropical Medicine, Mahidol University, Bangkok, Thailand between April 2006 - May 

2006. 

7.2.2. Inclusion criteria 

• Acute severe P jalciparum malaria by WHO criteria (WHO, 2000b) 

• Either male or female, if female must have urine pregnancy test negative 

before enrolment 

• Age more than 14 years 

• Weight more than 40 kilograms 

• Microscopic positive asexual forms of Plasmodium Jalciparum malaria 

• History of fever within 48 hours 
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Cerebral malaria 

Severe anemia 

Renal failure 

Unarousable coma not attributable to any other cause, with a Glasgow Coma 

Scale score :5 9. Coma should persist for at least 30 min after a generalized 

convulsion 

Hematocrit <15% in the presence of parasite count > I 0000/111 

Urine output <400 mll24 hours in adults and a serum creatinine > 3.0 mgldl 

despite adequate volume repletion 

Pulmonary edema and The acute lung injury score is calculated on the basis of radiographic densities , 

acute respiratory distress severity of hypoxemia, and positive end-expiratory pressure 

syndrome 

Hypoglycemia 

Circulatory collapse 

(algid malaria) 

Abnormal bleeding 

and/or disseminated 

intravascular coagulation 

Repeated generalized 

convulsions 

Macroscopic 

hemoglobinuria 

Prostration or weakness 

Hyperparasitemia 

Hyperpyrexia 

Hyperbilirubinemia 

Whole blood glucose concentration 40 mg/dl 

Systolic blood pressure <70 mmHg in patients > 5 years of age with cold clammy 

skin or a core-skin temperature difference> 10°C 

Spontaneous bleeding from gums, nose, gastrointestinal tract, or laboratory 

evidence of disseminated intravascular coagulation 

~ 3 convulsions observed within 24 hours 

Hemolysis not secondary to glucose-6-phosphate dehydrogenase deficiency 

Malaria parasite> 250 000 parasites/ill 

Core body temperature >40°C 

Total bilirubin > 2.5 mg/dl 
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7.2.3. Exclusion criteria 

• No known concurrent major illness, kidney or liver insufficiency, or 

major heart lung diseases 

• Lactating females 

• Previous treatment by any anti-malarial drug within 90 days 

7.2.4. Study Procedure 

Ethical clearance was obtained from ethical committee FacuIty of Tropical 

Medicine, Mahidol University, Thailand. Informed consent was obtained from patients 

that met all inclusion criteria and no exclusion criteria before enrolment into the study. 

All patients in the study were admitted to the Bangkok Hospital for Tropical Disease via 

diagnosis from either the remote recruitment site (Maesot district, Tak province, 

Thailand, 400 kilometers from the hospital) where patients were brought back for 

treatment in hospital by ambulance, or from the malaria clinic situated inside the 

Bangkok hospital for tropical diseases. One of the great advantages in undertaking 

malaria studies in Bangkok is that there is no malaria transmission in the regions 

surrounding the hospital. This means that the cure rates reported over 28 days or beyond 

are true cure rates without the complications of possible re-infection as occurs in many 

sites and requires complex and less than perfect genotyping to exclude re-infection from 

recrudescence. 

Patients were monitored for vital signs including oral temperature every 6 hours 

and underwent clinical evaluation and physical examination by the attending physician 

(usually myself) every day. As these patients all had severe and complicated malaria 

including renal failure, pulmonary edema, low blood pressure after adequate fluid 
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resuscitation and cerebral malaria they were transferred to the intensive care unit (ICU) 

where vital sign and physical examination were recorded every I hour until clinically 

stable enough to transfer to a ward. Standard laboratory analysis included complete 

blood count, blood biochemistry, and urine analysis performed by an automated 

machine. Light microscopy of blood samples was performed before enrollment of 

patients into the study and upon a request from the physician for patients admitted to 

ICU. These procedures were repeated again at day 7 and every 7 days until the end of 

the trial. 

Malaria parasite counts were performed every 6 hours from thick and thin blood 

smears stained with giemsa dye and viewed at X 1000 magnification on an inverted 

microscope. These observations were continued until samples were considered parasite 

negative. At this point blood smears were done daily until day 28 and at every follow-up 

visit until day 42. Malaria parasitemia counts were calculated from the percentage of 

parasites seen in the blood smear compared with the red blood cell count reported from 

the complete blood count. 

Blood smears were considered negative when no parasites were seen in thick 

blood smears from 2 consecutive slides. Blood smears were also taken from any patient 

that presented with a fever any time during the study. 

Fever clearance times (FCT) were calculated as the period from the start of 

treatment until oral temperature returned to 37.5°C and remained at or below this 

temperature for next 48 hours. 

Parasite clearance time (PCT) was calculated as the period from start of 

treatment until peripheral parasitemia were negative from the blood smear and remained 

negative for the next 2 consecutive slides. 

161 



Cure rate (cured patients / evaluable patients x 100%) was defined as absence 

clinical symptoms and absence of parasite reappearance during 28 and 42 days of follow 

up (ACPR). 

Any treatment failures and adverse events were treated according to standard 

hospital procedures. The standard rescue therapy for any treatment failure comprised of 

a quinine loading dose of 20mg per kilogram body weight via continuous intravenous 

drip over 4 hours and then 10 mg per kilogram body weight intravenously (or orally if 

tolerable) every 8 hours in combination with doxycycline 100 mg every 12 hours for 7 

days. Patients with fever, a body temperature >37.5°C or pain elsewhere in the body 

were treated with paracetamol 1000mg orally every 4 to 6 hours until body temperature 

fell below 37.5°C or pain subsided. Nausea and vomiting were treated with antihistamine 

(Dramamine 5 mg orally) every 6 hours until symptoms subsided. Blood samples for 

pharmacokinetic analysis were collected and stored in a freezer at -70°C. Samples were 

transferred to The Liverpool School of Tropical Medicine in a container packed with dry 

ice for subsequent pharmacokinetics analysis as described in chapter 5. I3Iood samples 

were also collected on filter papers before treatment and at the day of the reappearance 

of parasites for further genotyping analysis. 

Adverse events are described as any new events that occurred after starting drug 

treatment. Serious adverse events are as those events that resulted in prolonged 

hospitalization, needed an invasive intervention or monitoring to manage or death. 

7.2.5. Study drugs administration 

Artesunate (60mg of artesunate per vial; Guilin N02. Pharmaceutical factory, 

Republic of China) was given diluted in 1 ml of 5% sodium bicarbonate followed by 
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vigorous shaking and immediate injection. A loading dose of 2.4 mg kg· t was 

administered followed by 1.2mg kg- t at times 12, 24, 36, 48, 60, 72, 84 and 96 hours. 

Mefloquine (250 mg per tablet; Mepha, Switzerland) was given orally at 12 hours (3 

tablets) and 18 hours (2 tablets) after the final artesunate administration to all patients 

under the monitored supervision of a nurse. Any patients who vomited within one hour 

after drugs administration received a repeat dose of drug. 

7.2.6. Plasma drugs concentration measurement 

Artesunate and dihydroartemisinin plasma drug levels were measured using 

methods described in chapter 3. 

7.2.7. Statistical analysis 

Data were presented as mean ± SO. The Mann-Whitney test or Student's I-test 

were use to compare for statistical significance. 

7.2.8. Pharmacokinetics analysis 

Pharmacokinetic analyses were performed using Kinetica® software version 4.4. 

Area under the curve (A UC) 0 - 168 hours and 0 - 00 hours, maximum concentration 

(C ) time to maximum concentration (T max), clearance, volume of distribution and 
max, 

half life were calculated. 

163 



7.3. Results 

7.3.1. Clinical response 

A total of 18 patients were enrolled in to this clinical trial and were all foreign 

nationals traveling to Bangkok for work. Pregnancy tests were all negative in females at 

the time of enrolment. One patient was diagnosed with cerebral malaria based on 

unarousable coma with a Glasgow coma scale <9. Two patients were diagnosed with 

malaria induced acute renal failure (plasma creatinine 5.7 and 6.0 J.lMoIIL) with urine 

output lower than 400 mL per day). The remaining 15 patients were diagnosed with 

severe malaria based on hyperparasitemia (malaria parasite >250000 per J.lL). 5 out of 16 

patients were jaundiced with hyperbillirubinemia (total billirubin > 2.5mg/dL) 

The mean coma recovery time for these severe malaria patients was 72 hours. 

The acute renal failure patients needed hemodialysis for between 24 to 72 hours at 

which time renal function had returned back to normal values. The mean dose of 

artesunate received by this patient group is shown in table 7.4. Baseline clinical and 

laboratory data for these patients before treatment are shown in table 7.4. Laboratory 

result showed anemia (hematocrit <25%) in 2 patients, altered kidney function (blood 

urea nitrogen and creatinine) in 3 patients of which 2 were diagnosed as acute renal 

failure and increases in liver function test and total billirubin (2-3 times higher than 

normal values) was seen in 10 cases. All out of normal range abnormalities in the 

laboratory findings had returned to normal within 21 days of the start of treatment. 

All 18 patients were followed up to day 28 (Table 7.5). Two of the patients had 

recrudescent parasites within the 28 day follow-up on day 16 and 26. The 28 day cure 

rate was 88%. Adverse events are shown in table 7.6. There were no fatal cases. The 

most common adverse events reported were headache and dizziness and all adverse 
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events were classified as mild to moderate and self limiting, requiring only supportive 

treatment. 

Sex 

Age (Years) (Mean±SD) 

-Height (em.) (Mean±SD) 

-Weight (kg.) (Mean±SD) 

Fever (CO) 

Hepatomegaly (%) 

Splenomegaly (%) 

Parasite density 

-
Labo;atory data (Mean±SD) 

-
--

-
Mean artesunate received (range) 

Male/Female 

Range 

Duration before admit 

Highest fever before treatment 

..-- ----- - --
Geometric mean per ~L 

Range per ~L 

Hematocrit (%) 

White blood cell count (per ~L) 

Blood urea nitrogen (mMol/L) 
-

Creatinine (J.lMol/L) 

AST (IU) 

ALT (IU) 

Albumin (mg/L) 

Total patients n= 18 

[ 13 / 5 

24.0(± II.7) 

15-45 

~ 161(±6.9) 

I 49{ 7.8) 

I 

I 
I 4(2-6day) 
I 

1 3 8.0(± 1.0) 

22.2 

16.6 

1 466661 

195000-12701 20 

1 35.1 (±7A) 
I 

7.0 (±2A) 
I 
: 57 (±51) 

I 3.0 (±2.6) 

57 (±16) 

52 (±17) 

13.0 (±OA) 

~ 12.16(mglkg)(9.7-15 .0) 

TABLE 7.04. Baseline patient clinical and laboratory characteristics 
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Complete 28 day follow up 

Parasite recrudescence at day 

28 day cure rate 

Parasite clearance time (Mean ± SD) 

Fever clearance time (Mean ± SD) 

100% (18 out of 18) 

16,26 

88% (16118) 

73 hours(±26) 

92 hours(±36) 

TABLE 7.05. Clinical response to intravenous artesunate 

Weakness 12 

Headache 18 

Muscle ache 16 

Dizzy 10 

Abdominal Pain 9 

Diarrhea 4 

Nausea 14 

Vomiting 5 

Anorexia 7 

Palpitation 2 

TABLE 7.06. Reported side effect 
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Malaria parasite reduction rates for each patient are seen in figure 7.1. Half of the 

patients (9 out of 18) had cleared 50% of their parasite burden within the fir t 24 h of 

treatment. All patients were negative for malaria parasites within 4 days of treatment. 

There were no patients carrying P. Jalciparum gametocytes. 

The data for two patients that failed treatment compared with completely cured 

patients shows a 1.5 and 3 times difference in initial parasitemia and parasite clearance 

time with no obvious difference in other baseline characteristics (see table 7.07). 

Initial parasitemia Parasite clearance Fever clearance 

(ceil/ilL) (±SD) time (It) (±SD) time (h) (±S D) 

Failure 1 627900 90 106 

Failure 2 1270120 136 80 

Completely cured 406367 (± 147378) 68 (±21) 92 (±40) 

TABLE 7.07. Baseline characteristic in treatment failure patients and completely cured patients 
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FIGURE 7.01. Malaria parasite reduction rate after treatment with intravenous 

artesunate 

7.3.2. Pharmacokinetic analysis 

Plasma artesunate levels were successfully analyzed from 324 patient samples 

and artesunate was detectable above the limit of quantification in 81 samples. The 

pharmacokinetic parameters derived from this data are summarized in table 7.8. Plasma 

artesunate concentration profiles for all patients are shown in figure 7.2 and the mean 

profile is presented in figure 7.3. 
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FIGURE 7.02. Plasma artesunate concentration for each individual patient over the first 6 

hours 

Although plasma artesunate and dihydroartemisinin concentration were 

measured in samples collected from 0 to 168 hours, artesunate levels could only be 

detected in samples taken over the first two hours after drug administration. The 

dihydroartemisinin primary metabolite could be detected for approximately 12 hours 

after drug administration. 
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FIGURE 7.03. The mean plasma artesunate profile. The error bars represent standard 

deviation. 

CLIFO h-I kg-I) 7± 8.6 

-
V dssIF (\ kg-I) 2.0±2.2 

t1l2.z (h) 0.26±0.28 

- -
AUC 0-00 hI nglmL 364 ±469 

- - -
T max (h) 0.33 ±0.21 

-
Cmax(ng/mL) 383 ±611 

TABLE 7.08. Mean ±SD pharmacokinetics parameters of artesunate after intravenous 

administration based on the first dosing interval 
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Artesunate was rapidly eliminated with a half-life of about 15 minutes. 

Artesunate exposure as measured by Ave was highly variable between patients after 

intravenous administration (figure 7.02) and this presumably reflects differences in ester 

hydrolysis of artesunate to dihydroartemisinin. 

Plasma dihydroartemisinin levels were successfully analyzed from 324 patient 

samples and levels were above the limit of detection in 197 samples. Mean 

pharmacokinetics parameters are summarized in table 7.09. Plasma dihydroartemisinin 

concentration profiles for each individual in the first six hours of dosing are shown in 

figure 7.4 with the mean data plotted in figure 7.05 . 
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FIGURE 7.04. Plasma dihydroartemisinin concentration for each individual patient over 

the first 6 hours 
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FIGURE 7.05. The mean plasma dihydroartemisinin profile. The error bars represent 

standard deviation. 

CLfF (\ h' l kg'l) 0.4 ±0.5 

VdssfF (I kg'l) 3.5±5 

tll2.z (h) 6.5±4.2 

AUC 0,00 h x ng/mL 3671 ±3579 

T max (h) 0.5 ±0.3 

Cmax(ng/mL) 1551 ±892 

TABLE 7.09. Mean ± SO pharmacokinetics parameters of dihydroartemisinin after 

intravenous administration of artesunate 
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The assumption is that all of the artesunate is converted to dihydroartemisinin. 

So although this is a metabolite it has been treated as if it was the administered drug for 

the pharmacokinetic analysis. 

Figure 7.06 and 7.07 show plasma artesunate and dihydroartemisinin levels for 

the patients with acute renal failure (n=2), the cerebral malaria patient (n=l) and the 

hyperparasitemia patients (n= 15 presented as mean data). The data shows higher plasma 

drug concentrations for both artesunate and dihydroartemisinin in acute renal failure 

patients. Table 7.1 0 and 7.11 show pharmacokinetics profiles of artesunate and 

dihydroartemisinin in patients with acute renal failure, cerebral malaria and 

hyperparasitemia. The data shows a 2-4 times difference in the AUC and Cmux of 

artesunate and dihydroartemisinin in acute renal failure patients compared with 

hyperparasitemic patients. 

The two treatment failure patients showed no different in pharmacokinctic 

profiles for both artesunate and dihydroartemisinin (AUC, clearance, Cmax, T max, 

distribution and half-life) when compared with the completely cured patients (table 7.12 

and 7.13). 
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FIGURE 7.06. Plasma artesunate concentration of two patients with renal failure one 
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FIGURE 7.07. Plasma dihydroartemisinin concentration of two patients with renal 

failure one cerebral malaria case and mean data for the remaining 15 hyperparasitemic 

patients 
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H yperpa rasi temic Cerebral Acute renal 

patients (n=15) malaria (n=I) failure (0=2) 

CLIF (I h·1 kg·l
) 9.5± 9 3.1 2.3±2.4 

V dsslF (J kg·
l
) 2.4±2 2.2 0.6±0.6 

-
tJl2.z (b) 0.15±0.06 1.08 0.27±0.05 

AUCo-co h 334±496 193 566±595 

T max (b) 0.35±0.22 0.25 0.25 

Cmax(ng/mL) 246±343 389 14/ /±/5/8 

TABLE 7.10. Mean ± SO pharmacokinetic parameters for artesunate by patient sub-

group 

Hyperparasitemic Cerebral Acute renal 

patients (0=15) malaria (0=1) failure (n=2) 

- N/A CLIF (I h·1 kg·l
) 0.44±0.55 0.08 

VdsslF (J kg·
l

) 2.4±2.9 1.5 N/A 

tJl2.z (b) 0.6±0.3 0.5 N/A 

AUCo-co h 4616±2164 7138 3086±6174 

T max (b) 2. /5±0.38 0.25 0.25 

Cmax(ng/mL) 1551±609 1842 3181±1449 

TABLE 7.11. Mean ± SO pharmacokinetic parameters for dihydroartemisinin by patient 

sub-group 
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Completely cured Treatment failure 

patients (n=16) patients (n=2) 

CLfF (I h-I kg-I) 1.0 (± 0.95) 1.8 (± 0.92) 

VdssfF (I kg-I) 5.25 (±2.5) 6.95 (±5.6) 

tJ/2,z (h) 0.15 (±0.06) 0.11 (±0.05) 

AVC O-oo h 382 (±334) 712 (± 564) 

T max (h) 0.25 (±0.2) 0.625 (±0.52) 

-
Cmax(ng/mL) 389 (±343) 657 (± 435) 

TABLE 7.12. Mean ±SD pharmacokinetic properties for artesunate by treatment 

outcome 

-
Completely cured Treatment failure 

patients (n=16) patients (0=2) 

CLfF (I h-I kg-I) 0045 (± 0.05) 0.35 (±0.07) 

V dufF (I kg-I) 1.5 (±3) 4.1 (±2.9) 

-
tll2,z(h) 0.66 (±0.33) 0.71 (±0.3) 

AVC O-oo h 3025 (±3013) 4391 (±2529) 

T max (h) 0.5 (±OA) 0.5 (± 0) 

Cmax(ng/mL) 1535 (±610) 1345 (± 728) 

TABLE 7.13. Mean ± SO pharmacokinetic properties for dihydroartemisinin by 

treatment outcome 
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7.4. Discussion 

The main reason for undertaking this study was to investigate the performance of 

artesunate as an antimalarial drug in a group of patients who were hyper-parasitemic 

and showed signs of severe malaria (WHO, 2006; WHO, 2000a; WHO, 2000b). In the 

study intravenous artesunate was found to be well tolerated and safe. There were no 

serious adverse events or post treatment squeal with all out of range biochemical 

parameters returning to normal following treatment. Importantly in all patients parasite 

burden was dramatically reduced, there were no deaths and efficacy was high although 

two patients did show parasites on days 16 and 26 and were considered treatment 

failures. These patients had higher initial parasitemia and parasite clearance time (table 

7.7) with no clear differences in the pharmacokinetic profiles for both 

dihydroartemisinin and artesunate (table 7.12 and 7.13). These patients were treated 

with oral quinine plus doxycycline for 7 days as a rescue treatment. These treatment 

failures were considered to be true recrudescent infections due to the simple fact that 

the patients were kept in hospital for the duration of the study (28 days) and thus 

excludes any chance ofre-infection. The failure may be due to the initial high parasite 

biomass at the start of the trial and the dose of artesunate given to these patients was 

not sufficient to significantly reduce this biomass to a manageable level or even cure 

the infection. Subsequently these two patients were given what should have been a 

sufficient dose of mefloquine to cure the remaining infection. Unfortunately this 

therapy still wasn't sufficient to cure the infection probably due to the remaining 

parasite biomass still being too large coupled with the fact that mefloquine resistance 

has been widespread in Southeast Asia for many years (Chaijaroenkul et al., 2005; 

Congpuong et al., 2005). In fact it has been reported that the absorption of mefloquine 
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in patients with severe malaria is significantly reduced and as such the actual dose of 

the drug is not enough to kill even mefloquine sensitive parasites (Karbwang et al., 

1990) (Charles et al., 2007). A further study involving the genotyping of resistance 

parasites and determination of mefloquine blood concentration level at the time of 

recrudescent will give more explanations to this phenomenon. 

The artemisinin cure rate at day 28 was 88%. Overall these clinical data are 

comparable to previous published data as highlighted in table 7.1. Despite the high 

starting parasite burden after drug administration parasite clearance times were rapid 

and comparable to data reported from previous studies. It is this rapid clearance of 

parasites that make these drugs so useful in these potentially life threatening cases of 

hyper-parasitemia severe malaria. The pharmacokinetic data for artesunate and 

dihydroartemisinin are again comparable with previous published data as shown in 

table 7.2 and 7.3. Artesunate was rapidly eliminated from the plasma after injection 

principally via conversion to its active metabolite dihydroartemisinin. The most 

noticeable feature in the data is the huge variability in exposures to both the parent 

drug and metabolites between patients (90 and 26 fold respectively). In a sub-group 

analysis there were suggestions that renal failure and cerebral malaria may represent 

patient groups with different pharmacokinetics but the numbers were too few to make 

any real conclusions. The very high intra-subject variability is an area that deserves 

more attention as it may contribute to poorer outcomes in some patients but that data 

from this small study suggest that the currently recommended artesunate dosages for 

severe malaria are in general adequate despite the data showing a low and variable 

drug and metabolite levels including periods where there was no detectable 

antimalarial drug. 
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In conclusion intravenous artesunate achieved the treatment goal for severe 

malaria with a cure rate of 88%. However, a major concern is that if the parasite 

biomass of the infection is too high it can adversely affect the treatment outcome. This 

phenomenon needs to be closely monitored and it may be that in the future the use of 

intravenous artesunate for severe malaria might be coupled with an increased dosing 

regimen and or dosing interval to achieve 100% cure rates. But one cannot rule out the 

influence of parasite drug resistance on the treatment failures highlighted in this study 

and so a more thorough investigation of the mechanisms of resistance to both 

mefloquine and artesunate is required. 
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CHAPTER 8 

General discussion 

The data presented in chapters 2, 4 and 5 in this thesis show that artemisinin drug 

combinations are highly effective and safe in all but patients that are hyperparasitemic at 

which point a high rate of treatment failure is likely. What is worrying is that data 

presented in chapter 4 shows a 16% failure rate for an ACT at day 28 and according to a 

WHO recommendation the day 28 cure rate should be at least 95% (WHO, 2006). This 

significant failure of the ACT make this combination unacceptable for use in the 

treatment of P. jalciparum malaria and a re-evaluation of the drug dosing and interval of 

dosing needs to be fully investigated in hyperparasitemic patients before it can be 

considered for deployment in areas that have high transmission rates and patients appear 

to have very little immunity to infection. Ultimately these issues raise concerns about 

whether this drug combination will be effective enough for use in malaria endemic areas 

where a high parasite burden can be frequently found. 

Highlighted above is proof that the initial parasite burden is one factor that can 

determine the successful outcome of antimalarial treatment with ACTs. The other major 

factor is the pharmacokinetic profile of the drugs in question. Data presented in chapter 

5 showed that the overall dihydroartemisinin exposure was significantly lower in 

patients that presented with hyperparasitemic infections and this subsequently led to 

treatment failure and parasite recrudescence compared with the same dose given to non-
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hyperparasitemic malaria infected patients. It would appear that a combination of high 

parasite burden and low exposure to dihydroartemisinin was the main factor in these 

patients failing treatment. 

Although the artemisinin based compounds are excellent antimalarials to 

maximize their potential they ultimately need to be administered in combination with 

another antimalarial- normally one with a long half-life. Dihydroartemisinin due to its 

short half-life and rapid elimination can still kill up to 10000-fold of parasites per 

growth cycle although this may not be enough to lower the parasite biomass after a 

standard 3 day course of treatment. It is anticipated that the remaining parasites are 

cleared by the partner drug. For the studies presented in this thesis this drug was 

piperaquine. The long half-life and slow elimination rate of piperaquine (chapter 5) is 

predicted to provide a post-treatment prophylactic effect sufficient to kill the remaining 

parasite biomass. The piperaquine level determined in the patients that failed treatment 

(chapter 4 and 5) may be sub-optimal, being below the minimal inhibitory concentration 

(MIC) and therefore can not kill the remaining parasites. Although resistance to 

piperaquine can not be ruled out as a possible reason for failure despite there being no 

documented reports in Thailand. 

Despite there being no documented reports of piperaquine resistance in Thailand 

there is widespread multidrug resistance that is mediated by both pfert and pfmdr I. 

Mutations in pfert that confer resistance to chloroquine and a range of other quinoline 

type antimalarials have been reported all over Thailand (Chaijaroenkul et aI., 2005; 

Congpuong et al., 2005). Data presented in chapter 2 provides the first evidence that 

mutations in pfert most commonly associated with chloroquine-resistance appear to 

confer cross resistance to piperaquine. Given the fact that pferl mutations are widespread 
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in Thailand coupled with the potential to get an infection with a particularly high 

parasite biomass may result in the more rapid selection for high level resistance to 

piperaquine or piperaquine analogues. However, it is plausible that a new mutation(s) in 

either plcrl or another, as yet unidentified gene may explain why these patients failed 

treatment. Unfortunately due to a number of technical reasons I was unable to sequence 

either pfcrl or plmdrl and therefore was unable to link plcrt with resistance to 

piperaquine and a plmdr 1 mutation that may link to artemisinin resistance. 

The same basic mode of action and resistance development also apply to data 

presented in chapters 6 and 7 which focus on another promising artemisinin combination 

therapy for uncomplicated P. lalciparum malaria, a combination of artemisinin plus 

piperaquine (Artequick®) and intravenous artesunate for the treatment of severe P. 

falciparum respectively. Overall the data from those chapters provide a better 

understanding of ACT therapies by determining accurately the pharmacokinetic 

properties of the drugs involved. Importantly the malaria treatment policy for many 

countries is now changing to ACTs. The data presented in this thesis supports the use of 

ACTs for the treatment of both uncomplicated and severe malaria but clearly shows that 

more thorough clinical investigations are needed to determine the best course of 

treatment particularly in hyperparasitemic patients (WHO, 2005). 

In conclusion the work from this thesis used relatively small study groups that 

may not reflect the whole population. Larger groups of patients will need to be studied 

not only in Thailand and Southeast Asia but also in Africa, Middle East and South 

America to cover all malaria endemic areas. 
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Future works after this thesis will involve: 

• In vitro drug susceptibility surveillance for piperaquine, 

dihydroartemisinin and other antimalarial compounds in Thailand to 

monitor the resistance that may emerge. 

• Molecular study and malaria parasite genotyping from malaria patients in 

Thailand to explore PfCRT, Pf MORI and Pf6A TPase gene that may link 

to resistance development in dihydroartemisinin and piperaquine and 

other artemisinin compounds. 

• Clinical trial of others ACTs for treatment of uncomplicated or severe P. 

Jalciparum malaria. 

• Development of new methods for the measurement of drug levels in 

human tissues and fluids and to study the pharmacokinetics of all ACTs 

that will arise in the future. 

• Dose and interval optimization for ACTs in the treatment of malaria to 

monitor correlation of drug level in body, toxicity, efficacy and malaria 

parasite response. Designed to give a better understanding of the 

pharmacokinetic properties of the drugs in these patients. 
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