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Abstract

ABSTRACT

EFFICACY ENHANCEMENT OF THE ANTIMALARIAL DRUGS,
MEFLOQUINE AND ARTESUNATE, WITH PHEROID™
TECHNOLOGY

Malaria is currently one of the most imperative parasitic diseases in developing countries.
Artesunate has a short half-life, low aqueous solubility and resultant poor and erratic absorption
upon oral administration, which translate to low bioavailability. Mefloquine is eliminated siowly
with a terminal elimination half-life of approximately 20 days and has neuropsychiatric side
effects. Novel drug delivery systems have been utilised to optimise chemotherapy with currently
available antimalarial drugs. Pheroid™ technology is a patented drug delivery system which
has the ability to capture, transport and deliver pharmaceutical compounds. Pheroid™
technology may play a key role in ensuring effective delivery and enhanced bioavailability of
novel antimalarial drugs. The aim of this study was to evaluate the possible efficacy and
bioavailability enhancement of the selected antimalarial drugs, artesunate and mefioquine, in
combination with Pheroid™ vesicles.

The in vitro efficacy of artesunate and mefloquine, co-formulated in the oil phase of Pheroid™
vesicles and entrapped in Pheroid™ vesicles 24 hours after manufacturing were investigated
against a 3D7 chloroquine-sensitive strain of Plasmodium falciparum. Parasitemia (%) was
quantified with flow cytometry after incubation periods of 48 and 72 hours. Drug sensitivity was
expressed as 50% inhibitory concentration (ICs) values. An in vivo bioavailability study with
artesunate and mefloquine was also conducted in combination with Pheroid™ vesicles, using a
mouse model. A sensitive and selective liquid chromatography- tandem mass spectrometry
(LC-MS/MS) method was developed to analyse the drug levels. C57 BL6 mice were used
during this study. The selected antimalarial drugs were administered at a dose of 20 mg/kg with

an oral gavage tube. Blood samples were collected by means of tail bleeding.

The in vitro drug sensitivity assays revealed that artesunate, co-formulated in the oil phase of
Pheroid™ vesicles and evaluated after a 48 hour incubation period, decreased the ICs
concentration significantly by 90%. Extending the incubation period to 72 hours decreased the
ICsy concentration of artesunate, also co-formulated in the oil phase of Pheroid™ vesicles
significantly by 72%. No statistically significant differences between the reference and

Pheroid™ vesicle groups were achieved when artesunate was entrapped 24 hours after
Xiv
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manufacturing of Pheroid™ vesicles. Mefloquine co-formulated in the oil phase of Pheroid™
vesicles and evaluated after a 48 hour incubation period decreased the IC5, concentration by
36%. Extending the incubation period to 72 hours increased the efficacy of the Pheroid™
vesicles and the 1Cs concentration was significantly decreased by 51%. In contrast with the
results obtained with artesunate, entrapment of mefloquine in Pheroid™ vesicles 24 hours after

manufacturing decreased the IC5y concentration significantly by 66%.

The LC-MS/MS method was found to be sensitive, selective and accurate for the determination
of artesunate and its active metabolite, dihydroartemisinin (DHA) in mouse plasma and
mefloguine in mouse whole blood. Most of the artesunate plasma concentrations were below
the limit of quantification in the reference group and relatively high outliers were observed in
some of the samples. The mean artesunate levels of the Pheroid™ vesicle group were lower
compared to the reference group, but the variation within the Pheroid™ vesicle group lessened
significantly. The mean DHA concentrations of the Pheroid™ vesicle group were significantly
higher. DHA obtained a higher peak plasma drug concentration with the Pheroid™ vesicle
group (173.0 ng/ml) in relation to the reference group (105.0 ng/ml) and at a much faster time
(10 minutes in Pheriod™ vesicles in contrast fo 30 minutes of the reference group).
Pharmacokinetic models could not be constructed due to blood sampling per animal limitation.
The incorporation of mefloquine in Pheroid™ vesicles did not seem to have improved results in
relation to the reference group. No statistical significant differences were observed in the
pharmacokinetic parameters between the two groups. The relative biocavailability (%) of the

Pheroid™ vesicle incorporated mefloquine was 7% less bioavailable than the reference group.

Keywords: Malaria, artesunate, mefloquine, in vifro drug sensitivity assays, flow cytometry,
bioavailability, LC-MS/MS methods.
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UITTREKSEL

EFFEKTIWITEITSVERHOGING VAN DIE ANTIMALARIA
GENEESMIDDELS, MEFLOKIEN EN ARTESUNAAT, MET
PHEROID" TEGNOLOGIE

Malaria is tans een van die belangrikste parasitiese siektes in ontwikkelende lande. Artesunaat
het 'n kort half-leeftyd, lae wateroplosbaarheid en gevolglike swak en onreélmatige absorpsie na
orale toediening, wat aanleiding gee tot lae biobeskikbaarheid. Meflokien word stadig ge-
elimineer met 'n terminale eliminasie half-leeftyd van ongeveer 20 dae en toon sentrale
senuweestelsel newe-effekte. Nuwe geneesmiddel afleweringsisteme word gebruik om die
effektiwiteit van huidige antimalaria geneesmiddels te verbeter. Pheroid™ tegnologie is n
gepatenteerde geneesmiddel afleweringsisteem wat die vermoé het om aktiewe bestanddele te
enkapsuleer, te vervoer en af te lewer. Pheroid™ tegnologie kan dus moontlik ‘n belangrike rol
speel in effektiewe aflewering en dus verbeterde biobeskikbaarheid van huidige antimalaria
geneesmiddels. Die doel van hierdie studie was om die moontlike verhoogde effektiwiteit en
biobeskikbaarheid van geselekteerde antimalaria geneesmiddels, naamlik artesunaat en

meflokien, in kombinasie met Pheroid™ vesikels te ondersoek.

Die in vitro effektiwiteit van artesunaat en meflokien, geformuleer in die olie fase van Pheroid™
vesikels en ge-enkapsuleer in Pheroid™ vesikels 24 uur na vervaardiging was getoets op ‘n 3D7
chlorokien-sensitiewe vorm van Plasmodium falciparum. Parasitemia (%) was geanaliseer met
behulp van ’'n vlcei-sitometriese metode, na inkubasie periodes van 48 en 72 uur.
Geneesmiddel-sensitiwiteit is uitgedruk as 50% inhibisie konsentrasie (ICs). n /n vivo
biobeskikbaarheidstudie was ook met artesunaat en meflokien in kombinasie met Pheroid™
vesikels uitgevoer deur gebruik te maak van n muis model. n Sensitiewe en selektiewe
vloeistof chromatografie- tandem massa spektrometrie (LC-MS/MS) metode was ontwikkel om
die geneesmiddelviakke te bepaal. C57 BL6 muise was gebruik gedurende hierdie studie. Die
gekose antimalaria geneesmiddels was toegedien teen n dosis van 20 mg/kg met behulp vann
orale maagspoelbuis. Bloedmonsters was geneem deur midde! van stert-bloeding.

Die in vitro geneesmiddel-sensitiwiteitstoetse het getoon dat artesunaat, geformuleer in die olie
fase van Pheroid™ vesikels, gemeet na n inkubasie periode van 48 uur, die [C5y waarde
betekenisvol met 90% verlaag het. Verlenging van die inkubasie periode na 72 uur het die |Cg
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waarde van artesunaat, ook geformuleer in die olie fase van Pheroid™ vesikels, betekenisvol
met 72% verlaag. Daar was egter geen statisties betekenisvolle verskille bereik tussen die
verwysings- en Pheroid” vesikel groepe nadat artesunaat 24 uur na vervaardiging ge-
enkapsuleer was in Pheroid™ vesikels nie. Meflokien geformuleer in die olie fase van Pheroid™
vesikels en getoets na ‘n 48 uur inkubasie periode het die 1Cs konsentrasie verlaag met 36%.
Verlenging van die inkubaise periode na 72 uur het die effektiwiteit van die Pheroid™ vesikels
verhoog en die ICs konsentrasie was betekenisvol verlaag met 51%. In teenstelling met die
resultate verkry met artesunaat, het meflokien ge-enkapsuleer in Pheroid™ vesikels 24 uur na

vervaardiging die 1Csy konsentrasie betekenisvol verlaag het met 66%.

Die LC-MS/MS metode was sensitief, selektief en akkuraat vir die bepaling van artesunaat en
sy aktiewe metaboliet dihidroartemisien (DHA) in muis plasma en meflokien in muis heelbloed.
Meeste van die artesunaat plasma-konsentrasies was onder die limiet vir kwantifisering in die
verwysingsgroep en relatiewe hoé uitskieters was waargeneem in sommige van die monsters.
Die gemiddelde artesunaat-vlakke van die Pheroid™ vesikel groep was laer in vergelyking met
die verwysingsgroep, maar die intervariasie van die Pheroid™ vesikel groep was aansienlik
minder. Die gemiddelde DHA konsentrasies van die Pheroid™ vesikel groep was aansienlik
hoér. DHA het 'n hoé&r piek plasma-konsentrasie teen ‘n vinniger tydperk bereik in die Pheroid™
vesikel groep (173.0 ng/ml na 10 minute) in vergelyking met die verwysingsgroep (105.0 ng/ml
na 30 minute). Farmakokinetiese modelle kon egter nie gepas word nie as gevolg van die
bloedmonsterneming limiet per muis. Meflokien geinkorporeer in Pheroid™ vesikels het nie
merkwaardig beter resultate in vergelyking met die verwysingsgroep opgelewer nie. Daar was
geen statisties betekenisvolle verskille tussen die twee groepe se farmakokinetiese parameters
nie. Die relatiewe biobeskikbaarheid (%) van meflokien geinkorporeer in Pheroid™ vesikels was
7% minder biobeskikbaar as die verwysingsgroep.

Sleutelwoorde: Malaria, artesunaat, meflokien, in vitro geneesmiddel sensitiwiteitstoetse,
vioei-sitometrie, biobeskikbaarheid, LC-MS/MS metodes.
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INTRODUCTION AND AIM OF STUDY

Nobel Prize winner Sir MacFarlane Burmnet said “If we take as our standard of importance the
greatest harm to the greatest number, then there is no question that malaria is the most
important of all infectious diseases”. Malaria is an infectious disease caused by parasites of the
Plasmodium genus. The parasites are primarily hosted by female Anopheles mosquitoes,
which act as vectors that transmit the protozoan organisms to humans when feeding. There are
four known species that infect humans: Plasmodium falciparum, Plasmodium vivax,
Plasmodium ovale and Plasmodium malariae, however, P. falciparum can be held liable for the
majority of malaria infections (WHO, 2008). Nearly half of the world’s population is at risk of
contracting malaria. In 2008, 109 countries were endemic for malaria (WHQO, 2008). Malaria
incidence has increased during the last decade, despite efforts to control the disease. Several
reasons for deterioration of malaria control are climate instability, global warming, civil
disturbances, increasing travel, infection with human immunodeficiency virus (HIV) as well as

insecticide- and multiple drug resistance (Greenwood & Mutabingwa, 2002).

Current effective antimalarial drugs are frequently limited in application for chemotherapy
strategies due to poor aqueous solubility, low bioavailability, high toxicity and multiple drug
resistance (Santos-Magalhges & Mosqueira, 2009). As an artemisinin derivative, the efficacy of
artesunate is impaired by its short plasma half-life, its low aqueous solubility and resultant poor
and erratic absorption upon oral administration, as well as a high rate of recrudescence when
used alone as monotherapy (Kongpatanakul et al., 2007). The poor solubility and erratic
absorption of this drug usually translate to low bioavailability. Mefloquine is eliminated slowly
with a terminal elimination half-life of approximately 20 days. Neuropsychiatric toxicity
associated with mefloquine has received a great deal of publicity. However, tolerability is
improved by splitting administration of the drug into two doses, separated by six to eight hours,
or by administering the drug after artesunate in combination treatment (Rosenthal, 2004;
Smithuis et al., 2004). Moreover, resistance to mefloquine was reported as early as five years
after its introduction as a prophylactic agent in parts of Thailand (Wongsrichanalai et al., 2002).
There is thus a growing concern about toxicity and especially resistance emerging towards the
drug. Malaria treatment is therefore far from optimal and this can lead to relapse infections and

increased drug resistance.
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Nanosized lipid-based colloidal drug carriers such as liposomes and nano- and micro-emulsions
have received special attention to antimalarial drug delivery with the aim of improving the
pharmacokinetic profile of current effective antimalarial drugs (Santos-Magalhdes & Mosqueira,
2009). The purpose of a drug delivery system is to control pharmacological parameters such as
efficacy and bioavailability. The Pheriod™ drug delivery system may play a key role in ensuring
effective delivery and enhanced bioavailability of current antimalarial compounds. Pheroid™
technology is a patented, novel, colloidal type drug delivery system which consists primarily of
plant and essential fatty acids that have been emulsified in water and saturated with nitrous
oxide (Grobler, 2004). Pheroid™ vesicles are small vesicle like structures with a bilayer
membrane and a hydrophyllic core (du Plessis et al., 2009). Pheroid™ vesicles have the ability
to entrap both hydrophilic and hydrophobic drugs. Drugs can be formulated with Pheroid™
vesicles by either co-formulating the drugs in the oil phase of the Pheroid™ vesicles during
manufacturing, or by allowing drug entrapment to take place over a period of 24 hours after

manufacturing of the Pheroid™ vesicles.

Malaria in vitro drug efficacy assays are a versatile laboratory tool that is regarded as
indispensable for drug screening. It is used in malaria experimental studies to determine the
efficacy of drugs, drug interactions, to assess the degree of cross resistance between
Plasmodium species and to compare the response of pre-treatment and post-treatment in
clinical isolates. Another important function of in vitro drug efficacy assays is to evaluate the
effect of drugs on various stages of the erythrocytic cycle of P. falciparum. P. falciparum
completes an erythrocytic cycle in 48 hours in vivo and the duration of this cycle is similar in
vitro. The incubation period for in vitro drug efficacy assays varies from 24 to 96 hours,
depending on the method of analysis or the drugs be.ing tested. In the standard assay, the
incubation period is 48 hours, i.e. within the first erythrocytic cycle. By delaying the incubation
period to 72 hours, one can evaluate whether drugs have a delayed inhibitory effect on

parasites after the first completed erythrocytic cycle (Basco, 2007).

In vitro studies have greater impact when combined with in vivo studies, including
pharmacokinetic (bioavailability) studies. Simultaneous analyses of in vifro efficacy and in vivo
bioavailability have the added advantage of establishing a threshold concentration, which can
be used in clinical trials (Fidock ef al., 2004).

The broad objective of this study was to evaluate the possible efficacy enhancement of the
selected antimalarial drugs, artesunate and mefloquine in combination with Pheroid™
technology in vitro, as well as the possible enhancement of bioavailability in vivo.

The specific aims of this study were:
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¢ analysing the in vitro efficacy of artesunate and mefloquine, alone and in combination
with Pheroid™ vesicles against a 3D7 chloroquine-sensitive strain of P. falciparum via
flow cytometry using a standard 48 hour in vitro test;

o to evaluate the effect of two different formulation methods with Pheroid™ vesicles,
namely co-formulating artesunate and mefloguine in the oil phase of Pheroid™ vesicles
during manufacturing, as wel as entrapment of the drugs in the Pheroid™ vesicles for 24
hours after manufacturing, utilising in vitro drug efficacy assays;

o to evaluate whether the drugs co-formulated with Pheroid™ vesicles or entrapped within
the Pheroid™ vesicles for 24 hours have an influence on the stage specificity of the
malaria parasite, by performing the in vitro efficacy assay with an extended incubation
period of 72 hours;

+ the development and validation of a sensitive and accurate LC-MS/MS method for
evaluation of the levels of artesunate in mouse plasma and mefloquine in mouse whole
blood;

+ to evaluate the in vivo bioavailability of artesunate and mefloquine, alone and in
combination with Pheroid™ vesicles in mouse plasma and —whole blood respectively,
using pharmacokinetic models.

This dissertation presents a review of the relevant literature regarding malaria (Chapter 1),
antimalarial drugs (Chapter 2) and Pheroid™ technology (Chapter 3). Chapter 4 describes the in
vitro evaluation of the experimental compounds and reports and discusses the results obtained.
Chapter 5 describes the in vivo evaluation of the experimental compounds and reports and
discusses the results obtained. Finally, conclusions are drawn and recommendations are
made.
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CHAPTER 1

MALARIA, AN ANCIENT DISEASE

1.1 Introduction

Parasitic diseases are of immense global significance as approximately 30% of the world's
population is infected with some kind of parasitic pathogen. Moreover, parasitic infections
impose a substantial burden of morbidity and mortality around the globe, but especially in
developing countries (Edwards & Krishna, 2004). As depicted in Table 1.1, malaria is currently
considered the world’s most important parasitic infection in humans, being the most widespread
illness with almost half of the world’s population at risk of contracting this disease (WHO, 2008).
The name malaria was derived from the Italian term “mal’aria® meaning “bad air”, because the
disease was thought to be caused by inhaling air from marshy or swampy areas. Malaria was

commonly referred to as “swamp fever” (CDC, 2004; Tuteja, 2007).

Table 1.1: Global burden of some of the most important parasitic diseases (TDR:

available at www.who.int.tdr/diseases/default.htm).

Mortality *DALY’s
Disease
(thousands) (thousands)

Malaria 1272 46,486
Leishmaniasis 51 2090
African trypanosomiasis 48 1525
South American- 14 667
trypanosomiasis

Schistosomiasis 15 1702
Lymphatic filariasis 0 5777
Onchocerciasis 0 484

*DALY’s: disability adjusted life years (the number of healthy

years lost due to premature death and disability).
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Before 1940, about two-thirds of the world’s population lived in malaria endemic areas. During
the 1950’s and 1960’s, the disease was eradicated from most temperate regions because the
insecticide dichloro-diphenyl-trichloroethane (DDT) made it possible to control mosquitoes
inexpensively. However, it did not take long for DDT-resistant mosquitoes to emerge and
Plasmodium falciparum, one of the causative pathogens of malaria, soon became drug
resistant. These blows brought a resurgence of malaria during the 1970's. The elimination of
malaria from most of Europe and North America and the failure of the global malaria eradication
programme led to a loss of interest in malaria for a period of about 25 years, from the early
1970's to the late 1990’s. Thus, for many years there was little change in morbidity and
mortality of malaria, especially in Africa (Ingraham & Ingraham, 2000; Greenwood &
Mutabingwa, 2002). Malaria is as prevalent today as it was early in the 20% century, only its
distribution has changed. Malaria today is confined almost exclusively to tropical and sub-
tropical countries of the world (CDC, 2004).

Nearly 40% of the world’s population is at risk of contracting malaria. In 2008, 109 countries
were endemic for malaria, 45 of which were within the World Health Organisation’s (WHQO)
African Region. The latest world malaria report by the WHO estimated 247 million clinical
malaria cases worldwide in 2006, of which 91% were due to P. falciparum. The majority of
cases were in the African region (86%), followed by the South-East Asian (9%) and Eastern
Mediterranean (3%) regions (WHO, 2008). In the same year, an estimated 881 000 deaths
occurred worldwide due to malaria, 90% of which were in the African region and 4% in each of
the South-East Asian and Eastern Mediterranean regions. The risk of death from malaria is
thus considerably higher in Africa than other parts of the world. An estimated 85% of all deaths
occur in children under five years of age, particularly in the sub-Saharan region of Africa (WHO,
2008).

Although most deaths from malaria arise in Africa, evidence suggests that the actual number of
clinical episodes of P. falciparum malaria is higher than that widely quoted and that morbidity
due to malaria in Asia has been greatly underestimated, including that due to Plasmodium vivax
infections (Hay ef al., 2004). The actual number of clinical cases of malaria and its impact is
probably underestimated by current surveillance approaches (Fevre & Barnish, 1999; Snow et
al., 2005). One reason for this statement is that, in countries where malaria infection is
frequent, residents often recognise the symptoms as malaria and treat themselves without
seeking diagnostic confirmation (CDC, 2006). The effect of malaria extends far beyond these
direct measures of mortality and morbidity. The current social, economic and medical impact of

malaria is immense, as this massive burden of disease is borne disproportionably by some of
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the poorest countries in the world and is in itself an obstacle to economic growth (Sachs &
Malaney, 2002).

In addition to the actual numbers affected by malaria being underestimated, malaria incidence
has increased during the la_st decade, despite efforts to control the disease. Several reasons for
deterioration of malaria control are climate instability and global warming, civil disturbances,
increasing travel, infections with human immunodeficiency virus (HIV) and insecticide resistance
(Greenwood & Mutabingwa, 2002). However, the main cause of the worsened malaria situation
recorded in recent years has been the spread of drug resistant Plasmodium parasites (White et
al., 1999).

This chapter provides an overview of the epidemiology of malaria and the Plasmodium spp. life
cycle. The clinical symptoms and pathogenesis of the disease are described and finally, the

methods for diagnosis and the basic trends for the treatment of malaria are discussed.

1.2 Epidemiology of malaria

The main driving force behind the prevention of malaria has been the science of epidemiology
combined with public health programs. Epidemiology is the study of when and where diseases
occur and how they are transmitted. Public health programs develop and implement ways fo
prevent and control disease. Epidemiology thus generates the information needed to carry out

effective public health programs (Ingraham & Ingraham, 2000).
1.2.1 Insect vectors and malaria-causing pathogens

In 1880, Charles Louis Alphonse Laveran, a French army surgeon, was the first to notice
parasites in the blood of a patient suffering from malaria. In 1897, Sir Ronald Ross, a British
officer in the Indian Medical Service, discovered that mosquitoes transmitted malaria. The
ltalian professor Giovanni Batista Grassi subsequently showed that human malaria could only
be transmitted by Anopheles mosquitoes (CDC, 2004). Of the approximately 400 Anopheles
species throughout the world, about 60 are malaria vectors under natural conditions, of which
30 are of major importance (Tuteja, 2007). Female Anopheles mosquitoes take blood meals to
carry out egg production and such blood meals are the link between the human and mosquito
hosts in the parasite’s life cycle. In contrast with the human host, the mosquito vector does not
suffer noticeably from the presence of the parasites (CDC, 2004).
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The malaria parasite is a Plasmodian protozoan species, which evolved over time,
differentiating into four distinct species important to man - Plasmodium falciparum, Plasmodium
vivax, Plasmodium ovale and Plasmodium malariae (CDC, 2004). These species differ
morphologically, immunologically, in their geographic distribution, in their relapse patterns and in
their drug responses (Tuteja, 2007). The least common malaria parasite is P. ovale, which is
almost exclusively restricted to West Africa, while P. malariae is found worldwide, mainly in
Africa, but also with relatively low frequency. The most prevalent malaria parasite is P. vivax,
which rarely causes death, but contributes substantially to the disease burden of malaria (CDC,
2004; Tuteja, 2007). P. falciparum is the predominant specie in most endemic countries and is
found particularly in sub-Saharan Africa. P. falciparum is the causative agent of severe,
potentially fatal malaria and accounts for the preponderance of global morbidity and mortality,
causing an estimated 2,7 million deaths annually, of which the primary victims are young
children in Africa (WHO 2008).

1.2.2 Incidence and geographic distribution of malaria

It has been reported that malaria directly causes about 1 million deaths per year or 3000 deaths
a day and that most of these deaths occur in African children. Of the 500 million clinical attacks
of malaria that occur every year, 2-3 million are categorised as severe attacks (CDC, 2007;
WHO, 2008).

Climate is a key determinant in the geographic distribution and the seasonality of malaria, as it
can influence all three components of the Plasmodium life cycle, namely Anopheles
mosquitoes, humans and Plasmodium parasites. Malaria today is confined almost exclusively
to tropical and subtropical countries where climatic factors such as temperature, humidity and
rainfall are ideal for the survival and multiplication of Anopheles mosquitoes. Temperature is
particularly critical for malaria parasites to complete their growth cycle or extrinsic incubation
period in the mosquitoes. Warmer ambient temperatures shorten the duration of this extrinsic

cycle, thus increasing the chances of transmission (CDC, 2004).

Malaria has a worldwide distribution with many areas of the tropics endemic for the disease. A
global malaria distribution map is shown in Figure 1.1. The highest transmission is found in
sub-Saharan Africa (WHO, 2008). There are however major differences in the prevalence of
malaria between countries in Africa, between districts in the same country and even between
villages situated only a mile or two apart. Consideration of the whole of tropical Africa as an

area of hyper-endemic malaria transmission is however a simplification of a very complex
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epidemiological situation (Greenwood & Mutabingwa, 2002). Interventions to control malaria
are discussed in Section 1.6.

Light grey: no risk

Medium grey: unstable risk
Light red: low risk

Medium red: intermediate risk
Dark red: high risk

Figure1.1: Global malaria endemicity (Modified from MAP: available at

www.map.ox.ac.uk).

1.3 The Plasmodium spp. life cycle

Knowledge of the life cycle of Plasmodium is a key to understanding the clinical manifestations,
treatment and research on malaria (Daily, 2006). Plasmodium is an obligate endoparasite and
has a complex life cycle that requires specialised protein expression for survival in both the
insect and human hosts. These proteins are required for both intracellular and extracellular
survival, the invasion of a variety of cell types and the evasion of host immune responses
(Tuteja, 2007). Sexual reproduction, called sporogony, occurs in female Anopheles mosquitoes
and asexual reproduction, called schizogony, takes place in the liver and red blood cells of the
human host (Ingrham & Ingraham, 2000). The multifaceted life cycle of Plasmodium spp. is

presented in Figure 1.2.


http:www.map.ox.ac.uk
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Figure 1.2: A schematic presentation of the Plasmodium spp. life cycle (Ménard, 2005).

1.3.1 Exo-erythrocytic or tissue schizogony (initial asexual replication of the
parasite in the human host’s liver)

During a blood meal, a Plasmodium-infected female Anopheles mosquito inoculates the
sporozoite form of the protozoan from its salivary glands into the human host's bloodstream.
Sporozoites migrate to the liver where they infect liver cells (hepatocytes), undergo asexual
replication and mature into schizonts, which subsequently rupture from the hepatocytes,
releasing another morphological form of the parasite (merozoites) into the bloodstream
(Ingraham & Ingraham, 2000; CDC, 2006).

1.3.2 Erythrocytic schizogony (asexual multiplication of the parasite in the human

host’s red blood cells)

Merozoites infect red blood cells and rapidly replicate into early ring stage trophozoites and
finally into schizonts. The morphological differences between these specific merozoite phases
are shown in Figure 1.3. Mature schizonts rupture from the erythrocytes, releasing even more
merozoites to infect yet more red blood cells. This asexual cycle in the blood, from the invasion
of red blood cells by merozoites until schizont rupture takes 48 hours for P. falciparum, P. vivax
and P. ovale infections and 72 hours for P. malariae infection. A small proportion of the
merozoites in the erythrocytes eventually differentiate to produce micro- (male) and macro-

9
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(female) gametocytes. These gametocytes are ingested by a female Anopheles mosquito when
feeding, where the next phase of the parasite’s life cycle begins (Ingraham & Ingraham, 2000;
CDC, 2006).

c g b5

Ring Trophozoite Schizont

Figure 1.3: Different merozoite phases of Plasmodium spp. (Tuteja, 2007).

1.3.3 Sporogony (the parasites’ sexual multiplication in the mosquito)

In the mosquito’s digestive system, the gametocytes undergo gametogenesis to produce micro-
and macrogametes. These gametes fuse, undergo fertilisation to form a zygote which
transforms into an ookinete, which penetrates the midgut wall of the mosquito and develops into
an oocyst. Sporogony within the oocyst produces numerous sporozoites. The oocyst grows,
ruptures and releases numerous sporozoites which migrate to the mosquito’s salivary glands.
Inoculation of the sporozoites into a new human host during a blood meal perpetuates the
malaria life cycle. The mosquito thus acts as a vector carrying the disease from one human to
another (Ingraham & Ingraham, 2000; CDC, 2006).

All four species of malaria parasites have similar life cycles, except that P. vivax and P. ovale
can remain dormant in the liver as hypnozoites for months or even years, causing relapse
malaria long after the original illness seems to be over. P. falciparum and P. malariae do not
cause relapsing malaria, although P. malariae produces long-lasting chronic infections and if left

untreated, can persist asymptomatically in the human host for years (Tuteja, 2007).

1.4 Pathogenesis and clinical features of malaria

1.4.1 Incubation period

Following the infective bite of a female Anopheles mosquito, a period of time (the incubation

period) goes by before the first symptoms appear, which is specific to the four species of
10
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Plasmodium (Ingraham & Ingraham, 2000). The incubation period is variable, but in most cases
it varies from 7 to 30 days. Symptoms generally occur within six weeks after leaving an
endemic area in more than 90% of P. falciparum infections and within one year in P. vivax
infections (Pasvol, 2005).

1.4.2 The clinical disease

The typical clinical symptomology and severe disease pathology associated with malaria is
caused by the asexual erythrocytic or blood stage parasites, which invade and destroy red
blood cells, localise in tissues and organs via cyto-adherence and induce the release of many
pro-inflammatory cytokines, particularly tumor necrosis factor a (TNF-a) (Newton & Krishna,
1998). A wide variety of symptoms, ranging from absent or very mild symptoms to severe
disease and even death may result with infection of malaria parasites. The severity of the
symptoms depends on several factors, such as the species (type) of infecting parasite and the
individual’'s acquired immunity and genetic background (CDC, 2006). Malaria disease can be
categorised as uncomplicated or severe (complicated). P. falciparum, unlike the other species,
can achieve very high bloodstream parasitemia levels, which result in severe disease (Daily,
2006).

When the parasite develops in the erythrocyte, numerous known and unknown malarial
antigens and waste substances such as hemozoin pigment accumulate in the infected red blood
cell. Lysis of infected red blood cells releases these substances into the blood stream together
with invasive merosoites. The stimulation of macrophages, ‘T-cells and other
immunostimulatory cells by hemozoin and other toxic factors such as glucose phosphate
isomerase (GPI) to produce cytokines and TNF-a causes fever, rigors and chills and influence

other severe pathophysiology associated with malaria (Ingraham & Ingraham, 2000).

1.4.3 Uncomplicated malaria

Fever is the most characteristic symptom of malaria (Pasvol, 2005). In uncomplicated malaria,
patients typically experience fiu-like symptoms such as fever, chills, sweats, headaches, muscle
pains, diarrhea, vomiting and general malaise (Miller et al., 2002). These early signs and
symptoms of malaria tend to be non-specific, as these symptoms may also be attributed to
influenza, a cold, or other common infections, especially in countries where malaria is not
suspected. Conversely, in countries where malaria infection is frequent, residents often
recognise the symptoms as malaria and treat themselves without seeking diagnostic

confirmation, commonly referred to as “presumptive treatment” (CDC, 2006).
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As the disease progresses, some patients may develop the classic malaria intermitted fever
paroxysms with bouts of illness alternating with symptom-free periods. The classical paroxysm
begins abruptly with an initial cold stage, with dramatic rigors during which the patient shakes
visibly. This leads to a hot stage in which the patient has a temperature of more than 40°C,
may be restless and excitable and may vomit or convulse. Finally, a sweating stage develops
when the fever abates and the patient falls asleep. This paroxysm may last 6 to 10 hours and is
followed by a prolonged asymptomatic period (Pasvol, 2005). This periodicity is however rarely

seen and is most likely to occur if the infection is left untreated (Ashley et al., 2006).

1.4.4. Severe malaria

Mass destruction of red blood cells has other numerous damaging consequences as seen in
severe malaria.  Severe malaria occurs when P, falciparum infections are complicated by
serious organ failures or abnormalities in the patient's blood or metabolism (Ingraham &
Ingraham, 2000). The two most frequent presentations of severe malaria are severe anemia
and cerebral malaria, but respiratory distress is the most dangerous, especially in combination
with other syndromes (Schellenberg ef al., 1999). Severe malarial anemia also consists of a
group of conditions with different causes, namely direct destruction of parasitised red blood
cells, indirect destruction of non-parasitised red blood cells by immune mechanisms and bone-
marrow suppression, associated with imbalances in cytokine concentrations (Ekvall, 2003).
Metabolic derangement, including acidosis, hypoglycemia and sub-clinical convulsions have
been observed in many cases of severe malaria (Silamut et a/., 1999; Dondorp et al., 2004). In
children, increasing evidence has shown that tissue hypo-perfusion (decreased blood
circulation) has a central role in disease severity (Maitland & Newton, 2005). All of these

manifestations are associated with poor prognosis.

Malaria is especially dangerous to pregnant women and small children and in endemic
countries it is an important determinant of prenatal mortality (Van Geertruyden ef al., 2004).
Parasite sequestration (cyto-adherence) in the placenta is a key feature of infection with P.
falciparum during pregnancy and is associated with severe adverse outcomes for both mother

and baby, such as premature delivery, low birth weight and increased mortality in the newborn
(Beeson et al., 2001).

Severe malaria occurs most often in persons who have little or no immunity to the malaria
parasite, such as residents of areas with low or no malaria transmission, young children and
pregnant women in areas with high transmission, travelers to malaria endemic areas and people

with an underlying chronic iliness such as acquired immunodeficiency syndrome (AIDS) (CDC,
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2006). Severe malana is a medical em'érgenoy and should be treated urgently and

aggressively.

1.5 Diagnosis of malaria

Malaria is diagnosed using a combination of clinical observations, case history and laboratory
diagnostic tests (Bell ef al., 20086).

1.5.1 Clinical diagnosis

People infected with malaria parasites typically experience a combination of the following
clinical symptoms: chills, sweats, headaches, nausea and vomiting, body aches and general
malaise. Physical findings may include elevated temperature, perspiration, weakness and an
enlarged spleen. In P. falciparum infection, additional findings may include mild jaundics,
enlargement of the liver and increased respiratory rate (Miller ef al., 2002). However, these
symptoms and physical findings are not specific and are also found in other diseases such as
flu and common viral infections (CDC, 2006). Clinical diagnosis of malaria has been repeatedly
shown to'be unreliable (Chandramohan ef al., 2001). Thus, malaria needs to be confirmed by a

laboratory test demonstrating the malaria parasites or their components.

1.5.2 Microscopy

The gold standard for malaria diagnosis is simple light microscopy. Examination of Giemsa
stained blood smears by a skilled microscopist allows for identification of asexual forms of
Plasmodium within red blood cells (Ashley ef al., 2006). An illustration of such a blood smear is

shown in Figure 1.4.
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Figure 1.4: Photo of a Giemsa stained blood smear (Gkrania-Klotsas & Lever, 2007).

It is prudent to repeat the smear at least once if the first result is negative, particularly when
chemoprophylaxis has been taken and clinical suspicion is high (Pasvol, 2005). The quality of
the blood smear is very important for the diagnosis to be made and takes practice to be done
well. In general, films taken daily for 3 days are an appropriate screen, though this may have to
be prolonged when symptoms persist (Ashley ef al., 2006). Unfortunately, this diagnostic
method is laborious, very time consuming and requires a relatively large quantity of culture
reagents and parasites to conduct an accurate evaluation (Bloland, 2001). The quality of the
reagents, microscope and the experience of the laboratory personnel are also factors

contributing to the success of the diagnosis made (Bates et al., 2004).
1.5.3 Antigen detection tests

A number of modern malaria diagnostic techniques are also available. Rapid diagnostic
immunochromatographic test kits, commonly referred to as Rapid Diagnostic Tests (RDT’s) or
Malaria Rapid Diagnostic Devices (MRDD's), most often use a dipstick or cassette format and
provide results in 2-15 minutes (Bell et al., 2006). These tests detect antigens from malaria
parasites in a finger-prick of blood, such as the histidine-rich protein 2 (HRP-2) from P.
falciparum or the parasite-specific lactate dehydrogenase (LDH) from the parasite glycolytic
pathway found in all spedes {(Moody, 2001). Rapid diagnostic tests do not replace microscopy,
but offer a useful alternative in situations where reliable microscopic diagnosis is not available
(Gkrania-Klotsas & Lever, 2007). They are useful tests requiring minimal expertise, but are
relatively expensive, not quantative and can detect the presence of P. falciparum only (Pasvol,
2005).
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1.5.4 Molecular tests

Molecular diagnosis detects parasite nucleic acids using a polymerase chain reaction (PCR)
technique. This technigue is more accurate than microscopy and has the ability to distinguish
between the different Plasmodium species, identify mixed infections and detect low-level
parasitemia. PCR- techniques are expensive, require a specialised laboratory and a great deal
of proficiency, making it impractical in most developing countries (Bloland, 2001; Gkrania-
Klotsas & Lever, 2007).

1.5.5 Serology

Serology detects antibodies against malaria parasites, using either indirect immunofiuorescence
assays (IFA) or enzyme-linked immunosorbent assays (ELISA). Serology does not detect

current infection but rather measure past experience (Bloland, 2001; CDC, 2007).

Although reliable diagnosis cannot be made on the basis of signs and symptoms alone because
of the non-specific nature of clinical malaria, clinical diagnosis of malaria is commeon in areas
where the disease is prevalent. In much of the malaria-endemic areas, resources and trained
health personnel are so scarce that presumptive clinical diagnosis is the only realistic option
(Bloland, 2001). Three consecutive days of tests that do not indicate the presence of the

parasite can rule out malaria (Tuteja, 2007).

The main reason for failure to diagnose malaria in non-endemic countries is failure to consider
the disease (Kain et al., 1998). Consideration of the possibility of malaria is an important step in
diagnosis, paﬁioularly outside endemic areas and a travel history should be a routine part of any
clinical consultation in febrile patients. Malaria must be considered in any febrile patient living
in, or returning from an endemic country, regardless of whether they have been taking
prophylactic antimalarial drugs (Gkrania-Klotsas & Lever, 2007). Malaria must also be
considered in patients with fever after blood transfusion, organ transplantation or needle stick
injury (Pasvol, 2005). Delay in diagnosis and treatment is a leading cause of death in malaria
patients (Kain ef al., 1998).

Diagnosis of malaria can be difficult for a number of reasons. Where malaria is no longer
endemic, e.g. The United States and countries of Western Europe, health care providers are not
familiar with the disease which may delay diagnosis (CDC, 2007). Laboratory staff asked to
make the diagnosis may be inexperienced in examining blood smears microscopically (Milne et

al., 1994). In highly malaria- endemic areas, many healthy individuals have parasitemia, thus
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although a negative test rule out malaria, a positive test does not prove that malaria is the cause
of illness (Greenwood et al., 2005). In many malaria endemic countries, lack of resources is a
major barrier to reliable and timely diagnosis. Health personnel are under frained, under
equipped and underpaid. They often face excessive patient loads and must divide their
attention between malaria and other equally severe infectious diseases such as pneumonia,
diarrhea, tuberculosis and HIV (CDC, 2007). Antimalarial drugs taken for prophylaxis by
travelers can delay the appearance of malaria symptoms by weeks or months, long after the
traveler has left the malaria endemic area. This can happen particularly with P. vivax and P.
ovale infections, both of which can produce dormant liver stage parasites, as the liver stages
may reactivate and cause disease months after the infective mosquito bite (CDC, 2006).
Patterns of drug resistance are changing rapidly and it is difficult for physicians to keep pace
(Ashley et al., 2006). The issue of most concern for patients with severe febrile illness is that
freatable alternative diagnoses are being missed (Greenwood et al., 2005). In tropical Africa,
many patients treated for mild or severe malaria do not actually have the disease (Reyburn et
al., 2004), especially in adults diagnosed as having cerebral malaria (Makani et al.,, 2003).
Adults living in areas where HIV prevalence is high, much of the severe illness treated as

malaria is probably HiV-related, although this assumption is not yet proven (Peters et al., 2004).

1.6 Current status of malaria control

Preventioﬁ is the best way to fight disease, it eliminates the suffering of human iliness, whereas
treatment only decreases it. Public health programs implement disease prophylactic
interventions suggested by epidemiologic studies. There are two principal methods for
prophylaxis. One strategy is to limit human exposure to pathogenic microorganisms by
decreasing or eliminating the pathogen’s reservoir, or by interrﬁpting disease transmission.
Immunisation, which stimulates the body’s natural immune defenses, offers another potential

intervention in the fight against malaria (Ingraham & Ingraham, 2000).
1.6.1 Strategies and targets for malaria control

Beginning with the launch of the Roll Back Malaria (RBM) project in 1998, the United Nations
Millennium Declaration in 2000, the Abuja Declaration by African Heads of State in 2000 (part of
the African Summit on Roll Back Malaria), the World Health Assembly in 2005 and the RBM
global strategic plan 2005-2015, significant contributions to the establishment of goals,
indicators and targets for malaria control have been made. The global vision of these
interventions is to reduce mortality by 50% by 2010 (WHO, 2008). To accelerate progress in
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malaria control, the 2005 World Health Assembly (WHA) set targets of = 80% coverage for four
key interventions: insecticide-treated nets (ITN's) for people at risk, appropriate antimalarial
drugs for patients with probable or confirmed malaria, indoor residual spraying (IRS) of
insecticide for households at risk and intermittent preventive treatment in pregnancy (IPTp)
(WHQ, 2008). The following interventions, as summarised in Figure 1.5 are often combined and

are carried out for malaria control and will be discussed in the following sections.

Malaria control

1 1
Diagnosis and Vector control Chemotherapy Vaccination

treatment

Figure 1.5: Strategies for malaria control (Modified from CDC, 2009).

1.6.1.1 Case management (diagnosis and treatment of patients suffering from

malaria)

The objectives of an antimalarial treatment policy are to ensure rapid cure of the infection,
reduce morbidity and mortality (including malaria-related anemia), prevent the progression of
uncomplicated malaria into severe and potentially fatal disease, reduce the impact of malaria
infection on the fetus during pregnancy, reduce the reservoir of infection, prevent the
emergence and spread of drug resistance and prevent malaria in travelers (WHO, 2008).

The WHO recommends that anyone suspected of having malaria should receive diagnosis and
treatment with an effective drug within 24 hours of the onset of symptoms. By June 2008, all
except four countries and territories worldwide had adopted artemisinin combination therapy
(ACT) as the first-line treatment for P. falciparum. Four ACT’s are currently recommended:
artemether-lumefantrine, artesunate-amodiaquine, artesunate-mefloquine and artesunate-
sulfadoxine-pyrimethamine (WHQ, 2008).
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1.6.1.2 Prevention of infection through vector control

Mosquito control has been at the center of past efforts to eradicate malaria, mainly through the
use of the insecticide DDT for indoor residual house-spraying (CDC, 2008). Due to resistance
and environmental concerns about residual insecticides, IRS programs were largely disbanded
(Chen & Rogan, 2003; CDC, 2008). However, the recent success of IRS in reducing malaria
cases in South Africa by more than 80% has revived interest in this malaria prevention tool
(Mabaso ef al., 2004).

Insecticide- treated bed nets are a form of personal protection that has repeatedly been shown
to reduce severe disease and mortality due to malaria in endemic regions. In community-wide
trials in several African countries, ITN’s have been shown to reduce mortality by about 20%
(Lengeler, 2004; CDC, 2008). Regular re-treatment of nets with insecticides has proved difficult
to sustain on a large scale, especially if users are required to pay for it (Greenwood et al.,
2005). However, several companies have developed long-lasting insecticide-treated nets
(LLIN’s) in which an insecticide is incorporated into the net fibers that retain lethal
concentrations of insecticide for at least 3 years (Greenwood et al., 2005; CDC, 2008). By the
end of 2006, nearly all of the 45 countries in the African Region had adopted the policy of
providing insecticidal nets free of charge to children and pregnant women (WHQ, 2008). Other
personal protection measures include the use of window screens, insect repellents and wearing

light-colored clothes, long pants and long-sleeved shirts (CDC, 2008).

Other vector control measures include fogging or area spraying which is primarily reserved for
emergency situations, halting epidemics or rapidly reducing adult mosquito populations when
they have become severe pests. Source reduction or larval control through drainage of
breeding sites is the method of choice for mosquito control when the mosquito species targeted
are concentrated in a small number of discrete habitats. Sterile male release of Anopheles
mosquitoes has been successfully applied in several small-scale areas, however, the need for
targe numbers of mosquitoes for release makes this approach impractical for most areas (CDC,
2008). Another potential option for reducing malaria is the development of genetically modified
mosquitoes that are refractory to transmission of the pathogen, but this approach is still several

years away from application in field setfings (Christophides, 2005).
1.6.1.3 Disease prophylaxis with antimalarial drugs
Administration of antimalarial drugs to vulnerable population groups does not prevent infection,

but drugs can prevent disease by eliminating the parasites that are in the blood. Pregnant
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women are the vulnerable group most frequently targeted (CDC, 2009). Studies have shown
that sulphadoxine-pyrimethamine (SP) given on two or three occasions during pregnancy was
more effective at preventing infection of the placenta than chemoprophylaxis with chloroquine
(Schultz et al., 1994; Kayentao et al., 2005). This approach, known as intermittent preventive
treatment in pregnancy, protects against maternal anemia (Sulman et al., 1999) and low birth
weight (Beeson et al., 2001). IPT has also been used to protect children, known as intermittent
preventive treatment in infants (IPTi). Studies showed that the use of SP or amodiaquine at
specific times during the first year of life lowered the incidence of malaria and severe anemia
without any rebound in clinical malaria the following year (Shellenberg et al., 2005). The
systematic use of intermittent preventive treatment in pregnancy is restricted to the African
Region, 33 of the 45 African countries had adopted IPT as a national policy by the end of 2006
(WHO, 2008).

1.6.1.4 Vaccination

Malaria vaccine research has progressed rapidly over the past few years. Vaccine development
against P. falciparum and P. vivax is ongoing (Moorthy et al., 2004). Most efforts so far have
been directed at the development of pre-erythrocytic stage vaccines, designed to prevent
invasion of hepatocytes by sporozoites or to destroy infected hepatocytes. The most current
advanced pre-erythrocytic vaccine is RTS,S/AS02A, which is a hybrid molecule in which the
circumsporozoite protein of P. falciparum is expressed with hepatitis B surface antigen (HBsAg)
in yeast (Stoute et al., 1997). However, it is likely to be at least a decade before an efficacious

vacgcine is available for widespread use in malaria-endemic countries.

Malaria control is however made difficult for a number of reasons. Drug resistant malaria
parasites hinder case management by decreasing the efficacy of antimalarial drugs and by
requiring the use of alternative drugs that are more costly, less safe and difficult to administer.
Insecticide resistance decreases the efficacy of interventions that rely on insecticides such as
insecticide treated bed nets and insecticide spraying. Due to inadequate health infrastructures
in poor countries, the recommended interventions are not implemented. The people most
exposed to malaria are often poor and lack education. They often do not know how to prevent
or treat malaria. Even when they do know, they often do not have the financial means to
purchase the necessary products, such as drugs or bed nets (CDC, 2009).
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1.7 General principles regarding the treatment of malaria

In general, malaria is a curable disease if diagnosed and treated adequately and promptly.
Once a definite diagnosis of malaria has been confirmed, treatment with specific antimalarial
drugs and supportive measures must be initiated immediately. If the diagnosis of malaria is
suspected but cannot be confirmed, or if the diagnosis of malaria is confirmed, but species
identification is not possible, antimalarial treatment effective against P. falciparum must be
initiated immediately (WHO, 2008). Treatment for malaria should not be initiated until the
diagnosis has been confirmed by laboratory investigations (CDC, 2007). In endemic areas, the
WHO recommends that treatment be started within 24 hours after the first symptoms appear.
Treatment of patients with uncomplicated malaria can be conducted on an ambulatory basis
with oral antimalarial drugs, but patients with severe malaria should be hospitilised if possible

and treated aggressively with parenteral antimalarial therapy (WHO, 2006; CDC, 2007).

Treatment should be guided by the following factors (CDC, 2007):

the infecting Plasmodium species;

¢ the area where the infection was acquired and its drug-resistance status;
¢ the clinical status of the patient;

¢ any underlying illness or condition of the patient;

e pregnancy;

e drug allergies or other medications taken by the patient.

There are only a limited number of drugs which can be used to treat or prevent malaria.
Antimalarial drugs in common use can be divided into five major classes of compounds, namely
quinine and related compounds, antifolate combination drugs, antibiotics,
hydroxynaphtaquinones and the artemisinin derivatives (Winstanley, 2000; Ashley ef al., 2006).
These drugs will be discussed in detail in Chapter 2.

1.7.1 Antimalarial drug resistance and combination therapy

Antimalarial drug resistance has emerged as one of the greatest challenges facing malaria
control today (Bloland, 2001). The high prevalence of infection, constant drug pressure, sexual
reproduction and large parasite biomass contribute to the development of a resistant parasite
(Daily, 2006). Resistance to antimalarial drugs has been documented for P. falciparum and P.
vivax (White, 1999; WHO, 2006). P. falciparum has developed clinically significant resistance to

nearly all antimalarial drugs in current use, with the possible exception of artemisinin and its
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derivates (WHO, 2006). However, the geographical distribution of resistance to any single
antimalarial drug varies greatly (Bloland, 2001). Resistance to several antimalarial drugs in
selected areas is discussed in further detail in Chapter 2. The affordable and widely available
antimalarial drug chloroquine that was the mainstay of malaria control is now ineffective in most
falciparum malaria endemic areas and resistance to SP is increasing rapidly. The discovery
and development of the artemisinin derivates in China and their evaluation in South-East Asia
and other regions have provided a new class of highly effective antimalarials. Artemisinin-
based combination therapies (ACT’s) are now generally considered as the best current
treatment for uncomplicated falciparum malaria (WHO, 2006; WHO, 2008).

To counter the threat of resistance of P. falciparum to monotherapies and to improve treatment
outcomes, combination therapy of antimalarials is now recommended by the WHO for the
treatment of falciparum malaria. Antimalarial combination therapy is the simultaneous use of
two or more blood schizontocidal drugs with independent modes of action and thus unrelated
biochemical targets in the parasite (Barnes & White, 2005). By June 2008, all except four
countries and territories worldwide had adopted ACT as the first-line treatment for P. falciparum.
Four ACT's are currently recommended for use: artemether-lumefantring, artesunate-

- amodiaquine, artesunate-mefloquine and artesunate-sulfadoxine-pyrimethamine (WHO, 2008).

1.8 Current status of malaria in South Africa

Africa presents with the world’s highest malaria incidence (Breman et al., 2001). South Africa is
at the southern extreme of malaria distribution in Africa. The population at risk for contracting
malaria in South Africa is approximately 4.3 million. Malaria is endemic in the low-altitude areas
of the northem and eastemn parts of South Africa, along the border with Mozambique and
Zimbabwe with transmission taking place mainly in the Limpopo, Mpumalanga and KwaZulu
Natal provinces (Blumberg & Frean, 2007). Figure 1.6 is a map of South Africa indicating the
malaria risk areas. Malaria transmission is distinctly seasonal, with transmission limited to the
warm and rainy summer months of September to May, hence, malaria is unstable and

epidemic-prone (Craig ef al., 1999).
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Figure 1.6: Malaria risk map of South Africa (MRP: available at www.malaria.org.za).

P. falciparum accounts for the majority of malaria cases in southern Africa and is the
predominant species associated with severe and fatal disease. Almost all South Africans lack
acquired immunity, including residents of seasonal malaria transmission areas and are therefore
at risk for developing severe malaria (Blumberg & Frean, 2007). Malaria is a notifiable disease
in South Africa (Gerritsen et al., 2008).

The South African Malaria Control Programme has been active since 1945 in all three provinces
considered as malaria risk areas as mentioned above and includes the following interventions
(Blumberg & Frean, 2007, Gerritsen et al., 2008):

vector control through intensive IRS with DDT;

e case management through diégnosis with P. falciparum- specific HRP-2 rapid
antigen detection tests;

¢ treatment of uncomplicated malaria with ACT, specifically artemether-lumefantrine;
o disease surveillance;
¢ epidemic preparedness and response;

¢ health promotion and education.
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As a result of the above mentioned malaria control initiatives, as well as the Lebombo Spatial
Initiative (a cross-border collaboration targeting malaria in eastern Swaziland, southemn
Mozambique and northern KwaZulu Natal), there has been a significant and sustained decrease
in malaria case notifications, from 64 622 cases in the year 2000 to approximately 8000 in 2006
(DOH, 2003; Blumberg & Frean, 2007; Sharp et al., 2007).

Despite successes in malaria control in South Africa, many challenges remain. These include
importation of malaria cases, the potential for ongoing antimalarial drug resistance, vector
insecticide resistance, a large HIV pandemic and a struggling health service (Blumberg & Frean,
2007).

1.9 Conclusion

It is clear that worldwide malaria cannot be controlled by the use of insecticides alone as it has
become more expensive, less effective and harmful to the environment. Moreover, drug
therapy today is significantly less effective than it was 30 years ago. Chloroquine, which
replaced the centuries-old quinine cure, was extremely successful and inexpensive. [t was
effective both for treatment and prophylaxis until resistant strains of P. falciparum began to
emerge. Drug resistance is a constantly evolving problem and so there is an ongoing search for
new antimalarial drugs. Research is hampered by the fact that the market for these drugs is
mainly in developing countries that cannot afford to support expensive research or buy
expensive drugs. A vaccine could be the tumning point in the global effort to control malaria, but
vaccines are most effective against diseases for which natural immunity is strong and long-
lasting. Unfortunately, natural immunity to malaria is weak, slow to develop and temporary.
Still, active research is underway to develop innovative new vaccines (Ingraham & Ingraham,
2000). The three combined strategies of vector control, drug treatment and vaccination will

ultimately be required to significantly reduce malaria transmission.
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CHAPTER 2

CLASSIFICATION OF ANTIMALARIAL DRUGS

2.1 Introduction

The current approaches to curtail malaria include vector control, vaccination, immunotherapy
and chemotherapy. Despite major efforts at vaccine development, chemotherapy remains the
single most effective and efficient means to prevent and treat malaria (Tripathi et al., 2005).
However, the ability to treat and control P. falciparum infection through chemotherapy has been
hampered by the advent and spread of resistance to antimalarial drugs (Valderramos & Fidock,
2008).

P. falciparum has developed clinically significant resistance to nearly all classes of antimalarial
drugs, with the possible exception of the artemisinin derivatives (Bames & White, 2005).
However, the geographical distribution of resistance to any single antimalarial drug varies
greatly (Bloland, 2001). This phenomenon has significantly increased the cost and complexity
of treatment options for malaria (Wongsrichanalai ef al,, 2002). Interventions aimed at
preventing drug resistance generally focus on reducing overall drug pressure through more
selective use of drugs, or using drug combinations which are inherently less likely to foster
resistance or have properties that do not facilitate development or spread of resistant parasites
(Bloland, 2001). The most currently recommended drug combinations for falciparum malaria
are variants of artemisinin combination therapy where a rapidly acting artemisinin compound is
combined with a longer half life drug of a different class, such as artesunate and mefloquine
(Shanks, 2006). The rationale for most of the combinations in current use is to exploit synergy
(White, 1999).

This chapter aims to emphasise the impact of antimalarial drug resistance, antimalarial
combination therapy as a possible intervention against drug resistance and to describe the

basic classification of the currently available antimalarial drugs.
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2.2 Malaria and drug resistance

Antimalarial drug resistance is the ability of the malaria parasite to withstand attack by
anfimalarial compounds (WHOQ, 2006). The mechanism of drug resistance at the molecular
level is attributed to spontaneously arising single or multiple point mutations in the parasite's
genome that are drug insensitive (Peters, 1990; Hayton & Su, 2004). Multidrug resistance is
defined as resistance to more than two currently used antimalarial compounds of different
chemical classes (Wernsdorfer, 2004). Antimalarial drugs don’t cause these genetic changes,
but they favor or select the resistant strains once the genetic change has occurred (Ingraham &
Ingraham, 2000). Reasons for the development and spread of drug resistance involve the
interaction of drug-use patterns, characteristics of the drug itself, human host factors, parasite
characteristics and vector and environmental factors (Bloland, 2001; Wongsrichanalai et al.,
2002).

For some drugs, only a single point mutation is required to confer resistance, while for other
drugs, multiple mutations appear to be required (Bloland, 2001). Antimalarial drug resistance is
usually a result either of changes in drug accumulation or efflux, as seen in chloroquine,
amodiaquine, quinine and mefloquine resistance, or reduced affinity of the drug target resulting
from point mutations in the respective genes encoding the target, as in the case of
pyrimethamine, proguanil, sulfonamide and atovaquone resistance (Ward et al., 1995). Other
mechanisms of drug resistance found in bacteria such as transferable resistance genes, the
production of drug destroying enzymes, or the activation of accessory metabolic pathways do
not appear to be involved in antimalarial resistance (White, 1999). Areas with reduced

susceptibility of P. falciparum to some antimalarial drugs are shown in Figure 2.1:
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Figure 2.1: Areas with reduced susceptibility of P. falciparum (MAP: available at

www.map.ox.ac.uk).

Drug resistance can cause treatment failure, however, not all treatment failure is due to drug
resistance. Factors that can contribute to treatment failure include incorrect dosing, non-
compliance with duration of dosing regimen, poor drug quality, drug interactions, poor or erratic
absorption and misdiagnosis. In addition to causing treatment failure or apparent treatment
failure in an individual, these factors may also contribute to the development and intensification
of true drug resistance through increasing the likelihood of exposure of parasites to suboptimal
drug levels (Bloland, 2001, Shanks, 2006).

2.3 The rationale of combination therapy

There is a growing consensus that drug resistance could be delayed or prevented by combining
drugs with different biological targets in the parasite (White, 1999; Guerin et al., 2002). Figure

2.2 shows the targets of the major classes of antimalarial drugs in the parasite.
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Figure 2.2: A schematic representation of an intra-erythrocytic P. falciparum trophozoite,
illustrating the targets of some of the major classes of antimalarial drugs (Fidock et al.,
2004).

Combination therapy potentially offers a number of important advantages over monotherapies.
First, they should provide improved efficacy. Appropriately chosen combination drugs must at
least be additive in potency and provide synergistic activity. Second, drug combinations
increase the likelihood that, in the setting of drug resistance, at least one agent will be clinically
active. Third and probably the most important property is that drug combinations should reduce

the selection of antimalarial drug resistance (Fidock ef al., 2004).

The class of drugs best suited to provide one of the partners in a combination regime is the
artemisinin derivatives. They are highly potent and capable of reducing the parasite biomass by
a function of 10* per asexual life cycle. This will leave a much smaller number of parasites for
the partner drugs to Kill, while its concentration in plasma remains high. Another advantage of
artemisinin derivatives is their ability to kill gametocytes, thus interrupting malaria transmission.
As a result, they are the drugs of choice during epidemics (Ashley ef al., 2006). However,

artemisinins are natural products that are difficult to synthesise and cannot be sold at a cost of
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less than US $ 1-2 in curative combination regimes, a prohibitive price in most malaria-endemic
regions (Fidock et al,, 2004). Current antimalarial combination therapy recommended by the
WHO includes artemether-lumefantrine, artesunate-amodiaquine, artesunate-mefloquine and

artesunate-sulfadoxine-pyrimethamine (WHO, 2008).

2.4 Classification of antimalarial drugs

The chemotherapy of malaria basically involves kiling of the asexual parasites in the
erythrocytes and providing supportive therapy to the host to boost its immune system
(Winstanley, 2000; WHO, 2006). The sexual forms in the blood circulation are non-pathogenic,
but are important in drug resistance development. The efficacy and specificity of anti-infective
drugs depend on their ability to interfere with parasite metabolism that differs significantly from
the human host (Tripathi et al., 2005). During its life cycle in human erythrocytes, the
Plasmodium parasite requires several metabolic adaptations and innovations which render it
susceptible to chemotherapedutic attack (Ridley, 2002). The antimalarial drugs in common use

can be classified as follows (Ashley et al., 2006):

1. Quinolines and aryl-amino alcohols: quinine, quinidine, chloroquine, amodiaquine,
mefloquine, primaquine, tafenoquine, halofantrine and lumefantrine.

Inhibitors of folate synthesis: pyrimethamine, proguanil, sulfadoxine and dapsone.
Antibiotics: tetracycline, doxycycline, clindamycin and azithromycin.
Hydroxynaphtagquinones: atovaquone

SRS

Artemisinin and derivatives: artemisinin, dihydroartemisinin, artemether and

artesunate.

Antimalarial compounds should be evaluated in the context of life cycle stage effect, molecular
target and half-life. Drug effect on each life cycle stage varies because of stage-specific biology
and most antimalarials have no effect on the liver stage. However, as this stage is required to
establish infection and initially generates a low burden of parasites, it may serve as an excellent
potential target (Daily, 2006).

Primaquine, a tissue schizonticide, is the only agent available for elimination of hypnozoites
(Rosenthal, 2004). Blood schizonticides eliminate the asexual stage erythrocytic forms and
target only a small number of parasite biological functions, as shown in Figure 2.2 (Ingraham &
Ingraham, 2000). Potential biological targets include the parasite’s metabolism and

detoxification of hemoglobin, where chloroquine, amodiaquine, quinine, meflogquine, halofantrine
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and lumefantrine exert their possible effect (Daily, 2006). Inhibition of folate synthesis is
mediated through sulfadoxine-pyrimethamine and dapsone (Tracy & Webster, 2001). The
mitochondrion in the parasite’s cytosol seems to be the target of atovaquone (Daily, 2006) and
the sarco-endoplasmic retioulate.CaZ“”-ATPase (SERCA) is thought to be the target of the
artemisinin compounds (Eckstein-Ludwig et al.,, 2003). Gametocytes are often resistant to
standard antimalarials used to clear the asexual-stage parasites. This may be due to the
unique biology of gametocytes, which shuts down a subset of metabolic pathways, rendering
the antimalarials ineffective (Young et al., 2005). The artemisinin compounds however are a
notable exception and can clear gametocyte stages (Ashley et al., 2006). Drugs that kill the
sexual stages and thus prevent transmission to mosquitoes are called gametocytes (Rosenthal,
2004). Antimalarial compounds that eliminate the hepatic, asexual and gametocyte stages
would thus be ideal (Daily, 20086).

Antimalarial drugs also vary by half-life. The benefit of a long half-life is decreased dosing and
prolonged protection against new infections. The limitation of this strategy however is the
presence of a long sub-therapeutic tail of the drug which will select drug resistant parasites
(Watkins & Mosobo, 1993). Another consideration in the evaluation of antimalarial drugs is their
cost. Aside from chloroquine and sulfadoxine-pyrimethamine, the newer antimalarials are
expensive, which may affect their use in endemic areas where the local population often bears
the cost of treatment (Wiseman ef al., 2005).

2.4.1 Quinolines and aryl-amino alcohols

Quinine is the only antimalarial drug, which over a period of time, has remained largely effective
in treating malaria. A number of its derivatives are known to be good antimalarials (Skinner-
Adams & Davis, 1999) and are discussed in detail below.

2.4.1.1 Quinine and quinidine

Quinine is an aryl-amino alcohol, an ancient drug derived from the bark of the South American
Cinchona tree. The alkaloid was traditionally used as a remedy for intermitted fevers and was

the first widely used antimalarial drug long before the causes of malaria were known (Tracy &
Webster, 2001; Rosenthal, 2004). The chemical structure of quinine is shown in Figure 2.3:
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Figure 2.3: The chemical structure of quinine.

Quinidine, the sterecisomer of quinine, is more potent as an antimalarial, but more toxic
(Krishna & White, 1996). Quinine is a rapidly acting, highly effective blood schizonticide against

the four species of human malaria parasites (Rosenthal, 2004).

The mechanism of action of quinine is thought to involve inhibition of parasite heme-
detoxification in the food vacuole, but is not well understood (Sullivan et al., 1998). Resistance
to quinine has been very slow to develop (Daily, 2006). However, quinine resistance is already
common in Southeast Asia, especially border areas of Thailand and is also reported in both
South America and Africa, where the drug may fail if used alone to treat falciparum malaria
(Adagu et al., 1995; Zalis et al., 1998; Rosenthal, 2004).

Quinine hydrochloride or quinidine gluconate is the treatment of choice for severe falciparum
malaria. Quinine sulphate is appropriate first-line therapy for uncomplicated falciparum malaria,
except when the infection was transmitted in a chloroquine-sensitive area (Rosenthal, 2004).
Quinine is commonly given concurrently with slower acting blood schizonticides such as a
sulfonamide, or most often doxycycline to enhance the action of quinine, limit toxicity, as well as
for the treatment of falciparum infections contracted in regions where sensitivity to quinine is
reduced (Kremsner et al,, 1994). Quinine is less effective and more toxic than chloroquine

against other human malaria and it is therefore not used to treat infections with these parasites
(Tracy & Webster, 2001).
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2.4.1.2 Chloroquine

Chloroquine is a synthetic 4-aminoquinoline derivative of quinine, formulated as the phosphate

salt for oral use (Foley & Tilley, 1998). The chemical structure of chloroquine is shown in Figure
2.4:
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Figure 2.4: The chemical structure of chloroquine.

Chloroquine was synthesised in 1934 and has been the drug of choice for both treatment and
chemoprophylaxis of malaria since the 1940’s (Tracy & Webster, 2001). However, widespread
resistance pattemns have now rendered chloroquine virtually ineffective against P. falciparum
infections in most parts of the world (Figure 2.1} (WHO, 2008). When not limited by resiétance,
chloroquine is a highly effective blood schizonticide against sensitive P. falciparum and other

species of human malaria parasites (Rosenthal, 2004).

The mechanism of action of chloroquine remains controversial. Chloroquine probably interferes
with parasite heme-detoxification by concentrating in parasite food vacuoles, preventing the
polymerization of the hemoglobin breakdown product heme into hemozoin and thus eliciting

parasite toxicity due to the buildup of free heme (Foley & Tilley, 1998).

Chloroquine is the preferred chemoprophylactic agent in regions with sensitive falciparum
malaria. The compound is superior to quinine in that it is more potent and less toxic and it
needs to be given only once weekly as a suppressive agent (Tracy & Webster, 2001).
Chloroquine is the drug of choice for the treatment of non-falciparum and sensitive falciparum
malaria (Tracy & Webster, 2001; Rosenthal, 2004). Chloroquine is still used to treat falciparum

malaria in many areas with widespread resistance, in particular most of Africa owing to its safety
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and low cost and the fact that many partially immune individuals respond to treatment even
when infecting parasites are partially resistant to chloroquine. However, other agents are
preferred to treat potentially resistant falciparum malaria, especially in non-immune individuals
(Rosenthal, 2004).

2.4.1.3 Amodiaquine

Amodiaquine is a Mannich base 4-aminoquinoline closely related to chloroquine and it probably
shares mechanisms of action and resistance patterns with chloroquine (Daily, 2006). The

chemical structure of amodiaquine is shown in Figure 2.5:
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Figure 2.5: The chemical structure of amodiaquine.

Amodiaquine is rapidly converted in the liver to the active metabolite desethylamodiaquine,
which contributes to nearly all of the antimalarial effect (Winstanley et al., 1990). Prophylactic
use of amodiaquine has been associated with an unacceptably high incidence of serious toxicity
with developing agranylocytosis (Hatton ef al., 1986) and reports of significant hepatotoxicity
(Sturchler et al., 1987), limiting the use of the drug in recent years (Daily 2006). However, some
authorities now advocate its use as a replacement for chloroquine, especially in combination
regimes in areas with high rates of resistance (Olliaro et al., 1996; Rosenthal, 2004).
Amodiaquine in combination with sulfadoxine-pyrimethamine has been shown to improve

treatment outcomes in highly drug-resistant areas (Sendagire et a/., 2005).
2.4.1.4 Mefloquine

Mefloquine is a synthetic 4-quinoline-methanol that is chemically related to quinine. The drug
can only be given orally as the hydrochloride salt because severe local irritation occurs with
parenteral use {Tracy & Webster, 2001). The chemical structure of mefloquine is shown in
Figure 2.6:
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F

Figure 2.6: The chemical structure of mefloquine.

Mefloquine has strong blood schizontocidal activity against P. falciparum and P. vivax
(Rosenthal, 2004). The exact mechanism of action of mefloquine is unknown. As a blood
schozonticide, mefloquine behaves like quinine in many respects, but does not intercalate with
DNA. Mefloquine may act by both inhibiting heme polymerisation and forming toxic complexes
with free heme that damage membranes and interact with other plasmodial components
(Sullivan et al., 1998). Sporadic resistance to mefloquine has been reported from many areas.
Regions of Southeast Asia, especially border areas of Thailand have high rates of multidrug

resistance (Rojanawatsirivet ef al., 2004).

Mefloguine is recommended for oral use exclusively for the prophylaxis and chemotherapy of
chloroquine-resistant or multidrug-resistant falcjparum malaria. The drug is especially useful as
a prophylactic agent for non-immune travelers who stay for only brief periods in areas where
these infections are endemic (Schlagenhauf, 1999). Mefloquine’s long half-life allows weekly
dosing for prophylaxis, but unfortunately the occurrence of neuropsychiatric symptoms has
reduced its acceptability by travelers (Schlagenhauf et al., 2003). Mefloquine can be used for
disease treatment, although the full treatment dose can result in gastrointestinal upset. Splitting
the treatment dose may lessen side effects (ter Kuile ef al., 1995). This quincline is most
effective for treating uncomplicated drug resistant falciaprum malaria when given 48 hours after
the parasite burden has been substantially reduced by prior administration of an artemisinin
antimalarial like artesunate (White, 1999). The drug is not appropriate for treating individuals
with severe or complicated malaria, since quinine and quinidine are more rapidly active and

drug resistance is less likely with these agents (Rosenthal, 2004).
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2.4.1.5 Primaquine

Primaquine is a synthetic 8-aminoquinoline compound (Tracy & Webster, 2001). The chemical

structure of primaquine is shown in Figure 2.7:
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Figure 2.7: The chemical structure of primaquine.

This compound, in contrast with the other antimalarial drugs, is the only available agent which
eradicates the dormant hypnozoite stages of P. vivax and P. ovale in the liver (Bunnag et al.,
1980; Tracy & Webster, 2001) and is thus reserved primarily for the terminal prophylaxis and
radical cure of vivax and ovale relapsing malaria. Standard therapy for these infections includes
chloroquine to eradicate erythrocytic forms (Rosenthal, 2004).

There are as yet no methods for cultivating P. vivax in vitro, so little is known about the
antimalarial action of the 8-aminoquinclines, especially why they are far more active against
tissue forms and gametes than asexual blood forms of plasmodia (Tracy & Webster, 2001).
Primaguine may be converted to electrophiles that act as oxidation-reduction mediators (Bates
et al., 1990). Some strains of P. vivax in New Guinea, Southeast Asia and perhaps Central and
South America are relatively resistant to primaquine, which makes it imperative that the drug not
be misused (Smoak et al., 1997; Rosenthal, 2004).

2.4.1.6 Tafenoquine

Tafenoquine is a promising newer 8-aminoquiniline which has a much longer half-life than
primaquine, meaning shorter courses are effective to eradicate hypnozoites and prevent
relapses (Walsh et al., 2004; Ashley et al., 2006).

2.4.1.7 Halofantrine
Halofantrine is a phenantherene-methanol related to quinine, with blood schizontocidal

properties similar to those of the quincline antimalanals (Tracy & Webster, 2001; Rosenthal,
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2004). This compound was originally developed and has been used as an alternative to quinine
and mefloquine to treat acute malarial attacks caused by chloroquine- and multidrug resistant
strains of P. falciparum (Tracy & Webster, 2001; Daily, 2006). The use of halofantrine with
mefloquine is not recommended, because it may lead to erratic bioavailability, potentially lethal
cardiotoxicity and extensive cross-resistance (Matson et al., 1996; Tracy & Webster, 2001).

2.4.1.8. Lumefantrine
Lumefantrine is a racemic fluorine derivative related to halofantrine that belongs to the aryl-

amino alcohol group of antimalarials (Daily, 2006). The chemical structure of lumefantrine is

shown in Figure 2.8:
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Figure 2.8: The chemical structure of lumefantrine.

The drug is only available in an oral preparation co-formulated with artemether, one of the
artemisinin derivatives, as Coartem® (Olliaro, 1995; Ashley et al., 2006). This ACT is highly
effective against multidrug-resistant P. falciparum (WHO, 2006). Oral bioavailability of
lumefantrine is variable and is highly dependant on administration with fatty foods (Ezzet et al.,
2000; WHO, 2006). Coartem® is highly effective for the treatment of falciparum malaria, but it is
expensive and requires twice-daily dosing (Rosenthal, 2004). Coartem® does not appear to

cause the cardiac toxicity seen with halofantrine (van Vugt et al., 1999).
2.4.2 Inhibitors of folate synthesis

Inhibitors of enzymes involved in folate metabolism are generally used in combination regimes
for the treatment and prevention of malaria (Ashley ef al., 2006, WHO, 2006). Commonly used

drugs in this category include pyrimethamine, proguanil and the sulfonamide antibiotics.
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Although these drugs have antimalarial activity when used alone, parasitological resistance can
develop rapidly. When used in combination, they produce a synergistic effect in the parasite
and can be effective even in the presence of resistance to the individual components (Bloland,
2001).

Pyrimethamine and proguanil act slowly against erythrocytic forms of susceptible strains of all
four human malaria species. Sulfonamides and sulfones are weakly active against erythrocytic
schizonts (Tracy & Webster, 2001, Rosenthal, 2004).

Pyrimethamine and proguanil selectively inhibit plasmodial dihydrofolate reductase, a key
enzyme in the pathway for synthesis of folate, causing inhibition of DNA synthesis and depletion
of folate co-factors (Rosenthal, 2004; Daily, 2006). Sulfonamides and sulfones are structural
analogs of para-aminobenzoate that competitively inhibit another enzyme in the folate pathway,
such as dihydropteroate synthase (Tracy & Webster, 2001). In many areas, resistance to folate
antagonists and sulfonamides is common for P. falciparum and less common for P. vivax
(Rosenthal, 2004).

Chemoprophylaxis with single folate antagonists is no longer recommended because of
frequent resistance, but a number of agents are used in combination regimes (WHO, 2008).
The combination of chloroquine (500mg weekly) and proguanil (200mg daily) is widely used as
an alternative to mefloquine. This combination has lower efficacy, but is probably less toxic
than mefloquine (Tracy & Webster, 2001; Rosenthal, 2004). The synergistic antifolate
combination Fansidar®, which consists of sulfadoxine (500mg per tablet) and pyrimethamine
(25mg per tablet), has been used extensively for prophylaxis and suppression of human
malaria, especially those caused by chloroquine-resistant strains of P. falciaprum. Resistance
to this formulation rapidly developed in Indonesia and is now widespread except in parts of
Africa, where the drug combination is used primarily by indigenous populations to suppress
attacks of chloroquine-resistant falciparum malaria (Tracy & Webster, 2001). Fansidar® is also
used as presumptive therapy for travelers who develop fever while traveling in malaria-endemic
regions and who are unable to obtain medical evaluation (Tracy & Webster, 2001; Rosenthal,

2004). This regimen should not be used for severe malaria as it is slower-acting than other
better available agents. However, Fansidar® can also be used as an adjunct to quinine therapy
to shorten the course of quinine and limit toxicity (Rosenthal, 2004 ).

The suifone dapsone given with the biguanide chlorproguanil has also been effective for therapy

of chloroquine-resistant falciparum malaria in Africa. Chlorproguanil-dapsone (LapDap®) is
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highly effective in regions with fairly high levels of resistance to Fansidar® and its shorter half-life

may prevent the selection of resistant parasites (Winstanley et al., 1997).

2.4.3 Antibiotics

A number of antibiotics in addition to the folate antagonists and sulfonamides are modestly
active antimalarials. Commonly used drugs in this class include the tetracyclines (doxycycline),
clindamycin and azithromycin. The mechanisms of action of these drugs are unclear. They
may inhibit protein synthesis or other functions in the mitochondrion and the apicoplast
(Rosenthal, 2004). None of the antibiotics should be used as single agents for the treatment of
malaria because their action is much slower than those of standard antimalarials (Ashley ef al.,
2006).

Tetracycline and doxycycline are active against erythrocytic schizonts of all human malaria
parasites (Tracy & Webster, 2001). Doxycycline is a synthetic tetracycline with a longer haif-life,
which makes dosing schedules shorter. Doxycycline may be preferred to tetracycline because
of its longer half-life, more reliable absorption and better safety profile in patients with renal
insufficiency where it may be used with caution (WHQO, 2006). Doxycycline is commonly used in
the treatment of falciparum malaria in conjunction with quinine or quinidine, allowing a better
tolerated course of quinine (Rosenthal, 2004). The relative slowness of action of the
tetracyclines makes concurrent treatment with quinine mandatory for rapid control of
parasitemia (Tracy & Webster, 2001; Ashley ef al., 2006). Doxycycline has also become a
standard chemoprophylactic drug for use in areas of Southeast Asia with high rates of

resistance to other antimalarials, including mefloquine (Rosenthal, 2004).

Clindamycin is a lincosamide antibiotic which is slowly active against erythrocytic schizonts and
can be used in conjunction with quinine or quinidine in persons for whom doxycycline is not
recommended, such as children and pregnant women (Rosenthal, 2004; Ashley et al., 2006).
Clindamycin offers only limited advantages when compared to other available antimalarial
drugs. Parasitological response to clindamycin is slow and recrudescence rates are high
(Kremsner et al., 1994). Azithromycin also has antimalarial activity and is now under
investigation as an alternative chemoprophylactic drug (Puri & Singh, 2000).

2.4.4 Atovaquone

Based on the antiprotozoan activity of certain hydroxynaphthoquinones, atovaquone was

developed as a promising synthetic derivative with potent activity against Plasmodium species.
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Atovaquone is a highly lipophilic analog of ubiquinone and has potent activity against blood
stages of all Plasmodium species (Hudson et al,, 1991). The use of atovaquone alone was
found to result in a high prevalence of failure due to rapid development of resistance
(Looareesuwan et al., 1996). In contrast, excellent efficacy is obtained when atovaquone is
used in combination with proguanil (Looareesuwan et al, 1999). Malarone® is a fixed
combination of atovaquone (250mg) and proguanil (100mg) and has been shown to be highly
effective for both the treatment and chemoprophylaxis of falciparum malaria. This combination
has an advantage over mefloquine and doxycycline in requiring shorter periods of treatment
before and after the period at risk for malaria transmission, but it is more expensive than the
other agents (Rosenthal, 2004)

2.4.5 Artemisinin and derivatives

Artemisinin, also known as ginghaosu in China, its country of origin, is a sesquiterpene lactone
endoperoxide derived from the leaves of Arfemisia annua, the sweet wormwood plant
(Meshnick et al., 1996). Artemisinin has been used as an antipyretic in China for over 2000
years (Klayman, 1985; Rosenthal, 2004). In 1979, the Chinese reported that artemi