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ABSTRACT 

The evolution of drug resistance in Plasmodium falciparum the species that causes the 

most virulent form of malaria in humans is a major public health problem. In response to 

increasing antimalarials resistance, old drug such as amodiaquine (AQ) have been 

resurrected while new once such as lumefantrine (LM) and Piperaquine (PQ) are being 

introduced. LM, PQ and AQ are potent partner drugs in artemether-lumefantrine 

(ATM/LM), piperaquine-dihydroartemisinin (PQ/DHA) and amodiaquine-artesunate 

(AQ/ASN) ACTs respectively. ATM, DHA and ASN are short acting drugs with a half-

life of less than 2 hours. LM, PQ and AQ active derivative (N-desethylamodiaquine 

(DEAQ) are long acting drugs with a half-life 6, 19 and 14 days respectively. During 

elimination period the unprotected LM, PQ and DEAQ remain alone especially at sub-

therapeutic concentrations. At this point, selection of re-infecting resistant parasites may 

occur rapidly especially in African regions with high malaria transmission. Markers 

coding for LM, PQ and AQ resistance are not clearly understood due to lack of well 

characterized resistant lines. The objective of the study was to induce and select 

Plasmodium berghei ANKA strains resistant to LM, PQ and AQ in vivo. P. berghei 

ANKA strain in mouse model was exposed to selection pressure from AQ, LM and PQ. 

Two methods were adopted: first the use of a single dose at every passage and second, 

the stepwise increase of drug pressure dose. Once every 7-10 days, parasitized 

erythrocytes were passed to the next group of naive mice. The level of resistance was 

assessed in the 4-DT at different intervals every 4
th
 or 8

th
 passage, the increase in ED50, 

ED90 and ED99 was estimated graphically using version 5.5 of Statistica 2000 and indices 

of resistance, I50, I90 and I99 calculated. Resistance was classified into four categories I99 



 xvii 

=1.0, sensitive, I99 =1.01-10.0, slight resistance, I99 =10.01-100.0, moderate resistance, 

and I99 = >100.0, high resistance. The ED50, ED90 and ED99 of AQ against parent P. 

berghei ANKA strain was 0.95, 4.29 and 5.05 mg/kg.day respectively. Within thirty six 

passages the ED50, ED90 and ED99 were 12.01, 19.13 and 20.73 mg/kg.day respectively. 

Slight AQ resistant line was selected with I50, I90 and I99 of 12.64, 4.46 and 4.10 

respectively. The ED50, ED90 and ED99 of LM against parent P. berghei ANKA strain 

was 1.67, 3.93 and 4.48 mg/kg.day respectively. Within twenty eight passages, the ED50, 

ED90 and ED99 were 9.76, 25.48 and 29.02 respectively. Slight LM resistant line was 

selected with I50, I90 and I99 of 5.84, 6.48 and 6.48 respectively. The ED50, ED90 and ED99 

of PQ against parent P. berghei ANKA GFP was 1.30, 3.52 and 8.10 mg/kg.day 

respectively. Within twenty eight passages of selection pressure the ED50, ED90 and ED99 

was 122.00, 193.30 and 210.00 mg/kg.day respectively. Moderate PQ resistant line was 

selected with I50, I90 and I99 of 93.85, 54.91 and 25.93 respectively, the line exhibited 

relative stability with I50, I90 and I99 of 36.23, 42.76 and 20.85 after drug free five 

passages. Stable PQ resistant line was selected which could be used to study its 

mechanism of resistance. Further work is warrant for LM and AQ. 

 



 1 

CHAPTER ONE: INTRODUCTION 

1.1 Background of the study. 

Malaria is a febrile illness characterized by fever, malaise, cough, nausea and 

diarrhea. It is caused by erythrophagous parasitic protozoan belonging to genus 

Plasmodium (Smith and Parsons, 1996). It is a major public health problem in more than 

90 countries affecting 40% of the world population (WHO, 2001). An estimated 1-2 

million deaths occur annually and 90 % of the total deaths are in sub-Saharan Africa 

(Goodman and Mills, 1999). In Kenya, 34,000 deaths occur annually (WHO, 2006).  

Four identified species cause the disease in human namely P. falciparum, P. 

vivax, P. ovale and P. malariae (Smith and Parsons, 1996; WHO, 2002). P. falciparum, 

most virulent accounts for majority of morbidity and mortality (Barry, 2005). The 

striking feature of P. falciparum under transmission conditions in Africa is that almost 

everyone develops a new infection every year and experiences a disease in their lives 

(Hviid, 2005). 

Over the last two decades, malaria prevalence has increased and distribution 

expanded due to the spread of multi-drug resistant P. falciparum (Goodman and Mills, 

1999; White, 2004). The expansion of drug resistance has rendered most first-line 

treatment ineffective, facilitated the transmission of drug resistant strains and increased 

the ease with which other antimalarial drugs are selected for resistance (Goodman and 

Mills, 1999; Bjorkman and Bhattarai, 2005). 

For over 50 years, chloroquine (CQ) was the mainstay of malaria treatment and 

control, providing effective, affordable and widely available therapy across Africa 

(Wellems and Plowe, 2001). The progressive failure of CQ led to promotion of 
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sulfadoxine/pyrimethamine (SP) as the first line drug (Trape, 2001; Hyde, 2005b). 

However its resistance emerged and spread quickly reducing its therapeutic life (Gregson 

and Plowe, 2005). Effective, affordable first line treatment and strategies against 

resistance are therefore important if the fight against malaria is to succeed (WHO, 2006).  

In response to increasing resistance, Artemisinin based Combination Therapies 

(ACTs) have been proposed to be the next strategy for the control of malaria (WHO, 

2003, Yeung et al., 2004). In most ACTs, the artemisinin derivative is a short half-life 

drug while the partner drug is a long half-life drug (WHO, 2006). The weak link in the 

combinations is the period which the unprotected long-half-life drug remains alone, 

particularly at sub-therapeutic levels (White and Pongtavornpinyo, 2003). At this drug 

concentration selection of re-infecting resistant parasites may occur therefore promoting 

constant malaria transmission (Hastings et al., 2002). In low malaria transmission 

settings, this constitutes a minor problem but in high transmission areas the success of the 

ACT remains a big challenge (Sisowath et al., 2005). 

A combination of lumefantrine (LM) and artemether (ATM) has been adapted as 

a first line treatment in many African countries (Mutabingwa, 2005). LM/ATM has 

mismatched pharmacokinetics, ATM is very short acting drugs with a half life of 2 hours 

while LM is long acting drugs with a half life of 6 days (Ezzet et al., 2000; WHO, 2006 ). 

Studies indicate that use of drugs combinations with mismatched pharmacokinetics does 

not prevent selection of the resistance against the long acting drug (Hastings et al., 2002). 

Studies in Tanzania and Uganda also show that parasites carrying P. falciparum 

multi-drug resistance 1 gene (pfmdr1) Y86N allele tolerates residual LM following 

ATM/LM treatment (Sisowath et al., 2005; Dokomajilar et al., 2006). The tolerance 
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suggests the existence of strong selection pressure for LM resistance in vivo (Sisowath et 

al., 2005). 

Another combination, Dihydroartemisinin (DHA) and piperaquine (PQ), currently 

under clinical trial in Africa also has mismatched pharmacokinetics (Yeung et al., 2004; 

Tarning et al., 2005). DHA is a short acting drug, half life of 45 minutes while PQ is a 

long acting drug with half life of 15-20 days (Hung et al., 2004; WHO, 2006). The 

selection pressure for resistance would therefore be exerted primarily by PQ (Basco and 

Ringwald, 2003; White, 2004). In China, the use of PQ as a monotherapy resulted in 

rapidly emergence of PQ resistant parasites (Hien et al., 2004). In an African settings, 

resistance to PQ may emerge rapidly especially due to hyper transmission of malaria and 

extensive use of the ACT. 

With the loss of CQ and SP to resistance coupled with high costs of ACTs 

especially LM/ATM, use of quinoline amodiaquine (AQ) as a monotherapy has been on 

the increase (WHO, 2006). AQ remains the only cheap alternative drug in malaria 

endemic countries (Gorissen et al., 2000). However, several reports indicate a reduction 

of AQ activity against CQ resistant isolates of P. falciparum (EANMAT, 2003). 

PQ, LM and AQ like CQ inhibit heme polymerization as their principal 

mechanism of action (Robert et al., 2001). This similarity is a strong predisposing factor 

in selection of LM, PQ and AQ resistance. Identifying genes involved in LM, PQ and AQ 

resistance is important for understanding and predicting how resistance to a given drug 

arises. It also has practical value in enabling diagnostic molecular methods be developed 

for identifying resistant parasites in clinical and field isolates. The difficulty is absence of 

well characterized LM, PQ and AQ resistant lines. 
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Drug resistant lines can either be induced in vitro using Plasmodium falciparum 

or in vivo using rodent malaria models. However, selection of resistance in vitro is a long 

term process and the stability of resistant phenotypes is difficult to establish. Drug 

resistance studies indicate that resistance can be easily achieved in vivo, using rodent 

malaria models (Peters, 1999; Xiao et al., 2004). 

Drug resistant rodent malaria model have successfully been used in predicting 

mechanism of resistance of different antimalarials. Atovaquone resistance in P. berghei 

and SP resistance in P. chabaudi has shown correlation to resistance in P. falciparum 

(Gervais et al., 1999; Carlton et al., 2001). However, CQ resistant P. chabaudi and 

artemisinin resistant P. c. chabaudi have no correlation to resistance in P. falciparum 

(Carlton et al., 1998b; Afonso et al., 2006).  

Plasmodium berghei ANKA is a rodent malaria parasite that serves as an 

excellent model for biological investigations of human malaria parasites (Janse and 

Waters, 1995). P. berghei ANKA has been used successfully in testing antimalarials 

activity and especially for drugs that targets heme, (Ridley, 2002) such as the AQ, LM 

and PQ, therefore, P. berghei ANKA serves as an excellent model in the study. 

The study presents in vivo selection of P. berghei ANKA strain resistance to AQ, 

LM and PQ by continuous exposure of the parasites to these drugs and also assessment of 

stability of the resistant lines induced. P. berghei ANKA strain expressing Green 

Fluorescent Protein (GFP) was used to select PQ resistant line while P. berghei ANKA 

expressing fusion protein GFP-luciferase was used to select AQ and LM resistant lines. 
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1.2 Justification 

Attempts have been made to identify markers coding for LM, PQ and AQ 

resistance. Many studies have relied on human clinical P. falciparum isolates especially 

in area where these drugs have been used extensively. However, lack of highly and well 

characterized resistant strains have hindered these studies. This scientific research was an 

attempt to induce P. berghei ANKA resistance to LM, PQ and AQ and also assess the 

stability of the resistant phenotypes that could be used to study mechanism of resistance 

of these drugs. The study also attempts to forecast the level of risk of the selection of 

resistance that may follow deployment of LM, PQ and AQ among human populations. 

Understanding the mechanisms of resistance of these drugs is critical since this 

information could be used to design strategies of extending their therapeutic lifetime. In 

addition, it could also lead to design of new combination therapies and drugs with high 

activity. Furthermore, the induced resistant lines will provide the platform to studies on 

cross-resistance with other related antimalarials. 
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CHAPTER TWO: LITERATURE REVIEW   

2.1 Global incidences of malaria 

Malaria remains a major global health problem throughout Africa, Oceania, Asia 

and Latin America, covering over 90 countries (WHO, 2006; Breman et al., 2006). At 

least 40% of the world’s populations live in areas of stable malaria transmission where 

functional immunity is acquired from about the age of five (Goodman and Mills, 1999).  

 

Fig. 1: The Global distribution of malaria (WHO 2006).  

Malaria causes 500 million acute clinical cases and approximately 3 million 

deaths every year (WHO 2006). The disease burden is concentrated in young children 
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and pregnant women with children experiencing an estimated six episodes of malaria per 

year (WHO, 2003, Breman et al., 2006). A number of indirect negative effects by malaria 

on health and development such as impaired cognitive functions and increased 

susceptibility to other diseases e.g., HIV incidences are also increasing (Bjorkman and 

Bhattarai, 2005). Those at greatest risk of malaria are the poor and marginalized 

populations (WHO, 2002).  

Malaria burden is not uniformly distributed and over 90% of the disease burden is 

in sub-Saharan Africa (WHO, 2003). The geographical distribution of the four human 

malaria parasite species is variable and dependent on season, endemicity and vector 

distribution (WHO, 2006). In sub-Saharan Africa, around 750,000 children under five 

each year die of malaria, accounting for over 10% of the total disease burden measured in 

disability adjusted life years (Goodman and Mills, 1999). Malaria economic burden 

accounts for a reduction of 1.3% in the annual economic growth rate in malaria endemic 

countries (Goodman and Mills, 1999; WHO, 2001).  

Majority of infections and almost all deaths in Africa are caused by P. falciparum, 

the most dangerous of the four human malaria parasites (WHO, 2006). In addition, the 

most effective malaria vector, the mosquito Anopheles gambiae is widespread in Africa 

and difficult to control (WHO, 2003). Most of the remaining burden is distributed 

between the Indian sub-continent, Southeast Asia and Oceania, and the South America 

(WHO, 2002).  

2.2 Human malaria species. 

The apicomplexan Plasmodium species infect many animal species including 

primates, lizards and birds (Barry, 2005). The etiological agents of human malaria are 
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recognized as four distinct species of Plasmodium namely Plasmodium falciparum, P. 

vivax, P. ovale and P. malariae (Smith and Parsons, 1996; WHO, 2002).  

P. falciparum is the most common and the primary cause of severe malaria in 

humans (Winstanley et al., 2004). P. ovale and P. vivax cause benign and relapsing 

tertian malaria (Win et al., 2004). 

P. vivax with the widest geographical distribution throughout the world is 

relatively non-lethal and has strong preference for reticulocytes during invasion (Janse 

and Waters, 1995; Chiang et al., 2006). P. vivax causes up to 80 million cases per year 

with the 15% in Africa and 85% outside Africa (Mendis et al., 2001). The prevalence of 

falciparum and vivax malaria is approximately equal in the Indian subcontinent, eastern 

Asia, Oceania, and South America (WHO, 2001). 

P. malariae is found in most endemic areas, throughout Sub-Saharan Africa, but 

is much less common than the other species (Guerra et al., 2007). P. malariae is milder 

than other types of malaria and commonly found in older red blood cells (Chiang et al., 

2006). P. ovale is a rare parasite, mainly confined to tropical Africa and accounts for 10 

% of all malaria infections in Africa but is less common in other malaria-endemic regions 

(Faye et al., 2002; Win et al., 2004). 

2.3 Rodent malaria parasites 

In research aimed at developing strategies for eradicating human malaria, rodent 

malaria parasites species are used as laboratory models (Carlton et al., 2001). There are 

four African rodent malaria parasites namely Plasmodium berghei, P. yoelii, P. chabaudi 

and P. vinckei (Smith and Parsons, 1996). 
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Rodent parasites often represent the only practical means towards in vivo 

experimentation (Janse and Waters, 1995). Housekeeping genes and biochemical 

processes are conserved between rodent and human parasites (Carlton et al., 1998a). 

Molecular basis of resistance in some drug resistant rodent parasites has shown 

similarities to resistance in human parasite. Atovaquone resistance in P. berghei and SP 

resistance in P. chabaudi has shown correlation to resistance in P. falciparum (Gervais et 

al., 1999; Carlton et al., 2001). However, CQ resistant P. chabaudi and artemisinin 

resistant P. c. chabaudi have no correlation to resistance in P. falciparum (Carlton et al., 

1998b; Afonso et al., 2006). 

P. berghei was originally discovered by Vincke and Lips in 1948 and infects 

hamsters, rats and mice (Janse and Waters, 2006). At least five isolates (strains) of P. 

berghei have since been isolated namely ANKA, SP11, NK65, LUKA and K173 (Janse 

and Waters, 2006). All life cycle stages of the different isolates have a similar 

morphology and duration of development. The isolates also show a comparable 

sensitivity to antimalarial drugs and no variation in isoenzymes (Carlton et al., 2001; 

Janse and Waters, 2006). 

Generation of transgenic ANKA strain of P. berghei expressing exogenous 

proteins green fluorescent protein (GFP) and/or luciferase has broadened possibilities for 

in vivo drug screening (de Koning-Ward et al., 2000; Franke-Fayard et al., 2006). P. 

berghei GFP lines strongly express GFP detectable by fluorescent microscopy and 

fluorescence activated cell sorting (FACS) (de Koning-Ward et al., 1998). ‘Four 

reference’ lines of the ANKA strain have been genetically transformed with reporter 
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genes GFP or fusion protein GFP-Luciferase namely (259cl2 (GFPcon); 354cl4; 

507m6cl1; 676m1cl1) (Janse et al., 2006).  

P. berghei has successfully been used in drug testing investigations (Ridley, 

2002) and is probably the best practical model for experimental studies of human malaria 

drug resistance selection (Peters, 1999; Peters and Robinson, 2000; Xiao et al., 2004).  

The other rodent parasites play invaluable role in malaria research. P. chabaudi 

shows antigenic variation during long lasting, non-lethal, infections in vivo hence a useful 

model in mechanisms of drug resistance and antigenic variation (Janse and Waters, 

2006). P. berghei infections are rapidly lethal to laboratory rodents hampering studies on 

the in vivo generation and selection of antigenic variants (Janse and Waters, 1995). P. 

yoelii, which is extensively used in studies on the biology of liver stage and blood stage 

antigens and their role in immunity and vaccine development (Janse and Waters, 2006). 

2.4 Lifecycle of plasmodium 

The malaria parasite has a complex life cycle (Fig. 2) involving development in 

female anopheline mosquitoes and in humans presenting a major obstacle in the design of 

control measures (CDC, 2007). 
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Fig. 2: Lifecycle of malaria parasite. Source: (CDC, 2007). 

Infection is initiated after malaria-infected female Anopheles mosquito inoculates 

sporozoites into the human host (Fig 2). Sporozoites infect hepatocytes, mature into 

schizonts and then rupture to release merozoites, which infect erythrocytes. The parasites 

undergo asexual multiplication (erythrocytic schizogony), after which erythrocytes burst 

and releases new merozoites capable of re-initiating new erythrocytic schizogony. Some 

parasites in newly infected erythrocytes differentiate into male (microgametocytes) and 

female (macrogametocytes) which an Anopheles mosquito ingests during a blood meal 

(Barry, 2005). The gametes fuse to form a zygote which then differentiates into a motile 

and elongated ookinetes. Ookinetes invade the midgut wall of the mosquito, develop into 

oocysts that grow and ruptures to release sporozoites. The sporozoites migrate to the 

salivary glands ready to initiate new infection (Fig 2). 
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Despite the similarities in the lifecycles between malaria parasites, P. berghei 

show specific features such as strong preference for invading reticulocytes and 

asynchronicity of blood stage development in natural infection (Carlton et al., 2001; 

Janse and Waters, 2006). The asexual cycle of the haploid blood stages is short (22-23 h) 

and the period of development of gametocytes is also short (26h). In addition, the exo-

erythrocytic (EE) development is short with the sporozoites developing into mature EE 

schizonts within 43-52 h after invasion of parenchymal cells (Janse and Waters, 1995).  

2.5 Diagnosis 

Diagnosis of malaria is based on light microscopy, fluorescent microscopy 

acridine orange (AO) stained thick blood smears and Quantitative Buffy Coat (QBC) 

(WHO, 2001). Other approaches are rapid diagnostic test based on lactate dehydrogenase 

(pLDH) and the detection of the histidine-rich protein 2 (HRP-II) of P. falciparum 

(WHO, 2006). However, light microscopy is the gold standard for species-specific 

diagnosis and quantification of parasite density following drug treatment (WHO, 2001).  

2.6 Pathogenesis and Clinical Manifestations of Malaria 

Clinical manifestations of malaria range from mild uncomplicated to severe 

disease. The pathogenesis of malaria fever is due to the rupturing of schizonts which 

stimulate human mononuclear cells to release tumor necrosis factor (TNF) and other 

pyrogenic cytokines (Lou et al., 2001). Plasmodial glycosylphosphatidylinositols induce 

production of elevated levels of proinflammatory cytokines, TNF-α, IL-1, INF-γ and IL-

12 implicated in development of cerebral malaria (CM) (Angulo and Fresno, 2002). 

Certain features of severe malaria are common to all infected species, with 

hypoglycemia and lactic acidosis occurring in the terminal phase of avian, rodent, simian 
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and human malaria (Hearn et al., 2000; Angulo and Fresno, 2002). Morphing molecules, 

Plasmodium falciparum erythrocyte membrane protein-1(PfEMP-1) major export 

products from the parasite to the surface of the infected erythrocyte causes the infected 

erythrocyte to stick to the endothelial cells that line blood vessels (Webster and Hill, 

2003). Adherence of parasitized erythrocytes to the endothelium blocks cerebral 

capillaries causing CM (Deitsch and Hviid, 2004). CM is characterized by a coma 

situation accompanied by metabolic acidosis, seizures, and hypoglycemia (Angulo and 

Fresno, 2002). Sequestration of parasitized erythrocytes also occurs in murine CM 

although in a less prominent fashion than in humans (Hearn et al., 2000).  

Sequestration of parasitized erythrocytes causes clogging of the minute 

capillaries, venules, and arterioles culminating in damage of vital organs like the brain, 

kidneys, lungs, liver, and gastrointestinal tract (Hearn et al., 2000).  

2.7 Control of malaria  

Strategies against malaria infection and disease require integrated approaches, 

such as vaccine development, use of chemotherapeutic agents and chemoprophylaxis and 

control of the mosquito vector using insecticides (Webster and Hill, 2005; Winstanley et 

al., 2004; Breman et al., 2006). 

2.7.1 Vector control 

The principal objective of vector control is the reduction of Anopheles breeding 

using insecticide and repellent application hence reducing the levels of transmission. The 

use of chemicals has not been successful across Africa and Latin America (Breman et al., 

2006), due to the emergence of mosquito strains resistant to the commonly used 
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insecticides. Furthermore, insecticides have detrimental side effects to the environment, 

thus there is a pressing need to seek other alternatives. 

2.7.2 Insecticide-Treated Nets (ITN) 

Control has traditionally relied on reduction of the female Anopheline mosquito 

through clearing of breeding sites and use of insecticides however the vector is highly 

efficient and widespread (WHO, 2003).  Use of nets for protection against nuisance 

insects started in historical times (Lengeler, 2004). 

In the 1980s, Insecticide-treated nets (ITNs) were introduced greatly increasing 

their effectiveness (Lengeler et al., 1998). ITNs are a low-cost and highly effective 

method of reducing the incidence of malaria (D’Alessandro, 2001). They have been 

shown to substantially reduce child mortality in malaria-endemic areas of Africa (WHO, 

2003). In sub-Saharan Africa several studies show that ITNs reduce morbidity and 

mortality in pregnant women (Gamble et al., 2007). In an area of intense malaria 

transmission in Kenya, the ITNs reduced parasitaemia during pregnancy by 38 % and the 

risk of low birth weight by 23% (Phillips-Howard et al., 2003).  

ITNs reduce the pressure on antimalarials drugs which is important in view of the 

increasing drug-resistant falciparum malaria parasites (Lengeler, 2004). However, the 

long term use of ITNs would delay the acquisition of immunity which plays an important 

role against malaria infections (Gamble et al., 2007). In addition, though such nets 

provide partial protection against biting and reduces the number of infective malaria 

parasites in mosquitoes, disease management still relies heavily on chemotherapy (White, 

2004).  
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2.7.3 Vaccine development  

A malaria vaccine would provide a much-needed way of reducing the disease 

burden. However an effective vaccine has remained elusive (Webster and Hill, 2003). 

The diversity of parasite’s antigens expressed at different stages of the life cycle and 

immune evasion by intrinsic antigenic variation has hindered development of a vaccine 

(Florens et al., 2002). Majority of vaccine candidates are based on a limited number of 

parasite antigens with no guarantee that any will give a high level of sustained protection 

(Webster and Hill, 2003). 

Advances in genomics have aided proteomics research in identifying potential 

vaccine candidates such as var genes encoding P. falciparum erythrocyte membrane 

protein (PfEMP), and rifin, stevor and clag gene products given their prominent role in 

malarial pathogenesis (Hoffman et al., 2002; Webster and Hill, 2003). A promising 

subunit vaccine, RTS, S/AS02A based on pre-erythrocytic antigen also induces partial 

protection in young African children against falciparum infection and a range of clinical 

illness (Alonso et al., 2004). 

Although the generation of initial vaccines will reduce the malaria burden, it will 

not render other control measures such as chemotherapy redundant (Moorthy et al., 

2004). Moreover, with a safe, effective and affordable vaccine being several years away 

(Greenwood, 2005), chemotherapy remains the most important means of controlling 

malaria (Ridley, 2002; White, 2004). 
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2.7.4 Chemotherapy 

The current available antimalarial agents can be classified according to 

therapeutic action against the different life cycle stages of the parasites and according to 

their chemical structure (Winstanley et al., 2004, Biagini et al., 2005). 

The main life cycle targets are the trophozoites and schizonts in the red blood 

cells, the schizonts in the liver and finally the gametocytes in red blood cells (Chiang et 

al., 2006). The anti-trophozoite/schizont drugs are mefloquine, chloroquine, quinine, 

halofantrine, sulfadoxine, dapsone, amodiaquine, atovaquone and artemisinin (Robert et 

al., 2001). The liver schizont drugs are primaquine, lumefantrine and pyrimethamine 

while the anti-gametocyte drugs are chloroquine, artemisinin, amodiaquine, and quinine. 

Primaquine is effective against both gametocytes and hypnozoites (Vangapandu et al., 

2006). 

The chemical structure classifications are aminoquinolines, aryl-alcohols, 

quinoline alcohols, antifolates and artemisinins (Robert et al., 2001). 

2.7.4.1 Aminoquinolines 

2.7.4.1.1  4-Aminoquinolines 

CQ and AQ are the main 4-aminoquinolines and most successful compounds for 

the treatment and prophylaxis of malaria. They are easily synthesized, cheap and 

generally well tolerated (Robert et al., 2001).  

The 4-aminoquinolines accumulate to high concentrations within the acidic food 

vacuole of Plasmodium. The primary driving force for drug accumulation is binding to 

ferriproptoporphyrin IX (heme), a by-product of hemoglobin degradation (Sullivan Jr et 

al., 1996). The drug-heme complex is essential for drug activity, retains its cytotoxicity 
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and accumulates to a level capable of killing the parasite (Winstanley et al., 2004). The 

drug-heme complexes prevent the detoxification of heme by polymerization into malaria 

pigment (hemozoin). Other proposed mechanisms of action of CQ and other 

aminoquinolines include intercalation with parasite DNA, impairment of lysosome 

function, inhibition of heme-dependent parasite protein synthesis (Robert et al., 2001; 

Vangapandu et al., 2006).  

AQ is a synthetic antimalarial compound with a pharmacokinetic properties and 

mode of action similar to that of CQ (Li et al., 2002; Warhurst et al., 2003). The global 

use of AQ has declined owing to its association with hepatotoxicity and occurrence of 

agranulocytosis (Biagini et al., 2005). However, some countries have continued to use 

AQ in the therapeutic management of uncomplicated malaria with no reports of severe 

adverse effects (WHO, 2001).  

AQ is pro-drug which is rapidly metabolized in the liver to N-

desethylamodiaquine (DEAQ) within 6–12 hrs. DEAQ has a higher concentration time 

profile and remains in the plasma for 10–14 days and is responsible for most of the 

antimalarial activity (Li et al., 2002; Mariga et al., 2004). AQ is more potent than 

chloroquine in vitro reflecting increased potential for complexation with heme 

(Winstanley et al., 2004). Because AQ retains a high degree of efficacy against all but the 

most highly chloroquine-resistant strains, there has been a recent increase in its use (Li et 

al., 2002; WHO, 2006). Although cross resistance with CQ exist, the utility of AQ in 

combination with other antimalarial drugs is being studied in parts of Africa (Winstanley 

et al., 2004). 
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AQ is still widely used as monotherapy, providing continued selection pressure 

for resistance and may continue to worsen despite deployment of the corresponding 

ACTs (WHO, 2006). In addition, the presence of low-level AQ resistance in the East 

Africa region provides a clear warning of the existing dangers in widespread use of AQ 

monotherapy.  

2.7.4.1.2  8-Aminoquinolines 

Primaquine and Tefanoquine are the main 8-aminoquinolines and have 

gametocytocidal activity against all human malarial parasite species (Vangapandu et al., 

2006). Primaquine is mainly used against hypnozoites responsible for the relapsing forms 

of P. vivax and P. ovale and interferes with the mitochondrial function of Plasmodium 

(Baird, 2005). Primaquine is currently used for hepatic malarial chemoprophylaxis to 

eliminate P. falciparum at the early stage of infection (Chiang et al., 2006). Despite its 

good oral absorption, serious toxicity is a major problem in patients with glucose-6-

phosphate dehydrogenase deficiency (Robert et al., 2001). 

Tefanoquine is a primaquine analog with a longer elimination half-life of 14 days 

compared to 4 hours for primaquine (Chiang et al., 2006). Tefanoquine has a larger 

therapeutic index than primaquine and hence a useful molecule for chemoprophylaxis of 

P. falciparum and for prevention of relapses of vivax malaria (Robert et al., 2001). 

2.7.4.2 Quinoline methanol 

Quinoline antimalarials and related aryl alcohols owe their origins to quinine 

(Ridley, 2002). Quinine the active ingredient of cinchona bark has the longest period of 

effective use but there is a decrease in clinical response against P. falciparum in some 

areas (Robert et al., 2001). The liabilities of quinine are associated with toxicity (such as 
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tinnitus, nausea, and dizziness) and a three daily dosage administration over 7 days 

required results in poor compliance (Baird, 2005). 

Mefloquine is structurally related to quinine and its long half-life of 14–21 days 

has probably contributed to the rapid development of resistance (Robert et al., 2001). 

Mefloquine emerged as a successor to CQ in the 1980s but resistance emerged at the 

border between Thailand and Cambodia within a few years owing to widespread use of 

quinine (Duraisingh and Cowman, 2005). It has small therapeutic range and is less potent 

than chloroquine owing to relatively weak interaction with free heme (Winstanley et al., 

2004). Mefloquine remains a drug of choice for prophylaxis before traveling to malaria 

areas where chloroquine-resistant P. falciparum exists (Baird, 2005). 

2.7.4.3 Antifolates 

 The understanding of the role of folate derivatives in humans led to identification 

and development of antifolates as therapeutic agents (Nzila, 2006). Antifolates attack all 

growing stages of the malaria parasite (Chiang et al., 2006). Fully reduced folate 

cofactors are essential for the key one-carbon transfer reactions in nucleotide biosynthesis 

and metabolism of some amino-acids (Hyde, 2005a). 

The type-I antifolates such as sulfones and sulfonamides like sulfadoxine and 

dapsone, respectively inhibit dihydropteroate synthase (DHPS). The type-II antifolates, 

such as pyrimethamine and proguanil inhibit dihydrofolate reductase (DHFR) (Nzila, 

2006). These compounds inhibit the synthesis of tetrahydrofolate co-factors essential in 

the synthesis of the pyrimidine deoxythymidylate for parasitic DNA (Gregson and Plowe, 

2005). The most common antifolates are sulfadoxine, pyrimethamine, dapsone and 
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biguanides cycloguanil and chlorcycloguanil the active metabolites of proguanil and 

chlorproguanil, respectively (Robert et al., 2001; WHO, 2006).  

The combination of DHPS and DHFR inhibitors is synergistic hence their use in 

combination in the treatment of malaria (Nzila, 2006). Combination of sulfadoxine-

pyrimethamine is currently the only single-dose long-acting antimalarial drug that has 

ideal properties such as low cost, documented safety and ease of use (WHO, 2001; 

Robert et al., 2001). Unfortunately resistance to SP is widespread in high-transmission 

areas of Africa due to their long half life of 4 days (Winstanley et al., 2004; WHO, 2006). 

Proguanil has been widely used for malaria prophylaxis however due to 

widespread drug selection pressure on the parasite and the subsequent development of 

resistance, its clinical response has deteriorated (Gregson and Plowe, 2005). A 

combination of chlorproguanil-dapsone (Lapdap) with similar mode of action as SP is 

more potent and more rapidly eliminated (<50hrs) hence lower selection pressure for 

resistance than SP (Nzila, 2006).  

Aminopterin and methotrexate are also potent antifolates although they inhibit 

both human and parasite DHFR enzyme and are common cancer therapeutic agents 

(Bertino et al., 1996). Methotrexate is only a slight modification of the dihydrofolate the 

normal substrate of DHFR, hence competes effectively with the substrate in the DHFR 

active site (Nduati et al., 2005). These drug are however not common antimalarial drugs 

due to their narrow therapeutic indices and life-threatening toxicity to the human host 

(Nzila, 2006). 
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2.7.4.4 Aryl-alcohols 

Common aryl-alcohols antimalarials are lumefantrine, pyronaridine and 

halofantrine. Lumefantrine (LM) is a synthetic fluorene antimalarial compound also 

chemically related to mefloquine (Ezzet et al., 2000). Despite differences in the ring 

structure and side-chain substituents aryl-alcohols share the basic chemical characteristic, 

a hydroxyl group near the ring hypothesized to confer the antimalarial activity (Basco et 

al., 1998). LM was first synthesized at the Academy of Military Medical Sciences, 

Beijing, China and has undergone preliminary clinical studies in China (Basco et al., 

1998). LM has an elimination half-life of up to 6 days in malaria patients with absorption 

being enhanced by co-administration with fat (Toovey and Jamieson, 2004). LM is 

remarkably well tolerated with generally mild–nausea, abdominal discomfort, headache 

and dizziness (WHO, 2006). LM is used only in combination with artemether for the 

treatment of uncomplicated multi-resistant falciparum malaria (Mutabingwa, 2005).  

Pyronaridine is an acridine derivative and a synthetic drug widely used in China 

(Robert et al., 2001). The Chinese oral formulation is reported to be effective and well 

tolerated but has a low oral bioavailability contributing to high cost of the treatment 

(WHO, 2006). Halofantrine on the other hand is effective against CQ-resistant malaria 

but cardiotoxicity has limited its use as a therapeutic agent (Robert et al., 2001). 

2.7.4.5 Bisquinolines 

Bisquinolines are compounds with two quinoline nuclei bound by a covalent 

aliphatic or aromatic link (Davis et al., 2005). Piperaquine is a potent bisquinoline 

antimalarial available as piperaquine base (PQ) or as its water-soluble tetra-phosphate 

salt, piperaquine phosphate (PQP) (Davis et al., 2005). PQP was first synthesized in 
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1960s by Shanghai Pharmaceutical Industry Research Institute in China and Rhone 

Poulenc in France (Hung et al., 2004). In China PQ replaced CQ as the first-line 

treatment for P. falciparum malaria from 1978 until the emergence of resistance in the 

1990s (Tarning et al., 2005). Despite its extensive use, only two pharmacokinetic studies 

have been published and preclinical and pharmacokinetic data on PQ are therefore 

limited (Hung et al., 2004). 

PQ is active mainly on late stage trophozoites and its mechanism of action is 

similar to 4-aminoquinolines mainly interfering with the heme polymerization (Giao et 

al., 2004).  The drug has a long half life of 17–25 days (Tarning et al., 2004). Because of 

its relatively low cost and good tolerability, PQ has enjoyed resurgence in clinical use as 

a coformulation with dihydroartemisinin in the product Artekin ® (Holleykin 

Pharmaceuticals Co. Ltd, Guangzhou, China) (Basco and Ringwald, 2003; WHO, 2006). 

However, the persistence of PQ at sub-therapeutic plasma concentration may drive 

selection of resistant parasite following re-infection especially in hyper-endemic areas 

(Hastings et al., 2002; Hung et al., 2004). 

2.7.4.6 Artemisinin derivatives  

Artemisinin was originally extracted from Qinghao plant (Artemisia annua; sweet 

wormwood), in China (Robert and Meunier, 1998). The artemisinin and its derivatives 

namely artesunate, artemether, arteether, artelinic acid and dihydroartemisinin are potent, 

well-tolerated and rapidly eliminated drugs (O’Neill and Posner, 2004). Artemisinins are 

all metabolized to dihydroartemisinin, the main active agent which act specifically on 

blood stage parasites and is effective against multi-drug-resistant P. falciparum strains 

(Ridley, 2002; Mutabingwa, 2005). Artemisinins inhibits an essential plasmodial calcium 
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adenosine triphosphatase 6 (PfATPase 6) (Eckstein-Ludwig et al., 2003). Artemisinins 

are also thought to exert their activity through interaction with heme preventing 

detoxification of heme by polymerization into hemozoin (Robert and Meunier, 1998; 

O’Neill and Posner, 2004). 

Artemisinins are appropriate choices for severe malaria but their main role in 

uncomplicated malaria is in combination therapy (WHO, 2001). Many public health 

strategies worldwide are now dependent on artemisinin group however its major 

disadvantage is its relatively high cost (WHO, 2003). There is no reported resistance to 

these compounds however, LM driven selection, pfmdr1 Y86 N allele reduces sensitivity 

of P. falciparum to artemisinins in vitro (Toovey, 2006). Although, artemisinins are still 

highly active, their activity is limited by poor oral bioavailability, high recrudescence 

incidence and actions on blood stages parasites only (Chiang et al., 2006). They are 

therefore being used increasingly in combination with longer half-life drugs to reduce 

treatment time and increase individual compliance (Mutabingwa, 2005). 

2.7.4.7 Combination therapy  

Combined antimalarial therapies include old drugs in new combinations (CQ and 

SP), an old drug combined with a new drug (AQ and ASN), and new drugs in 

combination (LM and ATM) (WHO, 2006; Wiseman et al., 2006). Artemisinin based 

combination therapy has proved highly efficacious in Africa and is the therapy of choice 

for countries with failing monotherapies (Mutabingwa, 2005). 
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2.8 Drug resistance in malaria  

Since the wide-scale deployment of antimalarial drugs in the 20th century, human 

malaria parasites have been under tremendous selection pressure to evolve mechanisms 

of resistance (White and Pongtavornpinyo, 2003).  

 

Fig. 3: Distribution and epidemiology of drug resistant P. falciparum malaria 

(Wongsrichanalai et al., 2002). 

The rapid progression of drug resistance across Africa has been the prime obstacle 

to management and control of malaria (Wongsrichanalai et al., 2002). Drug resistant P. 

falciparum was first reported in Thailand in 1961 (Anderson and Roper, 2005). To date, 

resistance in vivo has been reported against all antimalarial drugs except artemisinin and 

its derivatives (White, 2004). 
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2.8.1 Causes of resistance 

Resistance can be attributed primarily to increased selection pressures on P. 

falciparum in particular, due to indiscriminate and incomplete drug use for self treatment 

(D’Alessandro and Buttiens, 2001). P. falciparum has high degree of plasticity and has 

developed resistance to antimalarial drugs that have been used extensively in the field 

(Rathod et al., 1997). Repeated exposure of the parasite to a drug (drug pressure) is the 

key cause of emergence of resistance to most antimalarials (D’Alessandro and Buttiens, 

2001).  

Probability of emergence of resistance also depends on the level of host immunity 

(White, 2004), elimination half life (D’Alessandro and Buttiens, 2001), exposure of the 

parasite to sub-therapeutic drug levels (Yeung et al., 2004), increased plasticity of P. 

falciparum genomes and reduction in antimalarial susceptibility (Rathod et al., 1997). 

Young ring stages parasites and mature schizonts are resistant to most antimalarials 

except for the artemisinins derivatives (Hastings, 2004). Likelihood of transmission of 

resistant genes to the next host and the spread of resistance therefore increases (Yeung et 

al., 2004). 

2.8.2 Spread of resistance 

CQ and SP resistance in Africa appears to have been imported from South-East 

Asia (Hastings et al., 2002; Wongsrichanalai et al., 2002). P. falciparum from South-East 

Asia have been shown to have an increased propensity to develop drug resistance 

(Rathod et al., 1997). Interestingly, Africa, where most P. falciparum mortality occurs 

never developed its own CQ resistance despite wide-scale deployment of the drug 

(Wellems and Plowe, 2001; Trape, 2001). CQ resistance is not evenly distributed with 
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resistance having spread more rapidly in East than in West Africa (D'Alessandro and 

Buttiens, 2001; Labbe et al., 2003).  

In Kenya, resistance to CQ was first detected in non-immune tourists in 1978 and 

in semi-immune Kenyans in 1982 (Wongsrichanalai et al., 2002). In the 1990s, the 

percentage of resistance increased to 85% in western Kenya (D'Alessandro and Buttiens, 

2001). In 1998, SP replaced CQ for first-line treatment while AQ became the drug for 

second-line treatment (EANMAT, 2003). 

Useful therapeutic life of SP was shorter than expected probably because of its 

prolonged half-life, causing a higher probability of selecting resistant strains 

(D'Alessandro and Buttiens, 2001). In East Africa, the current SP resistance levels are 

incompatible with effective malaria treatment and pose a real threat to malaria control 

(EANMAT, 2003). Imported drug resistant parasites may have a different antigen 

repertoire and thus are more virulent due to less strain specific protective immunity in the 

population (Bjorkman and Bhattarai, 2005).  

Rapid spread of drug resistant parasites occurs through two mechanisms. First, 

extensive use of a drug leads to higher numbers of circulating gametocytes in the resistant 

infections than in the sensitive ones (White, 2002). Secondly, gametocytes carrying 

resistant genes produce higher densities of parasites (oocysts) in the mosquitoes than 

those carrying sensitive genes (Hastings, 2004). The spread of CQ-resistant parasites 

from Asia to Africa is enough proof that travelers spread drug-resistant parasites to 

different parts of the world (Anderson and Roper, 2005).  
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2.8.3 Genetic basis of drug resistance 

Genetic events conferring antimalarial drug resistance are spontaneous, rare and 

are thought to be independent of the drug used (White, 2004).  They are mutations in or 

changes in the copy number of genes encoding or relating to the drug’s parasite target or 

influx/efflux pumps that affect intra-parasitic concentrations of the drug (Hyde, 2005b). 

Research has identified the chloroquine resistance transporter (CRT) and the 

multi-drug resistance-1 (MDR1) transporter as key determinants to antimalarial drug 

resistance (Valderramos and Fidock, 2006). Although the target for the artemisinins has 

recently been identified (ATPase6), preliminary studies have not associated 

polymorphisms in the gene encoding this enzyme with reduced susceptibility to 

artemisinins (White, 2004). However, of particular concern is the fact that the pfmdr1 

Y86N allele reduces sensitivity to artemisinins in vitro (Toovey, 2006). 

2.8.3.1 crt gene 

The gene crt encodes a putative transporter CRT protein (Wellems and Plowe, 

2001). The protein has Mw of 45-kDa, contains ten predicted transmembrane domains 

localized on the membrane of the digestive vacuole and is involved in drug flux and/or 

pH regulation (Valderramos and Fidock, 2006). The CRT transporter can also 

significantly influences parasite in vitro susceptibility to quinine, DEAQ (the primary 

metabolite of amodiaquine), halofantrine and artemisinin (Wongsrichanalai et al., 2002). 

Lys76Thr mutation in the pfcrt gene, the most common marker for CQ resistance has also 

been strongly associated with 4-aminoquinoline resistance such as AQ (Ochong et al., 

2003; Holmgren et al., 2005). AQ is effective against some CQ-resistant strains of P. 
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falciparum (Mariga et al., 2004). Probably due to high absorption of AQ by some CQ-

resistant parasite or mechanism of resistance is different from that of CQ resistance. 

2.8.3.2 mdr1 gene  

Multi-drug resistance 1 gene (mdr1) encodes a 162-kDa P-glycoprotein 

homologue-1(Pgh-1) that localizes on digestive vacuole membrane (Hyde, 2005b). The 

gene consists of two homologous halves, each with six predicted transmembrane domains 

and a conserved nucleotide binding domain (Valderramos and Fidock, 2006). In multi-

drug resistance, both gene amplification and mutation of the mdr transporter genes may 

occur (Duraisingh and Cowman, 2005). Pfmdr1 point mutations or changes in pfmdr1 

copy number might affect accumulation of drug in the digestive vacuole which could 

affect the in vitro potency of the drugs (Sidhu et al., 2006). 

Multi-drug resistance occurs when parasites selected for resistance to one drug 

become resistant to a broad range of structurally unrelated drugs (Wongsrichanalai et al., 

2002). Resistance to mefloquine and other structurally related arylaminoalcohols in P. 

falciparum results from amplifications (i.e., duplications, not mutations) in Pfmdr1, 

(Duraisingh and Cowman, 2005). Pfmdr1 amplification has also been associated with an 

increased risk of failure of short term LM/ATM treatment (Sisowath et al., 2005). 

Significant selection for the pfmdr1 Y86N polymorphism suggests that this mutation 

might be useful as a molecular marker of LM resistance (Sisowath et al., 2005). It is 

therefore important to monitor the efficacy of LM especially in high-transmission areas 

where drug selection pressure may be the greatest and where LM/ATM has been 

extensively used.  
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2.8.3.3 Dihydrofolate reductase (DHFR) mutations  

P. falciparum resistance to antifols (pyrimethamine and cycloguanil) results from 

the sequential acquisition of mutations in DHFR (White, 2004). Each mutation confers a 

stepwise reduction in susceptibility. Four point mutations in DHFR underlie resistance to 

pyrimethamine (Hastings, 2004). A single point mutation at DHFR Ser108Asn causes 

pyrimethamine resistance with only moderate loss of susceptibility to chlorcycloguanil 

(Gregson and Plowe, 2005). The addition of Asn51Ile and/or Cys59Arg mutations 

confers higher levels resistance to pyrimethamine (Hastings, 2004). High-level resistance 

to both drugs is conferred by addition of fourth Ile164Leu mutation (White, 2004; Plowe, 

2003). 

2.8.3.4 Dihydropteroate synthase (DHPS) mutations 

The dhps gene encodes the sulfonamides and sulfones target enzyme DHPS 

(Gregson and Plowe, 2005). Resistance to the sulfonamides and sulfones often 

administered in synergistic combination with antifols also results from sequential 

acquisition of mutations in the dhps gene (White, 2004). Four point mutations are 

involved in DHPS and as with DHFR appear sequentially following introduction of 

treatment with SP (Anderson and Roper, 2005). DHPS mutations associated with 

decreased susceptibility to sulfonamides and sulfones include Ser436Ala, Ala437Gly, 

Ala581Gly, and Ser436Phe coupled with Ala613Thr/Ser (Plowe, 2003). 

2.8.4 Strategies against drug resistance 

Over the past few years, 13 countries in Africa have changed their national 

policies to require the use of more effective antimalarial treatments. WHO recommends 

first, the use of ACTs which are highly efficacious and promises to delay the emergence 
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of resistance where monotherapies are failing, (WHO, 2003). Secondly, use of molecular 

markers to predict emergence of resistance. 

2.8.4.1 Artemisinin based combination therapies (ACTs)  

ACTs comprise an artemisinin derivative with very short elimination half-life and 

long elimination half-life partner drug (WHO, 2006). The rationale is that, if two drugs 

have independent mechanisms of action, then mutations that confer resistance to each 

drug will only seldom co-exist in the same parasite (White, 2004).  

So far only few countries have changed their first-line treatment to ACTs due to 

high costs and limited operational experience in Africa (WHO, 2003). African countries 

with the bulk of malaria mortality and morbidity are the least able to afford effective but 

expensive ACT (Watkins et al., 2005, WHO, 2006). Among the ACTs available are 

Dihydroartemisinin-piperaquine (DHA/PQ or Artekin
®
), Lumefantrine-Artemether 

(LM/ATM) or Co-Artem
®

), Artesunate-amodiaquine and artesunate-

sulfadoxine/pyrimethamine, Artesunate-mefloquine (Mutabingwa, 2005; WHO, 2006). 

LM/ATM is among the fixed-ratio combination therapy currently available. An 

advantage of this combination is that lumefantrine has never been used as a monotherapy 

for the treatment of malaria (Mutabingwa, 2005). LM/ATM has been intensively studied 

and successfully used (Alin et al., 1999). ATM significantly reduces initial parasite 

biomass with parasites surviving ATM action facing maximal LM concentrations 

therefore reducing transmissibility of parasites (Watkins et al., 2005). By this logic, most 

ACTs should improve both treatment cure rate and delay the emergence of drug 

resistance (Watkins et al., 2005). However, the weak link in the combination is the period 

during which the unprotected partner drug remains alone during its elimination period, 
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particularly at sub-therapeutic concentrations (White, 2004; Sisowath et al., 2005). At 

this drug concentration selection of re-infecting resistant parasites may occur (Hastings et 

al., 2002). 

Recently, a co-formulated product of PQ and DHA has been shown to be safe, 

effective and acceptable in clinical trials (Hien et al., 2004). The cost PQ/DHA is half 

that of LM/ATM in Cambodia, China and Vietnam where it has been used extensively 

(Yeung et al., 2004). Although yet to be internationally approved its low price and high 

efficacy are very promising to developing countries (Giao et al., 2004; Yeung et al., 

2004). The use of PQ/DHA is likely to increase in future, driving the selection pressure 

for PQ resistance. 

2.8.4.2 Monitoring emergence of resistance 

Predicting the fate of antimalarial drugs in the future is necessary for planning 

malaria control and instituting strategies which might delay the emergence of resistance 

(White and Pongtavornpinyo, 2003). Although removing antimalarial drug pressure may 

or may not compromise the fitness of resistant parasites, rotating the limited number of 

safe, effective and affordable antimalarial drugs could be considered (Plowe, 2003). 

Studies in Malawi show that cessation of CQ use was followed by reemergence and 

predominance of CQ-sensitive P. falciparum (Plowe, 2003). Monitoring the emergence 

and development of resistance is therefore most promising options against complete loss 

of antimalarials to resistance (WHO, 2003).  

Molecular markers can provide direct and convincing evidence of selection for 

resistant parasites by antimalarial drug treatment (WHO, 2001). However, only few 

molecular markers of resistance are available namely SP, cycloguanil and CQ (Plowe, 
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2003). Markers for resistance to most other antimalarial drugs are lacking because 

molecular mechanisms of resistance are not yet clearly understood.  

2.8.5 Selection of drug resistant parasites 

Most antimalarial drugs inhibit the multiplication of sensitive malarial parasites 

but allow the drug-resistant mutants to survive and multiply (White, 2004). Drug resistant 

mutants can be selected without mosquito passages by exposing of large numbers of 

malaria parasites (in vitro, in animals models) to sub-therapeutic antimalarial drug 

concentrations (Peters, 1999; White, 2004). Resistance to one drug may also be selected 

for by another drug in which the mechanism of resistance is similar, a phenomenon 

known as cross-resistance (Hyde, 2005b). Drug pressure or continuous exposure of 

parasite to drugs especially long half-life drugs present a strong selective pressure for 

resistant strain (D’Alessandro and Buttiens, 2001; Hastings et al., 2002). 

In-vivo models of rodent malaria offer the most practical and informative means 

of evaluating the activity and potential resistance hazard of novel antimalarials and 

antimalarial combinations (Stewart et al., 2004). Most widely used procedures to select 

for resistance are the `serial technique’ (ST), in which drug selection pressure in vivo is 

gradually increased, and the `2% relapse technique’ (2%RT), in which a single, large 

drug dose is applied at the time of each passage (Peters, 1999). 

Early work on resistance to CQ was carried out with P. berghei RC. The level of 

drug resistance was evaluated by calculating the ED50, (i.e) the dose of CQ that reduces 

parasitaemia by 50% after 4-DT (Peters et al., 1975). After an average of 60 passages of 

the parasite, the daily doses of CQ reached 100 mg/kg and the ED50 of the resistant strain 

was 60 times higher than that of the original strain (Coquelin et al., 1997; Peters, 1999). 



 33 

In other studies, stable resistance to SP was also selected in P. chabaudi by single-step 

treatment in a clone that was already resistant to pyrimethamine (Hayton et al., 2002). 

Drug resistant rodent malaria parasites have successfully been used in predicting 

mechanism of resistance of different antimalarials. P. chabaudi has been used to 

investigate the genetics of mefloquine resistance and SP resistance (Hayton et al., 2002; 

Cravo et al., 2003). Molecular analysis of these pyrimethamine resistant rodent parasite 

clones has shown that the mechanisms of pyrimethamine resistance are remarkably 

similar to those seen in P. falciparum (Walliker, 2005). In P. berghei and P. yoelii, 

atovaquone-resistant parasites have been selected in which point mutations in the gene 

encoding mitochondrial cytochrome b have been implicated (Carlton et al., 2001). 
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2.9 Hypothesis 

LM, PQ and AQ selection pressure induces stable resistant Plasmodium berghei ANKA 

lines in vivo. 

 

 2.10 Objectives of the study 

 General objective 

To induce and select Plasmodium berghei ANKA lines resistant to LM, PQ and AQ in 

vivo. 

 

  Specific objectives 

 1. To determine the effective doses (ED50, ED90 and ED99) of LM, PQ and AQ on 

 Plasmodium berghei ANKA strain. 

 

 2. To select Plasmodium berghei ANKA line ‘resistant’ to LM, PQ and AQ 

 

 3. To determine the stability of the ‘resistant’ lines. 
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CHAPTER THREE: MATERIALS AND METHODS 

3.1 Study site 

The study was carried out at the Centre for Traditional Medicine and Drug 

Research (CTMDR), Kenya Medical Research Institute (KEMRI) Headquarters, Nairobi, 

Kenya. 

3.2 Parasites  

Transgenic ANKA strain of P. berghei expressing Green Fluorescent Protein 

(GFP) (P. berghei ANKA GFP) obtained from Swiss Tropical Institute courtesy of Dr S. 

Wittlin was used to select PQ resistant strains. Transgenic ANKA strain of P. berghei 

expressing fusion protein GFP-Luciferase (P. berghei ANKA GFP-Luciferase, reference 

line: 676m1cl1 (Janse et al., 2006) obtained from Leiden University Medical Center, 

Netherlands was used to select AQ and LM resistant lines. 

Transgenic P. berghei lines that express fluorescent markers have been used for 

visualization and counting of parasites. GFP has many potential applications in dissecting 

aspects of parasite biology and provides new opportunities to study parasite-host cell 

interactions (Janse et al., 2006). Creation of a GFP fusion protein, in which the selectable 

marker gene and the gene encoding GFP are fused together, provides a means to both 

observe transgenic parasites in vivo and to select for revertants that have lost the 

selectable marker (de Koning Ward et al., 2000). 

3.3 Test compounds 

Lumefantrine, Piperaquine phosphate and Amodiaquine dihydrochloride as the 

test drugs were obtained from Dr Alexis Nzila’s Lab at KEMRI-Wellcome Trust, Kilifi, 

Kenya.  
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3.4 Handling of laboratory animals 

Male, Swiss albino mice weighing 20±2g random-bred at KEMRI, Nairobi, 

Kenya were used in the study. The animals were housed in experimental room in the 

animal house in a standard Marrolon type II cages clearly labeled with experimental 

details. The mice were maintained in animal room at 22 
0
C and 60-70% relative humidity 

and fed on commercial rodent food and water ad libitum.  

The needle size for cardiac puncture and intra-peritoneal infection was 26G×5/8″. 

After the experiment, mice were sacrificed by euthanizing in chloroform. The euthanized 

mice were then placed in biohazard disposable autoclave bags and autoclaved at 121ºC 

for 15 minutes before incineration to destroy all infectious agents and to avoid 

environmental contamination during incineration. 

The study, SSC No: 1208 was approved on 27
th
 February 2007 during 141

st
 

meeting of KEMRI/National Ethical Review Committee 

3.5 Preparation of inoculum 

Parasitized red blood cells (PRBC) were collected from donor mouse with a rising 

parasitaemia of 5-10% and according to the level of parasitaemia blood diluted with 

phosphate saline glucose (PSG) buffer (appendix 1) to reach approximately 2×10
7
 PRBC 

per 0.2 ml of the inoculum. 

3.6 Preparation of drug solutions 

On the day of administration, each drug was freshly prepared by solubilizing in 

solution consisting 70% Tween-80 (d=1.08g/ml) and 30% ethanol (d=0.81g/ml) and 

diluted 10 fold with double distilled water. 
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3.7 Determination of 50% and 99% effective doses (ED50 and ED99) 

The assay protocol was based on a 4-day suppressive test described by Peters et 

al., 1975. For each test drug, 25 male Swiss albino mice with 5 mice per dose group in 

four different doses and 5 mice in the control group were intraperitoneally inoculated 

each with 2×10
7
 PRBC in 0.2 ml inoculum on day zero (D0). Drugs were administered 

orally (p.o) at 4 hrs, 24 hrs, 48 hrs and 72 hrs post infection. Thin blood films were 

prepared from tail snips on day four (D4) post infection, fixed in methanol and stained for 

20 min with freshly prepared 10% (wt/vol) Giemsa solution. Percentage (%) 

chemosuppression (parasite reduction) of each dose of each drug was calculated using the 

formula: (Tona et al., 2001). 

[(A-B)/A] x 100] = % Chemosuppression 

Where A is the mean parasitaemia in the negative control group and B is the 

parasitaemia in the test group. A dose response line was drawn and the ED50 and ED99 

estimated from the line.  

3.8 Drug pressure Assay 

Ten Swiss albino mice for each of the test drug (20±2g) were intraperitoneally 

infected each with donor blood containing 2x10
7
 P. berghei ANKA PRBC contained in 

0.2 ml inoculum on day zero (D0).  The randomly infected mice were then divided into a 

test and control group with five mice each. Parasitaemia was monitored until it rose to 

about 2-7 % after which test group mice were then treated with the drug at concentration 

equivalent to the drug ED99. After treatment, parasitaemia was monitored to about 2-7 % 

when mouse was selected for donation of PRBC to the next naive group of 10 mice. The 

second test group mice were then treated with the same amount of the drug equivalent to 
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the drug ED99. Level of resistance was initially assessed after every four passages 

(approximately 1 month) and thereafter after every eight passages (approximately 2 

months) of drug pressure assay. 

Stepwise increase of drug pressure dose was adopted after three months of drug 

selection pressure for both AQ and LM assays but from the first passage for PQ assay. 

3.9 Cryopreservation of P. berghei ANKA PRBC 

At each passage, 0.5-0.6 ml of P. berghei ANKA PRBC in 0.05 ml of heparin was 

collected by cardiac-puncture from a test group mouse with a parasitaemia of 2-7%. The 

blood was mixed with 0.5-0.6 ml of a glycerol/PSG solution (20% glycerol; v/v), the 

suspension was transferred to 2 cryotubes, 0.5ml per tube. The tubes were left for 5-

15min at 4°C and the vials were then stored at -80ºC. 

3.10 Assessing the level of resistance  

 Resistance is the ability of a parasite strain to survive and/or multiply despite the 

proper administration and absorption of an antimalarial drug in the dose normally 

recommended (WHO, 2006). 

Level of resistance was assessed by determining new ED50 and ED99 based on a 4-

day suppressive test described by Peters et al., 1975 (Section 3.7) after every 1 month and 

thereafter after every 2 months of drug pressure assay and calculating 50% (I50) and 99% 

(I99) indices of resistance. 

I50 was calculated from the ratio of ED50 of resistant line to that of parent strain 

while I99 was calculated from the ratio of ED99 of resistant line to that of parent strain 

(Xiao et al., 2004). 
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3.11 Stability of resistance in absence of drug 

 The stability of resistant lines was assessed when I50 and I99 of 10 and above was 

recorded.  

 PQ resistant line from the 12
th
 passage were examined for their drug response by 

five serial passages without the drug pressure followed by determination of the ED50 and 

ED90 based on the Peters 4-Day Suppressive Test (Peters et al., 1975) (Section 3.7). 

3.12 Statistical analysis 

 The data for the 4-day suppressive test were recorded in Excel (Microsoft) 

spreadsheets and used within version 5.5 of Statistica 2000 (Statistica 5.5 Statsoft Inc. 

2000) to estimate the ED50 and ED99 in mg/kg.day. I50 and I99 were calculated and 

resistance grouped into four categories namely I99=1.0, sensitive, (2) I99=1.01-10.0, slight 

resistance, (3) I99=10.01-100.0, moderate resistance and (4) I99= >100.0, high resistance 

(Merkli and Richle, 1980). 
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CHAPTER FOUR: RESULTS 

4.1 AMODIAQUINE 

4.1.1 ED50 and ED99 of parent strain  

The drug concentration that produces a 50% reduction in parasitaemia in vivo 

(ED50), typically in rodent malaria model of AQ against parent P. berghei ANKA strain 

was 0.95mg/kg.day. The ED99 of AQ was 5.05mg/kg.day (Fig. 4, Table 7). 

Fig. 4: Graph showing activity of AQ against parent strain of P. berghei ANKA 

(reference line 676m1cl1). 
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4.1.2 Interval between passages 

When mice infected with P. berghei ANKA reference line 676m1cl1 and treated 

orally with 5.05 mg/kg of AQ on day 3 (D3) attained a 2-7 % parasitaemia within 9 days 

post infection. Collection of parasitized red blood cells for subsequent passage was 

carried out on day 9 (D9) for the first 12
th
 passages, however from 13

th
 passage to the 20

th
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passage parasitaemia reached 2-7 % in within 6 days post infection. The intervals 

between subsequent passages were therefore shortened to 6 days up to the 20
th
 passage. 

From the 21
st
 passage and subsequent passages, the drug pressure dose was increased by 

5.05 mg/kg depending on the growth of the parasites. After the first increment of the dose 

to 10.10mg/kg.day, parasitaemia reached 2-7 % in within 9-10 days post infection. The 

interval between subsequent passages of the P. berghei ANKA parasitized red blood cells 

was every 9 days throughout the experiment. In this experiment P. berghei ANKA was 

passed for a total of 36 passages. 

4.1.3 Acquisition of resistance 

Table 1: Summary of the ED50, ED99 (mg/kg.day) and I50 and I99 values of AQ measured 

in the 4-day test (Peter et al., 1975). 

Passage No 

 

Amodiaquine 

 

 

ED50 I50 ED99 I99 

Parent line 

 

0.95 1.00 5.05 1.00 

4
th 

 

1.09 1.15 4.04 0.80 

12
th 

 

2.26 2.38 4.51 0.89 

20
th 

 

2.63 2.77 5.00 0.99 

28
th 

 

5.00 5.26 13.00 2.57 

36
th 

 

12.01 12.64 20.73 4.10 
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Fig. 5: Graph showing increase in indices of resistance I50 and I99 in development of 

resistance to amodiaquine. 
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4.2 LUMEFANTRINE 

4.2.1 ED50 and ED99 of parent strain 

The ED50 and ED99 of LM against parent P. berghei ANKA strain (reference line: 

676m1cl1) was 1.67mg/kg.day and 4.48mg/kg.day respectively (Fig. 6). 
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Fig. 6: Graph showing activity of LM against parent strain of P. berghei ANKA 

(reference line 676m1cl1). 
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4.2.2 Interval between passages 

The mice infected with P. berghei ANKA reference line 676m1cl1 and treated 

orally with 4.48mg/kg of LM on day 3 (D3) attained a 2-7 % parasitaemia within 10 days 

(D10) post infection. Parasitized red blood cells were therefore passed once every 10 days. 

From the 12
th

 passage and subsequent passages, the drug pressure dose was increased by 

25% of the 4.48mg/kg depending on the growth of the parasites, consequently the PRBC 

were passed every 10-11 days throughout the experiment. In this experiment, P. berghei 

ANKA was passed for a total of 28 passages. 
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4.2.3 Acquisition of resistance  

Table 2: Summary of the ED50, ED99 (mg/kg.day) and I50 and I99 values of LM measured 

in the 4-day test (Peter et al., 1975). 

Passage No Lumefantrine 

 ED50 I50 ED99 I99 

Parent line 1.67 1.00 4.48 1.00 

4
th

 1.34 0.80 3.49 0.78 

12
th

 1.58 0.95 3.61 0.81 

20
th 

 2.96 1.77 5.75 1.28 

28
th

 9.76 5.84 29.02 6.48 

 

Fig. 7: Graph showing increase in indices of resistance I50 and I99 in development of 

resistance to lumefantrine. 
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4.3 PIPERAQUINE 

4.3.1 ED50 and ED99 of parent strain 

Selection of PQ resistance was a follow up study initially carried out at Swiss 

Tropical Institute (STI) by Beatrice Irungu. In studies carried out at STI, the ED50 and 

ED99 of piperaquine against parent P. berghei ANKA GFP was 1.30mg/kg.day and 

8.10mg.kg.day respectively. The parasites were exposed to 8.10mg.kg.day and stepwise 

increase of the dose by 8.10mg/kg.day at each passage. A 123 folds increase in I50 (ED50 

of 160.20 mg/kg.day) was obtained within fifteen passages of drug pressure. The isolate 

was cryopreserved for 6 month. 

The current study revived PQ resistant P. berghei ANKA GFP and consequently 

the ED50 and ED99 was determined and found to be 7.50mg/kg.day and 24.00mg/kg.day 

respectively (Fig. 8). 

Fig. 8: Graph showing activity of PQ against revived P. berghei ANKA GFP before 

further exposure to selection pressure. 
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4.3.2 Interval between passages 

 Mice infected with P. berghei ANKA GFP and treated orally with 48.6mg/kg (6× 

ED99) of PQ and attained a parasitaemia of 2-7 % within 7 days (D7) post infection. 

48.6mg/kg was the highest dose administered at STI before the cryopreservation of the 

parasites.  Parasitized red blood cells were therefore passed once every 7 days. From the 

1
st
 passage and subsequent passages, the drug pressure dose was increased by 8.1mg/kg 

(ED99) depending on the growth of the parasites. The interval between subsequent 

passages of PRBC was once every 7 days throughout the experiment. In this experiment 

P. berghei ANKA GFP was passed 12 times and in total, 28 passages including the study 

at STI of drug selection pressure. 

4.3.3 Acquisition of resistance and assessment of stability 

After revival from cryopreservation and further exposure of P. berghei ANKA 

GFP to 12 passages of selection pressure, I50 and I99 of 93.85 and 25.93 respectively were 

recorded. The PQ resistant line was then passaged five times without the drug pressure 

and I50 and I99 of 36.23 and 20.85 respectively were recorded (Table 3, Fig. 9). 



 47 

Table 3: Summary of the ED50, ED99 (mg/kg.day) and I50 and I99 values of PQ measured 

in the 4-day test (Peter et al., 1975). 

Passage No Piperaquine 

 

 

 

ED50 I50 ED99 I99 

Parent  strain 

 

1.30 1.00 8.10 1.00 

15
th
 passage 

 

160.28 123.29 289.64 35.76 

PQ resistant line revived after 

six months of cryopreservation 

(16
th
 passage) 

 

7.50 5.77 24.00 2.96 

20
th 

 

21.40 16.46 74.50 9.20 

28
th 

 

122.00 93.85 210.00 25.93 

After removal of drug pressure 

5 

 

47.10 36.23 168.90 20.85 
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Fig. 9: Graph showing increase in indices of resistance I50 and I99 in development of 

resistance to piperaquine and relative stability exhibited by piperaquine resistant line after 

five drug free passages. 
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CHAPTER FIVE: DISCUSSION 

The complex genome of plasmodium parasites has endowed them with the ability 

to survive the adverse environments of nearly all antimalarials (Hyde, 2005b). In this 

phase of increasing antimalarials resistance, old drug such as AQ have been resurrected 

while new drugs such as LM and PQ are being introduced. LM, PQ and AQ are potent 

partners in ACTs, which have been proposed to be the novel strategy against drug 

resistant malaria parasites. 

The experimental work presented here focused on selection of AQ, LM and PQ 

resistant lines. Moderate PQ resistance with an I99 of 25.93 was induced while slight 

resistance against AQ with an I99 of 4.10 and LM with an I99 of 6.48 were selected 

(Table1, 2 and 3). 

5.1 Development of amodiaquine resistance  

Our observations derived from these studies indicate that administration of 5.05 

mg/kg at each passage resulted to slow development of resistance with an I50 of only 2.77 

after 20 passages. This is consistent with other results from selection of AQ resistant P. 

berghei N line in 2% RT method where slow emergence of resistance was also recorded 

(Peters and Robinson, 1992). It would appear that emergence of AQ resistance is slow 

regardless of the method or the dose used to induce the resistance. The rate of acquisition 

of P. berghei ANKA resistance to AQ when exposed to 5.05 mg/kg also seemed unstable 

over the first twelve passages (Table 1, Fig. 5). There was a reduction in the ED99 and an 

increase in ED50 after 4
th
 to 12

th
 passages of drug pressure. This is comparable to results 

from selection of CQ-resistant P. c. chabaudi (Coquelin et al., 1997). 
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The gradual increase in the ED50 and consequently slight increase in I50 recorded 

at 20th passage probably resulted in test group mice attaining 2-7% parasitaemia in 6 

days hence the shortened interval between passages recorded in the 13
th

 to 20
th
 passage. 

However, quantification of an I50 of only 2.77 after 20
th

 passage shows that the parasites 

were only less susceptible but not resistant to the 5.05 mg/kg (Fig.5). The results conform 

to other studies that administration of a constant dose at every passage results to slow 

emergence of resistance as compared with stepwise increase of the dosage at every 

passage (Xiao et al., 2004).  Evidence has also been presented that resistance to single 

compounds may emerge more rapidly when a high dose is employed in the 2% RT than a 

lower dose (Peters and Robinson, 2000). Though the 2% RT method was not adopted in 

the study, 5.05 mg/kg of AQ seems too low a dose for inducing resistance. Studies 

indicate that exposing parasites to low doses might select for parasites with increased 

expression of genes as opposed to selecting parasites with functional mutations (Carlton 

et al., 2001). Probably administration of 5.05 mg/kg resulted only in increased expression 

of certain genes but not induction of functional mutation. It may also imply that 

conversion of AQ into other active metabolites serves to delay emergence of resistance 

and several genetic events are involved in its resistance. 

From the 20
th

 passage the stepwise increase of the drug selection dose was 

adopted and by 28
th

 passage the parasites tolerated up to 40.40 mg/kg and a significant 

increase in resistance was observed, an I50 of 5.26. A higher index of resistance might 

have been expected since the parasites tolerated 40.40 mg/kg but studies also indicate that 

a strain tolerating a higher dose might only show a small index of resistance in 4-DT 

(Peters and Robinson, 1999). This is reminiscent to other studies where a P. berghei line 
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highly resistant to artemisinin tolerated up to 700 mg/kg after five passages but I90 never 

rose above 10 (Peters and Robinson, 1999). When the parasites develop inside the red 

blood cells it becomes vulnerable to the drug (Coquelin et al., 1997). This is probably the 

reason why the 4-DT gives a low index of resistance since most parasites are eliminated 

within the experimental period. Observed results indicate that stepwise increase of drug 

pressure dose eliminated the drug susceptible parasites and only the resistant parasites 

were selected between the 20
th
 and 28

th
 passage. 

The confirmation of increased AQ selection pressure was clearly shown by the 

drastic increase in the I50 to 12.64 at 36
th

 passage however the I99 seems not to increase 

by a big margin, with only 4.10 recorded at the same passage (Table 1, Fig. 5). This 

increase confirms the ease of maintaining and increasing AQ resistance once the initial 

probable physiological adaptations or genetic changes occurs. The observed results 

emphasize importance of monitoring AQ resistance in areas where the drug is in use. 

5.2 Development of lumefantrine resistance 

Lumefantrine is one of the newest antimalarial drugs that has not been used 

extensively in malarias areas (Mutabingwa, 2005). So far no genuine LM resistance has 

been documented in P. falciparum. However, significant differences in levels of in vitro 

and in vivo sensitivity have been documented (Basco et al., 1998; Sisowath et al., 2005; 

Dokomajilar et al., 2006). 

From this study, P. berghei ANKA resistance to LM proved difficult to induce. 

Minimal difference between the use of single dose (4.48 mg/kg) and stepwise increase of 

drug pressure dose was seen in the rate at which the parasites became resistant to LM. In 

the first 12 passages, the rate of acquisition of P. berghei ANKA resistance to LM was 
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considerably slow, I99 of 0.81 (Table 2, Fig. 7), virtually no resistance, the parasites were 

still in the sensitive level (1.00-1.01). Unexpected trend observed in the first 12 passages 

was the reduction in both ED50 and ED99, the parasite seems to have been more sensitive 

to the drug. Probably the initial alterations in proteins expression involved in uptake or 

influx of the drug occurred resulting increased absorption of the drug. Resistance to LM 

therefore proved very difficult to induce in P. berghei ANKA by administration of single 

dose (4.48 mg/kg) at each passage.  

The increase in the I99 to 1.28 at 20
th
 passage indicates that stepwise increase of 

drug pressure dose increased selection pressure (Fig. 7). Although the increased drug 

pressure dose eliminated more sensitive parasites, the parasites were exposed to a higher 

drug concentration, a determining factor in selection of resistance resulting in the slight 

increase in resistance index observed at 20
th
 passage. The observed resistance (I99 of 

1.28) was however too low to allow any conclusion to be made on possible breakthrough 

on selection of LM resistant P. berghei ANKA. Probably several initial genetic events are 

involved in LM resistance. 

The trend seemed to change as I50 and I99 of 5.84 and 6.48 respectively was 

recorded at 28
th

 passage. Probably the increased selection pressure resulted in induction 

of functional mutation. Contrary to selection of AQ resistance, the I99 seemed to increase 

rapidly than I50 (Fig. 5 and Fig. 7). The increment of the LM selection pressure probably 

resulted to amplification of certain genes or fixation of intrinsic (genetic) mutation faster 

than the AQ selection pressure. The emergence of resistance is considered in two parts 

namely the first initial genetic event which produces the resistant mutant and secondly 

survival advantage that sustains selected resistant mutants in presence of the drug (White 
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and Pongtavornpinyo, 2003). Initial genetic events leading to LM resistance seems 

difficult to induce compared AQ and PQ resistance. 

Although the selection process seems slow and very promising in the fight against 

malaria, persistent parasitaemia in malaria endemic areas will increase the risk of LM 

resistance. The fact that LM has not been used extensively as a monotherapy however 

gives hope to the recently introduced ACT (LM/ATM). The strong argument for 

deployment of LM in combination with ATM may only delay the selection for resistance 

but not avoid emergence of resistance to LM. However, their success is still not clear 

owing to the documented selection of pfmdr1Y86N mutation as a potential marker of LM 

resistance in vivo. The fact that the parasites tolerating residues LM have mutated pfmdr1 

gene (Y86N allele) (Sisowath et al., 2005; Dokomajilar et al., 2006) suggest that the 

selected LM resistant phenotypes in this study (an I99 of 6.48) may probably have 

amplified or mutated pbmdr1gene. LM is therefore not immune from being selected for 

resistance. Hence, monitoring LM resistance in areas where the drug is currently being 

used is therefore essential. 

5.3 Development of piperaquine resistance 

The study shows that PQ resistance in P. berghei ANKA GFP can be selected 

relatively easily. An I50 and I99 of 16.46 and 9.20 respectively (Table 3, Fig. 9) recorded 

within four passages of selection pressure after revival of P. berghei ANKA GFP imply 

rapid selection of resistance compared to AQ and LM. The potential for PQ resistance 

was shown in China when piperaquine was used widely as a monotherapy and in mass 

prophylaxis against CQ-resistant P. falciparum (Davis et al., 2005). Probably resistance 

developed rapidly since the P. falciparum were resistant to CQ and due to the similarity 
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in the mode of action of PQ to other quinoline antimalarials. However, from this study, 

resistance to PQ was more pronounced signifying that even drug naive parasites can 

select PQ resistance rapidly as long as the drug selection pressure is maintained. Other 

investigators foresaw a similar problem with PQ when they succeeded in selecting a line 

of P. berghei highly resistant to this compound (Li, 1985; Li et al., 1985). 

Within 12 passages of selection pressure, I50 and I99 of 93.85 and 25.93 

respectively were recorded (Table 3, Fig. 9) confirming the ease with which PQ 

resistance can be maintained. Since the number of parasites exposed to the selection 

pressure dosage determines the rate of emergence of resistance (White and 

Pongtavornpinyo, 2003), higher numbers of recrudescing parasites were exposed to the 

trailing sub-therapeutic levels of PQ in the blood resulting to rapid acquisition of 

mutations that decreased the parasite sensitivity to PQ within a shorter period of 90 days. 

Probably mechanisms allowing frequent genetic recombination exist which resulted in 

rapid emergence of PQ resistance. It may also imply that only few genetic events are 

involved in emergence of PQ resistance. 

Although it is speculative to extrapolate resistance across species and hosts, 

increased use of PQ will increase selection pressure of P. falciparum resistance to this 

drug. Studies carried out in Cameroon suggest that PQ is highly and equally active 

against the CQ-sensitive and the CQ-resistant clinical isolates of P. falciparum (Basco 

and Ringward, 2003). However, PQ-resistant line of P. berghei obtained by serial 

passage under drug pressure in a rodent malaria model, exhibited low level of cross-

resistance between PQ and CQ (Li, 1985). The existence of cross-resistance between CQ 

and PQ coupled with the ease with which PQ resistance was selected in this study 
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suggests that PQ may be selected for resistance easily especially in East Africa where 

high CQ resistance exists.  

PQ rates well on cost, tolerability and pre-existing drug resistance (Davis et al., 

2005) however the ease with which the resistant mutant were selected also cast a huge 

shadow over PQ/DHA. Since long half-life is the most crucial pharmacokinetic feature 

favouring the development of resistance (Hastings et al., 2002), the long terminal 

elimination half-life of PQ is a predisposing factor for the emergence of resistance even 

when in a combination. 

In relating all these findings to the real-life situation in areas of malaria 

endemicity, there will be quite a difference between areas with low malaria transmission 

(low immunity) and those with intensive transmission (high naturally acquired 

immunity). Focusing on the ACTs, artemisinin derivative reduces the number of asexual 

parasites biomass exposed to the second drug, hence reducing the chances of a resistant 

mutant emerging during treatment (Mutabingwa, 2005). This concept might not 

necessarily apply where rate of infections are high. Rapidly eliminated artemisinin 

derivatives never present an immediate drug concentration to infecting malaria parasites 

(Hastings et al., 2002). However, the long elimination phase of PQ, LM and DEAQ will 

provides strong selective filter for resistant infections acquired after the drug treatment. 

Of great concern is that the naturally acquired immunity will mask a failing drug 

resulting to total loss of the drug to resistance. In effective antimalarial drug will 

therefore allow persistent parasite biomass even if the treatment may provide a temporary 

reduction of parasitaemia and clearance of symptoms. This argument further strengthens 

the need to identify LM, PQ and AQ resistance makers and the importance of monitoring 
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the emergence of LM, PQ and AQ resistance in areas where the drugs have been 

extensively used. 

5.4 Stability of PQ resistant line  

Stability test for the resistant phenotypes were initiated by withdrawal of the drug 

selection pressure. On withdrawal of the PQ selection pressure, the growth of PQ 

resistant strains was slow, this can also be evidenced by 4-DT performed after 12
th

 

passage of drug pressure (Table 17, Fig. 19). This may be associated with fitness 

disadvantages (where the mutant parasites are less fit and multiply less well in absence of 

the drug as compared to their drug sensitive counterparts) (White, 2004). Mutations that 

render pathogens resistant to drug treatment are likely to result in a loss of fitness in 

absence of the drug (Walliker et al., 2005). 

Selection of unstable PQ resistant P. berghei ANKA was first reported by Li et 

al., 1985. However, data obtained in this study indicate relative stability exhibited by the 

PQ resistant line, a major breakthrough towards understanding mechanism of resistance 

of PQ. Although a decrease in I50 from 93.85 to 36.23 was observed, it is apparent that I50 

and I99 of 20.85 was still high enough to warrant the conclusion of attaining stable PQ 

resistant line to be used for mechanism of resistance studies (Table 3, Fig. 9). 
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CHAPTER SIX: CONCLUSION AND RECOMMEDATIONS 

6.1 Conclusion 

6.1.1 Selection of AQ resistance 

The ED50, ED90 and ED99 of AQ against parent P. berghei ANKA strain 

(reference line: 676m1cl1) was 0.95, 4.29 and 5.05 mg/kg.day respectively. 

Increases in ED50, ED90 and ED99 to 12.01, 19.13 and 20.73 mg/kg.day 

respectively within 36
th

 passage of drug pressure indicate selection of slight AQ resistant 

line of P. berghei ANKA with I50, I90 and I99 of 12.64, 4.46 and 4.10 respectively. 

6.1.2 Selection of LM resistance  

The ED50, ED90 and ED99 of LM against parent P. berghei ANKA strain 

(reference line: 676m1cl1) was 1.67, 3.93 and 4.48 mg/kg.day respectively  

The increases in ED50, ED90 and ED99 to 9.76, 25.50 and 29.02 mg/kg.day 

respectively after 28
th
 of drug pressure show selection of slight LM resistant line of P. 

berghei ANKA with I50, I90 and I99 of 5.84, 6.48 and 6.48 respectively. 

6.1.3 Selection of PQ resistance 

The ED50, ED90 and ED99 of revived PQ resistant P. berghei ANKA GFP before 

further exposure to drug pressure were 7.50, 21.90 and 24.00 mg/kg.day respectively. 

The ED50, ED90 and ED99 of PQ against P. berghei ANKA GFP after 12
th

 passage 

of drug selection pressure was 122.00, 193.30 and 210.00 mg/kg.day respectively. The 

increase in EDs and consequent rise in I50, I90 and I99 by 93.85, 54.91 and 25.93 

respectively clearly signifies selection of moderate PQ resistant line. 
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Finally, it is apparent that I50 of 36.23 and I99 of 20.85 observed after withdrawal 

of selection pressure indicate selection of stable PQ resistant line that could be used for 

molecular studies. 

6.2 Recommendations 

To select highly PQ, AQ and LM resistant lines (I99 of >100) and to maintain the 

resistance already obtained, drug selection pressure should be continued. 

Studies should be done to investigate cross resistance of PQ resistant line with 

other antimalarial drugs. 

Studies should also be initiated to investigate whether the stability of PQ resistant 

phenotypes will be maintained once the resistant line is cryopreserved. Stability of the 

AQ resistant and LM resistant line should be assessed when moderate resistance (an I50 

and I99 of above 10) is attained. 

Finally, following selection of relatively stable PQ resistant line the study 

recommends investigations into PQ resistance markers mainly targeting the two 

implicated genes (crt and mdr1) associated with reduction in drug efficacy of most 

quinoline based drugs. 
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APPENDICES 

APPENDIX 1: PREPARATION OF BUFFERS AND SOLUTIONS 

Phosphate saline glucose buffer (PSG) 

5.392g   di-sodium hydrogen phosphate (Na2HPO4) 

0.312g   Sodium di-hydrogen phosphate (NaH2PO4.2H2O) 

1.7g   Sodium chloride (NaCl) 

10.0   D-glucose  

Dissolve the mixture in 1 litre of distilled water, sterilize by autoclaving at 121ºC for 15 

minutes and store in dark at 4ºC 

20% glycerol in Phosphate saline glucose buffer  

Two parts of 100% Glycerol solution is mixed with eight parts of PSG to obtain 20% 

glycerol solution. 

Sorensen staining buffer 

1.2705g   Potassium di-hydrogen phosphate (KH2PO4) 

4.275g   di-sodium hydrogen phosphate (Na2HPO4. 2H2O) 

Dissolve the mixture in 2.5 litres of distilled water, pH 7.2. Store at room temperature   

Giemsa stock solution  

3g   Giemsa powder  

300ml    Methanol 

200ml    100% glycerol  

Mix the solution thoroughly for 45-60 minutes. Store at room temperature  

70% Tween-80 and 30% ethanol (stock solution) 

7 parts of Tween-80 is mixed with 3 parts of analytical ethanol 
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APPENDIX 2: IN VIVO ACTIVITY PROFILES OF AMODIAQUINE 

Table 4: In vivo activity of AQ against P. berghei ANKA (reference line: 676 m1cl1) 

parent strain. 

P. berghei 

ANKA 

(676 m1cl1)  TEST N°:     

N°/Cages Substances 
Dosage 

(mg/kg.day) 
Average 

parasitaemia 

% 

parasitaemia  
relative to 

control 
% 

activity 

1 AQ 5 0.19 1.26 98.74 

2 AQ 2.5 5.27 35.28 64.72 

3 AQ 1.25 6.28 41.99 58.01 

4 AQ 0.625 8.23 55.02 44.98 

Control 

7% Tween-80 
in 3% ethanol 

solution  14.95   

 

Fig. 10: Graph showing activity of AQ against parent strain of P. berghei ANKA 

(reference line 676m1cl1). 

ED50 and ED99 of AQ against P. berghei ANKA(676 m1cl1) parent strain
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Table 5: In vivo activity of AQ against P. berghei ANKA (reference line: 676 m1cl1) 

after 4
th
 passage of drug pressure. 

P. berghei 

ANKA 

(676 m1cl1)  TEST N°:     

N°/Cages Substances 
Dosage 

(mg/kg.day) 
Average 

parasitaemia 

% 

parasitaemia  
relative to 

control 
% 

activity 

1 AQ 5 0.15 0.66 99.34 

2 AQ 2.5 2.30 10.32 89.68 

3 AQ 1.25 9.00 40.34 59.66 

4 AQ 0.625 14.25 63.91 36.09 

Control 

7% Tween-80 
in 3% ethanol 

solution  22.30   

 

Fig.11: Graph showing of activity of AQ against P. berghei ANKA (reference line 

676m1cl1) after 4
th
 passage of drug pressure 

ED50 and ED99 of AQ against P.berghei ANKA (676m1cl1) after 4th passage of DP
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Table 6: In vivo activity of AQ against P. berghei ANKA (reference line: 676 m1cl1) 

after 12
th
 passage of drug pressure. 

P. berghei 

ANKA 

(676 m1cl1)  TEST N°:     

N°/Cages Substances 
Dosage 

mg/kg.day 
Average 

parasitaemia 

% 

parasitaemia  
relative to 

control 
% 

activity 

1 AQ 5 0.09 0.33 99.67 

2 AQ 2.5 8.18 29.76 70.24 

3 AQ 1.25 23.04 83.87 16.13 

4 AQ 0.625 21.86 79.59 20.41 

Control 

7% Tween-80 
in 3% ethanol 

solution  27.47   

 

Fig. 12: Graph showing of activity of AQ against P. berghei ANKA (reference line 

676m1cl1) after 12
th
 passage of drug pressure 

ED50 and ED99 of AQ against P.berghei ANKA (676m1cl1) after 12th passage of DP

% Parasitaemia relative to control
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Table 7: In vivo activity of AQ against P. berghei ANKA (reference line: 676 m1cl1) 

after 20
th
 passage of drug pressure. 

P. berghei 

ANKA 

(676 m1cl1)  TEST N°:     

N°/Cages Substances 
Dosage 

mg/kg.day 
Average 

parasitaemia 

% 

parasitaemia  
relative to 

control 
% 

activity 

1 AQ 5 0.11 0.52 99.48 

2 AQ 2.5 10.67 52.29 47.71 

3 AQ 1.25 16.85 82.52 17.48 

4 AQ 0.625 17.96 87.96 12.04 

Control 

7% Tween-80 
in 3% ethanol 

solution  20.41   

 

Fig. 13: Graph showing of activity of AQ against P. berghei ANKA (reference line 

676m1cl1) after 20
th
 passage of drug pressure 

ED50 and ED99 of AQ against P.berghei ANKA (676m1cl1) after 20th passage of DP

% Parasitaemia relative to control 
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 Table 8: In vivo activity of AQ against P. berghei ANKA (reference line: 676 m1cl1) 

after 28
th
 passage of drug pressure. 

P. berghei 

ANKA 

(676 m1cl1)  TEST N°:     

N°/Cages Substances 
Dosage 

mg/kg.day 
Average 

parasitaemia 

% 

parasitaemia  
relative to 

control 
% 

activity 

1 AQ 20 0.12 1.32 98.68 

2 AQ 10 0.32 3.56 96.44 

3 AQ 5 1.28 14.11 85.89 

4 AQ 2.5 6.55 71.92 28.08 

Control 

7% Tween-80 
in 3% ethanol 

solution  9.10   

 

Fig. 14: Graph showing of activity of AQ against P. berghei ANKA (reference line 

676m1cl1) after 28
th
 passage of drug pressure. 

ED50 and ED99 of AQ against P.berghei ANKA (676m1cl1) after 28th passage of DP

% Parasitaemia relative to control
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Table 9: In vivo activity of AQ against P. berghei ANKA (reference line: 676 m1cl1) 

after 36
th
 passage of drug pressure. 

P. berghei 

ANKA 

(676 m1cl1)  TEST N°:    

N°/Cages Substances 
Dosage 

mg/kg.day 
Average 

parasitaemia 

% 
parasitaemia  

relative to 
control 

% 
activity 

1 AQ 30 0.31 3.87 96.13 

2 AQ 20 0.28 3.40 96.60 

3 AQ 10 0.52 6.45 93.55 

4 AQ 5 7.39 90.94 9.06 

Control 

7% Tween-80 
in 3% ethanol 

solution  8.12   

 

Fig. 15: Graph showing of activity of AQ against P. berghei ANKA (reference line 

676m1cl1) after 36
th
 passage of drug pressure 

ED50 and ED99 of AQ against P.berghei ANKA (676m1cl1) after 36th passage of DP

% Parasitaemia relative to control

C
o
n
c
e
n
tr

a
ti
o
n
 (

m
g
/k

g
.d

a
y
) 

0

5

10

15

20

25

30

35

0 10 20 30 40 50 60 70 80 90 100

ED50 = 12.01 mg/kg.day

ED90 = 19.13 mg/kg.day

ED99 = 20.73 mg/kg.day

 



 82 

APPENDIX 3: IN VIVO ACTIVITY PROFILES OF LUMEFANTRINE 

Table 10: In vivo activity of LM against P. berghei ANKA (reference line: 676 m1cl1) 

parent strain. 

P. berghei 

ANKA 

(676 m1cl1)  TEST N°:    

N°/Cages Substances 
Dosage 

mg/kg.day 
Average 

parasitaemia 

% 

parasitaemia  
relative to 

control 
% 

activity 

1 LM 6 0.18 1.27 98.73 

2 LM 3 0.39 2.73 97.27 

3 LM 1.5 6.17 43.65 56.35 

4 LM 0.75 10.30 72.87 27.13 

Control 

7% Tween-80 
in 3% ethanol 

solution  14.13   

 

Fig. 16: Graph showing activity of LM against parent strain of P. berghei ANKA 

(reference line 676m1cl1). 

ED50 and ED99 of LM against P.berghei ANKA (676m1cl1) (parent strain)
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Table 11: In vivo activity of LM against P. berghei ANKA (reference line: 676 m1cl1) 

after 4
th
 passage of drug pressure. 

P. berghei 

ANKA 

(676 m1cl1)  TEST N°:    

N°/Cages Substances 
Dosage 

mg/kg.day 
Average 

parasitaemia 

% 

parasitaemia  
relative to 

control 
% 

activity 

1 LM 6 0.08 0.87 99.13 

2 LM 3 0.18 1.94 98.06 

3 LM 1.5 1.83 19.32 80.68 

4 LM 0.75 6.51 68.69 31.31 

Control 

7% Tween-80 
in 3% ethanol 

solution  9.47   

 

Fig. 17: Graph showing of activity of LM against P. berghei ANKA (reference line 

676m1cl1) after 4
th
 passage of drug pressure. 

ED50 and ED99 of LM against P.berghei ANKA (676m1cl1) after 4th passage of DP
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Table 12: In vivo activity of LM against P. berghei ANKA (reference line: 676 m1cl1) 

after 12
th
 passage of drug pressure. 

P. berghei 

ANKA 

(676 m1cl1)  TEST N°:    

N°/Cages Substances 
Dosage 

mg/kg.day 
Average 

parasitaemia 

% 

parasitaemia  
relative to 

control 
% 

activity 

1 LM 6 0.10 0.45 99.55 

2 LM 3 0.16 0.72 99.28 

3 LM 1.5 1.39 6.20 93.80 

4 LM 0.75 16.39 73.35 26.65 

Control 

7% Tween-80 
in 3% ethanol 

solution  22.34   

 

Fig. 18: Graph showing of activity of LM against P. berghei ANKA (reference line 

676m1cl1) after 12
th
 passage of drug pressure 

ED50 and ED99 of LM against P.berghei ANKA (676m1cl1) after 12th passage of DP

% Parasitaemia relative to control
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Table 13: In vivo activity of LM against P. berghei ANKA (reference line: 676 m1cl1) 

after 20
th
 passage of drug pressure. 

P. berghei 

ANKA 

(676 m1cl1)  TEST N°:    

N°/Cages Substances 
Dosage 

mg/kg.day 
Average 

parasitaemia 

% 

parasitaemia  
relative to 

control 
% 

activity 

1 LM 6 1.90 15.69 84.31 

2 LM 3 3.97 32.77 67.23 

3 LM 1.5 7.51 61.98 38.02 

4 LM 0.75 12.06 99.45 0.55 

Control 

7% Tween-80 
in 3% ethanol 

solution  12.12   

 

Fig. 19: Graph showing of activity of LM against P. berghei ANKA (reference line 

676m1cl1) after 20
th
 passage of drug pressure 

ED50 and ED99 of LM against P.berghei ANKA (676m1cl1) after 20th passage of DP
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Table 14: In vivo activity of LM against P. berghei ANKA (reference line: 676 m1cl1) 

after 28
th
 passage of drug pressure. 

P. berghei 

ANKA 

(676 m1cl1)  TEST N°:    

N°/Cages Substances 
Dosage 

mg/kg.day 
Average 

parasitaemia 

% 

parasitaemia  
relative to 

control 
% 

activity 

1 LM 20 2.93 29.41 70.59 

2 LM 10 4.10 41.13 58.87 

3 LM 5 6.45 64.77 35.23 

4 LM 2.5 3.97 39.79 60.21 

Control 

7% Tween-80 
in 3% ethanol 

solution  9.96   

 

Fig 20: Graph showing of activity of LM against P. berghei ANKA (reference line 

676m1cl1) after 28
th
 passage of drug pressure 
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APPENDIX 4: IN VIVO ACTIVITY PROFILES OF PIPERAQUINE  

Table15: In vivo activity of PQ against P. berghei ANKA GFP before further exposure to 

selection pressure. 

P. berghei 

ANKA GFP  TEST N°:    

N°/Cages Substances 
Dosage 

mg/kg.day 
Average 

parasitaemia 

% 
parasitaemia  

relative to 
control 

% 
activity 

1 PQP 30 0.22 2.43 97.57 

2 PQP 15 0.69 7.72 92.28 

3 PQP 7.5 4.06 45.76 54.24 

4 PQP 3.75 5.85 65.82 34.18 

Control 

7% Tween-80 
in 3% ethanol 

solution  8.88   

 

Fig. 21: Graph showing activity of PQ against P. berghei ANKA GFP before further 

exposure to selection pressure. 
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Table 16: In vivo activity of PQ against P. berghei ANKA GFP after 4
th
 passage of drug 

pressure 

P. berghei 

ANKA GFP  TEST N°:    

N°/Cages Substances 
Dosage 

mg/kg.day 
Average 

parasitaemia 

% 
parasitaemia  

relative to 
control 

% 
activity 

1 PQP 60 0.92 17.61 82.39 

2 PQP 30 2.02 38.45 61.55 

3 PQP 15 2.69 51.30 48.70 

4 PQP 7.5 3.52 67.04 32.96 

Control 

7% Tween-80 
in 3% ethanol 

solution  5.25   

 

Fig. 22: Graph showing of activity of PQ against P. berghei ANKA GFP after 4
th
 passage 

of drug pressure. 
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Table 17: In vivo activity of PQ against P. berghei ANKA GFP after 12
th

 passage of drug 

pressure 

P. berghei 

ANKA GFP  TEST N°:    

N°/Cages Substances 
Dosage 

mg/kg.day 
Average 

parasitaemia 

% 
parasitaemia  

relative to 
control 

% 
activity 

1 PQP 150 2.31 36.48 63.52 

2 PQP 100 4.08 64.37 35.63 

3 PQP 50 5.21 82.14 17.86 

4 PQP 25 6.91 108.96 -8.96 

Control 

7% Tween-80 
in 3% ethanol 

solution  6.34   

 

Fig. 23: Graph showing of activity of PQ against P. berghei ANKA GFP after 12
th

 

passage of drug pressure. 
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Table 18: In vivo activity of PQ against PQ resistant P. berghei ANKA GFP after five 

drug free passages 

P. berghei 

ANKA GFP  TEST N°:    

N°/Cages Substances 
Dosage 

mg/kg.day 
Average 

parasitaemia 

% 
parasitaemia  

relative to 
control 

% 
activity 

1 PQP 150 1.63 15.25 84.75 

2 PQP 100 3.14 29.38 70.62 

3 PQP 50 3.89 36.33 63.67 

4 PQP 25 6.86 64.10 35.90 

Control 

7% Tween-80 
in 3% ethanol 

solution  10.70   

 

Fig. 24: Graph showing of activity of PQ against PQ resistant P. berghei ANKA GFP 

after five drug free passages. 
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