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ABSTRACT

Malaria is an infectious disease caused by Plasmodium parasites, with P. falciparum,
responsible for most cases of morbidity and mortality. In 2014, malaria killed 438 000
people, with most deaths occurring in sub-Saharan Africa. The emergence and spread of P.

falciparum drug resistance drives the search for new drugs to combat the disease.

Currently, artemisinins remain the mainstay of antimalarial chemotherapy. They possess
superior potency, rapid action, good tolerability as well as a broad spectrum of
antiplasmodial activity against P. falciparum. Undesirably, the use of these drugs is impeded
by chemical and thermal instabilities as well as human neurotoxicity at high doses.
Additionally, artemisinins have short pharmacological half-lives which result in
recrudescence when used in monotherapy and ultimately the development of parasite
resistance. Consequently, the WHO recommends ACT (artemisinin combination therapy)
which is the administration of an artemisinin drug in partnership with a longer acting drug
from a different antimalarial class, in order to elicit efficient and curative antimalarial
treatment while also avoiding parasite resistance to artemisinins. Despite this strategy, the
emergence of P. falciparum resistance has been reported. Attempts to combat artemisinin

resistance and the search for new drugs are, therefore, incumbent.

Most shortcomings of clinical artemisinins are due to the structural lability of the hemiacetal
D-ring. During this study, an investigation of robust and stable non-hemiacetal esters of
artemisinin was conducted. The purpose was to find derivatives that would trade on the
benefits of the clinically used artesunate (ARS), but offer more stability, improved solubility
and most importantly, the inability to metabolise into dihydroartemisinin (DHA) both in vitro

and in vivo.

In this study, truncated non-hemiacetal artemisinin ester derivatives were synthesised
through the reaction of acid anhydrides, or acid chlorides with an artemisinin derived alcohol.
Their structures were confirmed by NMR, IR and MS. The truncated esters were screened
for in vitro antimalarial activity alongside chloroquine (CQ), DHA, ARM (artemether) and
ARS against CQ sensitive (NF54) and CQ resistant (Dd2) strains of P. falciparum.
Furthermore, the compounds were screened in vitro for cytotoxicity using mammalian WI-38
(human) and CHO (animal) cell lines. In vitro anticancer activity of the compounds was
tested in TK10 (renal), UACC62 (melanoma) and MCF7 (breast) cancer cells. The



compounds generally displayed poor anticancer activity therefore none of the compounds

stood out as a potential anticancer candidate drug.

All synthesised esters were active against both strains of P. falciparum. The majority of the
compounds were equipotent to ARS, with the exception of p-nitrobenzoate and furan-2-
carboxylate, which had superior antimalarial activity against the resistant Dd2 parasites,
however none showed superior activity to DHA. The derivatives had good safety profiles.
Additionally, resistance index (RI<1) suggested that Dd2 parasites posed no resistance to
the maijority of the new derivatives. Most of the esters were found to be more stable than the
clinical artemisinins. Ultimately, the p-nitrobenzoate 11 was identified as the best candidate
for further investigation as a potential drug in the search for new, safe and effective
antimalarial drugs, based on its efficacy, tolerability, safety profile, as well as thermal

stability.

Keywords: malaria, artemisinins, neurotoxicity, stability, truncation, resistance, Plasmodium

falciparum



UITTREKSEL

Malaria is ‘n aansteeklike siekte wat deur Plasmodium-parasiete veroorsaak word. P.
falciparum is vir die meeste siekte- en sterfgevalle verantwoordelik. In 2014, was malaria die
oorsaak van 438 000 sterfgevalle onder mense, waarvan die meeste in sub-Sahara Afrika
voorgekom het. Die ontstaan en verspreiding van geneesmiddelweerstandige P. falciparum

is die dryfveer vir die soeke na nuwe geneesmiddels om die siekte te beveg.

Die artemisiniene is nog steeds die belangrikste middels vir antimalariaterapie. Hulle beskik
oor die hoogste potensie, vinnige werking, word goed verdra en beskik oor ‘n breé spektrum
van plasmodiese aktiwiteit teen P. falciparum. Ongelukkig word die gebruik van hierdie
geneesmiddels aan bande gelé deur chemiese en termiese onstabiliteit asook
neurotoksisiteit by mense by hoé& dosisse. Hierbenewens beskik artemisiniene oor kort
farmakologiese halfleeftye wat opflikkering van simptome kan veroorsaak indien dit as
monoterapie toegedien word en wat uiteindelik tot ontwikkeling van parasietweerstandigheid
lei. Gevolglik beveel die WGO (Wéreldgesonheidsorganisasie) ACT
(artemisinienkombinasieterapie) aan. Dit behels die toedien van ‘n artemisinien saam met ‘n
langerwerkende middel van ‘n ander antimalariaklas, om sodoende effektiewe genesing van
malaria te bewerkstellig en terselfdertyd parasietweerstandigheid teenoor die artemisiniene
te voorkom. Ten spyte van hierdie benadering is P. falciparum-weerstandigheid reeds
aangemeld. Pogings om weerstand teen artemisinien te beveg en die soeke na nuwe

geneesmiddels is derhalwe noodsaaklik.

Die meeste van die tekortkomige van die kliniese artemisiniene is te wyte aan die strukturele
onstabiliteit van die hemiasetale D-ring. In die loop van hierdie studie is robuuste en stabiele
nie-hemiasetaalesters van artemesinien ondersoek. Die doelwit was om derivate te
identifiseer wat die voordele van artesunaat (ARS), wat klinies aangewend word, te behou,
maar wat groter stabiliteit en verhoogde oplosbaarheid sal bied en baie belangrik: nie in vitro

en in vivo metabolisme na dihidroartemisinien (DHA) ondergaan nie.

In hierdie studie is verkorte, nie-hemiasetaal, artemisinienesterderivate gesintetiseer deur
reaksie van suuranhidriede of suurchloriede met ‘n artemisinienafgeleide alkohol. Die
strukture is met KMR, IR en MS bevestig. Die verkorte esters is vir in vitro antimalaria-
aktiwiteit teen chlorokiensensitiewe NF54) en chlorokienweerstandige CQ (Dd2) rasse van
P. falciparum getoets en vergelyk met chlorokien (CQ), DHA, ARM (artemeter) en ARS.

Hierbenewens is die verbindings ook vir in vitro sitotoksisiteit teenoor soogdier WI-38



(menslike) en CHO (dierlikel) sellyne getoets. In vitro antikankeraktiwiteit van die verbindings
is teenoor TK10 (renale), UACC62 (melanoom-) en MCF7 (bors-) kankerselle getoets. Die
verbindings het swak antikankeraktiwiteit en nie een van die verbindings toon belofte as

potensiéle kandidaat vir geneesmiddelbehandeling van kanker nie.

Al die gesintetiseerde esters was aktief teen beide P. falciparum-rasse. Die meeste van die
verbindings was net so potent soos ARS, met die uitsondering van p-nitrobensoaat en
furaan-2-karboksilaat, wat beter antimalaria-aktiwiteit teen die weerstandige Dd2-parasiet
getoon het. Geen verbinding het egter die aktiwiteit van DHA oortref nie. Die verbindings het
goeie veiligheidsprofiele. Boonop dui hul weerstandigheidsindekse (RI<1), daarop dat Dd2-
parasiete nie weerstandigheid teenoor die meeste van hierdie nuwe derivate toon nie. Die
meeste van die esters was meer stabiel as die kliniese artemesiniene. Verbinding 11, p-
nitrobensoaat, is, vanweé sy effektiwiteit, verdraagbaarheid, veiligheidsprofiel en termiese
stabiliteit, as die belowendste kandidaat vir die soektog na nuwe, veilige en effektiewe

antimalariageneesmiddels geidentifiseer.

Sleutelwoorde: malaria, artemisiniene, neurotoksisiteit, stabiliteit, verkleining, weerstand,

Plasmodium falciparum

Vi
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CHAPTER 1
INTRODUCTION AND PROBLEM STATEMENT

1.1. Background

Malaria is a vector borne parasitic disease that is transmitted to humans through the bite of
an infected female Anopheles mosquito. The disease is caused by five species of the genus
Plasmodium (P.), namely P. ovale, P. malariae, P. knowlesi, P. vivax and P. falciparum, with
the latter two being the most virulent (Pawluk et al., 2013; WHO, 2015b). P. vivax can
develop and survive in the human host through the hypnozoites, even at cooler climates.
Most malaria incidents and deaths are caused by P. falciparum, which is the most prevalent
in sub-Saharan Africa (WHO, 2015b).

Along with human immunodeficiency virus (HIV) and tuberculosis (TB), malaria is one of the
main causes of human death worldwide (Murray et al., 2014), which mainly affects Sub-
Saharan Africa, South-East Asia and the Eastern Mediterranean (Figure 1.1). In 2014,
malaria was responsible for 438 000 deaths globally, 308 000 of which occurred among
children under the age of 5. However, in the past 15 years, great strides have been made
towards its reduction, resulting in an 18% decline in malaria cases, 37% in incidences, 48%
in deaths and an overall 60% decrease in the malaria mortality rate (WHO, 2015b). These
reductions have been attributed to a combination of various factors, including the
implementation of efficient vector control measures, as well as the expanded use of both
preventive and curative chemotherapies. The former plays a critical role in reducing parasite
transmission from human to mosquito, in order to contain the spread of infection to humans.
This is achieved through the use of insecticide-treated mosquito nets (ITNs) and indoor

residual spraying (IRS).

Preventive chemotherapies, which are measures put in place to suppress blood-stage
infection in humans have two main objectives namely to protect high risk groups (pregnant
women, infants and children) and to minimise Plasmodium parasite transmission during
peak malaria transmission seasons. These objectives are achieved through intermittent
preventive treatment in pregnancy (IPTp) and intermittent preventive treatment for infants
(IPTi) programs through the administration of sulfadoxine-pyrimethamine (SP), as well as the
seasonal malaria chemoprevention (SMC) program, using sulfadoxine-pyrimethamine and
amodiaquine (SP + AQ) (WHO, 2015b).



Figure 1.1:  Global malaria prevalence map. The map shows the sparsity of global malaria
prevalence as well as current progress towards malaria reduction in order to achieve the
Millennium Development Goal (MDG) 6 which is “to have halted and begun to reverse the
incidence of malaria” (Target 6C) (WHO, 2015b).

Currently, artemisinins (Figure 1.2) are the cornerstone of curative malaria chemotherapy.
They are quick acting antimalarial drugs, whose efficacy is exerted at low concentrations,
and they are effective against all asexual stages of the parasite with the ability to rapidly
reduce the parasite burden thereby offering relief from symptoms (Haynes and Krishna,
2004, Krishna et al., 2004, Woodrow et al., 2005, Cheng et al., 2012).

OCO(CH,),COOH

Artemisinin  Dihydroartemisinin (DHA) Artemether: R = CHj3 Artesunate
Arteether: R =CH,CH;

Figure 1.2:  Chemical structures of artemisinin and its clinically used derivatives



Artemisinin-based combination therapy (ACT) is widely used as first line treatment for
uncomplicated malaria, as a means to address parasite recrudescence, which commonly
occurs with artemisinins monotherapy as a consequence of their short pharmacological half-
lives (Das et al.,, 2013, Haynes and Krishna, 2004). An ACT encompasses an artemisinin
and a longer-acting antimalarial drug from another class. ACT administration ensures that
continued chemotherapy is carried out by the partner drug, once the artemisinin
concentration falls below therapeutic levels (Haynes et al., 2007a). Current clinical ACT
regimens include artemether-lumefantrine (AL), artesunate-amodiaquine (AS/AQ),
artesunate-mefloquine  (AS/MQ), artesunate-chlorproguanil-dapsone  (AS/CD) and
artesunate-sulphadoxine-pyrimethamine (AS/SP) (Yakasai et al., 2015). ACT also aids in
reducing the risk of drug tolerance (Woodrow et al., 2005), as well as in delaying the
development of drug resistance (Dondorp & Ringwald, 2013; Klein, 2013; WHO, 2013). This
approach furthermore ensures early and effective treatment of uncomplicated malaria, in
order to prevent serious complications and death, as consequences of severe malaria. This
method of treatment also plays a role in the malaria control and elimination programs
(Cheng et al., 2012).

However, the emergence of parasite resistance to artemisinins puts strain on recent
progress, as well as on the malaria elimination goals. While resistance has only been
reported in Greater Mekong Sub-region (WHO, 2015a), its threat is amplified by the lack of
better or alternative antimalarial drugs, the instability and neurotoxicity of artemisinins
(Franco-Paredes et al., 2005, Starzengruber et al., 2012, Van Neck et al., 2007). Instability is
instigated by the hemiacetal nature of clinical artemisinins, in the form of alkyl acetals and an
ester, which is necessary since it offers improvement in drug plasma levels and drug
efficacies (Kamchonwongpaisan and Meshnick, 1996). However, the derivatives undergo
enzymatic oxidative dealkylation in vivo and are easily metabolised to DHA (Haynes et al.,
2002, Singh et al.,, 2012). DHA is associated with neurotoxicity (Schmuck and Haynes,

2000), which consequentially renders the clinical derivatives neurotoxic as well.

Most reports on artemisinins induced neurotoxicity stem from studies on laboratory animals,
exposed to the drugs for extended periods of time and at high dosages (Efferth and Kaina,
2010, Gordi and Lepist, 2004). However, in the wake of resistance, the issue of neurotoxicity
in humans becomes a concern, since strategies to maintain artemisinin efficacy may involve

increased artemisinin concentrations, or increased dosages (Das et al., 2013).

Although current clinical derivatives are either hydrolytically or metabolically unstable, and

together with the principal metabolite, DHA, elicit neurotoxicity, artemisinins are still the

3



drugs of choice for the treatment of malaria, so long as there are no alternatives.
Additionally, thermal instability of artemisinins is an important parameter to consider, since
malaria is endemic in tropical areas. Thermal stability plays a crucial role in drug dosage, as
the decomposition of active ingredients leads to the administration of sub-therapeutic
regimens and thus contributes towards the development of drug resistance (Haynes et al.,
2007b).

Moreover, artemisinins have also been explored as anticancer agents in vitro and in animal
studies. Much like their antimalarial therapy, the endoperoxide is believed to be responsible
for the anticancer activity of artemisinins. This results from the formation of cytotoxic free
radicals, which are generated upon reaction of the endoperoxide with intracellular ferrous
iron. The free radicals then cause growth inhibition through oxidative stress and ultimately

apoptosis of cancer cells (Das, 2015, Lai et al., 2013).

In summary, artemisinins are effective and efficacious antimalarial drugs. However,
instability, neurotoxicity, as well as resistance place urgency on the need to develop new
and better drugs with similar, or improved antimalarial activity, which are safe and well-
tolerable for human use. These drugs should also be stable enough to elicit therapeutic
concentrations. A strategy towards the development of such compounds includes the
truncation of the 6-membered D-ring (Figure 1.3) of the artemisinin scaffold into a more
robust 5-membered tetrahydrofuran ring. This will enable the replacement of the labile
hemiacetal and ultimately lead to derivatives that would not be metabolised to DHA in vivo,

consequently addressing the neurotoxicity concern of current artemisinins.
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Figure 1.3:  Ring opening of DHA versus the truncated DHA that cannot undergo ring
opening (Haynes et al., 2007a)



1.2. Aim and Objectives of the study

The aim of this study was to investigate novel, non-hemiacetal ester derivatives of
artemisinin, with the ultimate goal of delivering efficacious antimalarial compounds with

improved stability and safety profile.

In order to achieve this aim, the following objectives were set:

e Synthesis of novel, non-hemiacetal esters with truncated artemisinin scaffolds and
their characterisation, using IR (infrared spectroscopy), NMR (nuclear magnetic

resonance spectroscopy) and MS (mass spectrometry).

o Evaluate in vitro antimalarial activity of the synthesised esters against chloroquine
sensitive (CQS) and chloroquine resistant (CQR) strains of intraerythrocytic P.

falciparum parasites.

e FEvaluate in vitro cytotoxicity of the synthesised compounds against mammalian cell

lines.

Evaluate in vitro anticancer activity of the esters against TK10 (renal), UACC62

(melanoma) and MCF7 (breast) cancer cells.
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CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

Malaria continues to plague our modern society with high rates of morbidity and mortality.
The disease remains endemic in 96 countries and mainly occurs in Sub-Saharan Africa,
South-East Asia and the Eastern Mediterranean. In 2014, an estimated 214 million cases of
malaria, with 438 000 deaths (WHO, 2015a) were reported worldwide. Malaria control and its
eradication remain the critical and ultimate goals. The importance of these goals is imposed
by the fact that, while malaria is a health issue, it also greatly influences social development
on a global scale, since it mostly affects the poorest communities with limited access to
resources, and as such its elimination would be an immense achievement towards
addressing seven of the Millennium Development Goals (MDGs). These MDGs include
halting and reversing malaria incidences, reducing the mortality rate of children under the

age of five and improving maternal health (WHO, 2015a).

Significant progress has been made in malaria control and elimination, as evidenced by a
60% global decline in deaths, as well as a 37% and 42% decline in malaria cases globally
and in Africa, respectively. This progress can be attributed to collaborative efforts on vector
control, preventive and curative chemotherapeutic measures (WHO, 2015a). While current
statistics could be hailed as progressive success, the Plasmodium (P.) pathogen, particularly
P. falciparum, has always seemed to find a way to hinder efforts towards its elimination

through the development of resistance to antimalarial drugs.

2.2 Life cycle and pathogenesis

The eukaryotic Plasmodium parasite has a very complex life cycle (Figure 2.1), comprising
of an asexual phase that occurs in the vertebrate (human) and a sexual phase that takes
place in the female Anopheles mosquito (Opsenica and Solaja, 2012, WHO, 2012b). Malaria
infection of the human host is initiated by an infected female Anopheles mosquito during its
blood meal. The mosquito injects sporozoites, into the human host’s bloodstream through its
saliva, in a process known as the pre-erythrocytic, or exoerythrocytic stage. The sporozoites
are transferred into the liver and invade the hepatocytes, where they multiply and become

enlarged to form schizonts. Each schizont fragments into a number of smaller cells, called



the merozoites, which continue to multiply in the hepatocyte until it ruptures, releasing the
merozoites into the bloodstream, where they invade the erythrocytes to signal the start of the
erythrocytic schizogony stage (Cowman and Crabb, 2006, Sherman, 1979). Once in the
erythrocytes, the parasite encapsulates itself within the parasitophorous vacuole, known as
the ring stage (Cowman and Crabb, 2006). In the ring stage, the parasites develop into
trophozoites that catabolise the red blood cells’ cytoplasm, which contains about 95% of
haemoglobin (Francis et al., 1997, Goldberg et al., 1990). Haemoglobin catabolism is a
process during which amino acids are generated, and oxygen radicals and haem are
released. The process is synonymous with parasite growth, that is, as the parasite matures,
there is an increased demand for and consumption of haemoglobin (Dhangadamajhi et al.,
2010, Foley and Tilley, 1998). Some of the immature ring stage trophozoites, instead of
continuing the asexual cycle of the parasite, initiate the sexual cycle by developing into male
(microgametocyte) and female (macrogametocyte) gametocytes that circulate in the human
host’s bloodstream until they are ingested by a mosquito when it takes a blood meal. The
sexual stage continues within the mosquito when the human blood cells rupture and release
the gametocytes. Gametocytes develop into male or female gametes, which fuse to form
diploid zygotes that develop into ookinetes, which then develop into oocysts in the
mosquito’s midgut, where they grow and develop into sporozoites that will be injected into a
human host when the infected mosquito feeds on a human, starting the cycle anew (Wells
and Poll, 2010).
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Figure 2.1:  Full life cycle of the Plasmodium parasite, showing both the cycle that occurs

in the mosquito and the cycle that occurs in the human body (Wells and Poll, 2010).

P. falciparum infections can be divided into two categories, namely uncomplicated malaria
and complicated, or severe malaria. Uncomplicated malaria is not life threatening, but it must

be treated and cured in order to avoid further complications, or progress into severe malaria
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(Dalrymple, 2012). Progression from uncomplicated to complicated malaria may be the
result of missed or delayed diagnosis (Pasvol, 2005). The main contributing factor to this is
that the symptoms of uncomplicated malaria are similar to those of a wide variety of
diseases. The catastrophic results therefore not only end in the progression of the disease,
but also contribute towards other problems, such as over diagnosis and
careless/unnecessary treatments, which may ultimately lead to problems, such as drug

resistance, which will be discussed at length later in this chapter (Dalrymple, 2012).

The host responds to malaria infection by augmenting splenic immune function, thus
parasite clearance (White et al., 2014; del Portillo et al., 2012). The spleen has phagocytic
and cellular immune functions. It actively removes infected erythrocyte by-products that
result from the rupture of the schizonts and those opsonised by immunoglobulin. Moreover,
the spleen has the ability to extract Plasmodium parasites from young infected erythrocytes
through pitting (Urban et al., 2005, White et al., 2014). P. falciparum has the ability to evade
the immune system’s pathogen destruction mechanisms, such as spleen-dependent immune
mechanisms (Carvalho et al., 2013, Ho and White, 1999, Magowan et al., 1988). This occurs
in cases of complicated malaria, where the parasite promotes its own survival through
cytoadherence, also known as erythrocyte sequestration. It should be noted that erythrocyte
sequestration is associated with high fatality, since it enables the parasite riddled
erythrocytes to adhere onto the endothelium cells, thus protecting the parasite from being
identified as a pathogen and being removed by the spleen (Carvalho et al., 2013, Ho and
White, 1999, Magowan et al., 1988). This results in the disturbance of microcirculation,
leading to complications, such as oxygen deficiency in the tissues, metabolic disturbances
and multiple organ failure. The distribution of erythrocyte sequestration is indicated as a
symptom of key clinical illness. In comatose patients, suffering from cerebral malaria, high
erythrocyte sequestration is present in the cerebrum (Carvalho et al., 2013, Ho and White,
1999).

Human immunodeficiency virus/acquired immunodeficiency syndrome (HIV/AIDS) and
tuberculosis (TB) may also facilitate malaria complication, because victims have a
compromised immune system (Sanyaolu et al., 2013, Ter Kuile et al., 2004). HIV-malaria co-
infections can cause an increase in clinical attacks of malaria and higher parasite densities.
Moreover, acute malaria infection can increase the HIV burden in HIV positive individuals.
There is also evidence that non-immune malaria patients, co-infected with HIV, have a

higher risk of severe malaria and malaria related mortality (Hogan, 2009).
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23 Signs and symptoms

The first symptoms of malaria are non-specific and may be representative of a wide number
of diseases. These symptoms include fever, diarrhoea, headaches and chills, to name a few
(White et al., 2014). Some affected areas of the body, as well as the manifestations thereof

are highlighted in Figure 2.2.

Figure 2.2: Symptoms of malaria and the affected areas of the body (Bouc, 2013)

Complicated malaria symptoms include drifting in and out of consciousness, convulsions,
decreased urinary output, respiratory distress and abnormal bleeding. Severe complications
may include coma, convulsions, metabolic acidosis, hypoglycaemia, renal failure, secondary
infections, bleeding disorders and anaemia. Acute anaemia, in highly malaria endemic
areas, occurs in children under 2 years of age and has the potential to develop into cerebral
malaria later on (Pasvol, 2005). Cerebral infection is the most severe and deadliest form of
malaria. Therefore, its onset should be monitored and anticipated, especially among patients
presenting complicated malaria-like symptoms (Pasvol, 2005). As a result, the WHO
recommends that all forms of severe, or complicated malaria be treated through parenteral
administration of medicines, because patients with such symptoms may be unable to take
oral drugs and oral administration may not give the required dose, since nausea and

vomiting may occur (Pasvol, 2005).
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24 Diagnosis

Prompt and accurate diagnosis of malaria is very crucial in ensuring timeous treatment to
effectively prevent further spread of infection in the community. Malaria infection can be
suspected, based on the patient’s travel history and symptoms, but confirmation must be
obtained through correct diagnosis. As a way of ensuring accurate diagnosis, it is important
to obtain a complete blood count and a routine chemistry panel. This information is vital in
determining whether the patient has complicated or uncomplicated malaria infection, which
in turn will inform of the proper method of treatment. The importance of routine chemistry
panel tests cannot be overstated, since these tests can detect renal failure, hypoglycaemia,
severe anaemia, hyperbilirubinemia and acid-base disturbances, which are all

consequences of malaria infection (Tangpukdee et al., 2009).

Malaria diagnostic methods include microscopic and molecular diagnoses, as well as
antigen detection. Microscopic diagnosis is achieved by smearing a drop of a patient’s blood,
stained with Giemsa, on a slide, which is then examined. Antigen detection tests, also known
as Rapid Diagnostic Tests (RDTs), are designed to provide results in about 15 minutes. This
diagnostic method provides a faster alternative to microscopic diagnosis, but it is costly and
requires some improvement in accuracy (Tangpukdee et al., 2009). Molecular diagnosis on
the other hand, involves polymerase chain reaction (PCR) to detect the parasites’ nucleic
acids. This method is more sensitive than the other methods and is used to confirm the

Plasmodium species (Tangpukdee et al., 2009).

2.5 Prevention and control

In the bid to ultimately eliminate malaria, preventive and curative measures are employed.
Vector control, barriers to transmission and chemoprevention are used as preventive
measures (AlKadi, 2007, WHO, 2014). Vector control, which is facilitated by the use of
pesticides, seeks to reduce/disrupt mosquito breeding. Indoor residual spraying (IRS), which
involves coating the walls and other surfaces of the house with residual pesticides, is an
example of an effective vector control measure. The pesticide kills mosquitos that come in
contact with these surfaces. While this method does not prevent mosquito bites and
infection, it prevents transmission (White et al., 2014). Barriers to transmission include the
use of insecticide-treated bed nets (ITNs) and the application of mosquito repellent on the
skin (Dalrymple, 2012). These interventions provide protection, are cost effective, easy to
use and require less technical outlay to implement (Binka and Akweongo, 2006). ITNs offer

a crucial and effective method of controlling transmission (WHO, 2015a). Chemoprevention,
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through intermittent preventative treatment (IPT) and seasonal malaria chemoprevention
(SMC), is aimed at addressing causal effects, as well as taking advantage of the therapeutic
effects of prophylactic drugs. Intermittent preventive treatment in pregnancy (IPTp) is the
administration of sulfadoxine-pyrimethamine (SP) during the second and third trimester of
pregnancy. SMC is the administration of amodiaquine (AQ) and sulfadoxine-pyrimethamine
(SP) to children, aged 3 - 59 months, during high transmission seasons, thus ensuring
therapeutic levels of the antimalarial drug in the body during peak transmission seasons.

The result is a reduction in both mortality and morbidity cases (WHO, 2015a).

2.6 Chemotherapy

Chemotherapy is vital in the efforts aimed at malaria eradication. While no ideal drug for the
treatment of this disease currently exists, there are three classes of drugs used for curative
treatment, namely quinolines, antifolates and artemisinins, which offer varying efficacy and

safety profiles (Dalrymple, 2012).

2.6.1 Quinolines and related drugs

Quinolines are amongst the oldest antimalarials to date. They occur as both natural and
synthetic compounds which can be grouped/sub-divided into 4-aminoquinolines, 8-
aminoquinolines and aryl aminoalcohols, also known as cinchona alkaloids or quinolines
(Kakkilaya, 2015). These drugs are known to mostly act during the blood stages of the
parasite’s life cycle (Dalrymple, 2012, Kaur et al., 2010). Additionally, some quinolines such
as quinine and chloroquine, are considered safe for use during pregnancy (Foley and Tilley,
1998, Achan et al., 2011). Most of these quinolines continue to be used as partner drugs in
ACT (artemisinin combination therapy) for malaria treatment despite the widespread parasite

resistance against them.

2.6.1.1 4-Aminoquinolines

4-Aminoquinolines are selective antimalarial drugs that accumulate in the parasite’s
digestive vacuole to interfere with haemoglobin metabolism. They act by inhibiting the
parasite from detoxifying haem, a haemoglobin by-product, which is toxic to the parasite
(O'Neill et al., 1998). The parasite polymerises haem into hemozoin, an insoluble crystalline
pigment, thereby avoiding the toxicity of haem (Pandey et al., 2003, Goldberg et al., 1991).

However, because these drugs have a high affinity for melanin rich cells and tissues, they
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are associated with ocular toxicity at high cumulative concentrations, which may result in
retinopathy (Foley and Tilley, 1998, O'Neill et al., 2003). Additionally, these drugs are
contraindicated for individuals who have liver and kidney dysfunction, since they accumulate
in these tissues and may result in toxicity (O'Neill et al., 2003). Most important drugs in this

group include chloroquine, amodiaquine and piperaquine.

Chloroquine (CQ) is a synthetic 4-aminoquinoline which replaced quinine, because of its
affordability and efficacy, as well as its safety profile, making it ideal for use during
pregnancy (Petersen et al., 2011). Additionally, CQ (1) has a 70 - 80% oral bioavailability,
however its elimination half-life of 30 - 60 days (Krishna and White, 1996 , Petersen et al.,
2011), initially an advantage, especially in prophylaxis, led to parasite resistance. Indeed, as
a result of this long half-life, the parasite remained exposed to the drug even when
concentrations fell below therapeutic levels ultimately rendering the drug redundant (Foley
and Tilley, 1997). Furthermore, the bitter taste played a role towards patients’ non-
compliance during malaria treatment, which consequently contributed to the development of
CQ resistance (Foley and Tilley, 1998). The side effects following CQ administration include
vomiting, rashes and itching (Foley and Tilley, 1998). The mechanism of action of CQ is not
well-understood, however it is anticipated to target the metabolic processes involved in the

uptake, or digestion of haemoglobin (Foley and Tilley, 1997, Foley and Tilley, 1998).

Amodiaquine (2) is another 4-aminoquinoline currently in clinical use. However, unlike
chloroquine, it is more palatable and is associated with less itching, but has reduced activity
(Foley and Tilley, 1998). Amodiaquine is active against blood schizonts and some
chloroquine resistant plasmodia (O'Neill et al., 1998). It is metabolised to the antiplasmodial
monodesethylamodiaquine, which boosts the overall half-life of amodiaquine from 3 - 5
hours to 18 - 19 days. This phenomenon is responsible for the slow development of
resistance to the drug (Petersen et al., 2011). In fact, amodiaquine continues to be used in
antimalarial treatment as a longer acting partner drug in ACT with artesunate (Yakasai et al.,
2015), as well as in chemoprevention (SMC) (WHO, 2015a). Additionally, amodiaquine has
a good safety profile, although side effects, such as visual and gastro-intestinal disturbances
have been reported. Furthermore, its prolonged use is associated with hepatotoxicity and
agranulocytosis (Foley and Tilley, 1998, Glick, 1957, O'Neill et al., 1998). Much like other
quinolines, the mechanism of action is poorly understood, although amodiaquine
accumulates in the digestive vacuole and inhibits haem polymerisation (Petersen et al.,
2011).
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Piperaquine (3) is a bis-4-aminoquinoline with structural similarities to chloroquine, which
gives piperaquine a mode of action similar to that of chloroquine. Moreover, its bulky nature
is thought to be the reason for its efficacy in CQR (chloroquine resistant) strains and that it is
necessary for antimalarial activity. However, the emergence of parasite resistance in China,
coupled with the use of artemisinin derivatives led to the decline in its use (Davis et al.,
2005). However its long half-life of 5 weeks and the emergence of CQ resistance lead to its
rediscovery for use as a longer acting partner drug in ACT (Petersen et al., 2011, Davis et
al., 2005). Moreover, piperaquine is less toxic, has a better therapeutic index than CQ and is
effective against P. vivax and CQR P. falciparum parasites (Davis et al., 2005). As a result
the drug has been recommended for use in ACT as a partner drug to DHA
(dihydroartemisinin) (Kakuru et al., 2016).
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Figure 2.3:  Structures of 4-aminoquinolines

2.6.1.2 8-Aminoquinolines

8-Aminoquinolines are a class of quinolines that are active against hypnozoites, hence their
use in treatment of P. vivax and P. ovale (Foley and Tilley, 1998). Although they possess
prophylactic properties, their toxicity and the high doses required make them unsuitable for
this purpose (Grewal, 1981). Additionally, this class of compounds is contraindicated for
G6PD deficient individuals since they cause haemolysis (Recht et al., 2014). The drugs of
note in this class of antimalarials include primaquine and tafenoquine. The former is used in
the treatment of P. vivax hypnozoite liver stages (Petersen et al., 2011), and the latter is
currently in clinical trials for treatment of P. falciparum and P. vivax malaria (Recht et al.,
2014).
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Primaquine (4) is mainly used for the treatment of P. vivax and P. ovale malaria, because of
its ability to prevent relapse, commonly associated with P. vivax. Primaquine is a potent
gametocytocide for P. falciparum parasites, when co-administered with a drug that has good
activity against the asexual stage, which therefore blocks parasite transmission (Ashley et
al., 2014). The generally acceptable dose of primaquine is 15 mg over 14 days, which is
then concentrated in the liver, brain, heart, lungs and skeletal muscle and can also cross the
placental barrier. It has a half-life of 4 - 9 hours, with rapid absorption in the gastro-intestinal
tract. Its effectiveness is increasingly noted when used in conjunction with blood
schizonticides, such as quinine and chloroquine (Ashley et al., 2014). Unfortunately, P. vivax
shows tolerance against primaquine in South-East Asia and Ocenia (Baird and Hoffman,
2004). Its mechanisms of action and metabolism are poorly understood, however 8-
aminoquinolines, such as primaquine, kill mature Plasmodium gametocytes of all species in
the liver and the dormant hypnozoites of P. vivax and P. ovale. However, the drug causes
haemolysis in patients with G6DP deficiency, which, in severe cases may lead to life
threatening anaemia and haemoglobinuric renal failure (Ashley et al., 2014, Baird and
Hoffman, 2004).

Tafenoquine (5) is a derivative of primaquine, which possesses improved antimalarial
efficacy and reduced toxicity in comparison. This 8-aminoquinoline is also active against the
blood stages of the parasite. Its 14 days half-life is an additional improvement to the 6 hours
of primaquine, making it an ideal drug for use in prophylaxis. Tafenoquine has both
gametocytocidal and sporontocidal activities, which make it a good transmission blocking
agent (Recht et al., 2014). This drug is well tolerated by G6PD normal individuals, however,
it may cause haemolysis in G6PD deficient patients (Deshpande, 2016, Prashar and Paul,
2009, Recht et al., 2014).
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Figure 2.4:  Structures of 8-aminoquinoline antimalarials

2.6.1.3 Aryl aminoalcohols

Alkaloids consist of both natural and synthetic quinolines. The former include quinine,
cinchonine, quinidine and cinchondine, which are isolated from the bark of the cinchona tree
(Achan et al.,, 2011, Foley and Tilley, 1998), whereas the synthetic alkaloids include
mefloquine, lumefantrine and halofantrine. These drugs are potent antiplasmodial agents,

with quinine being the most effective and primarily used.

Quinine (6), which is mainly prepared as a salt with hydrochlorides, dihydrochlorides (the
most commonly used), sulphates, bisulphates and gluconates, is active against the schizont
stage of the malaria parasite as well as the gametocyte stages of P. vivax and P. malariae.
Unfortunately, it does not affect the gametocyte stages of P. falciparum (Achan et al., 2011,
Foley and Tilley, 1997, Foley and Tilley, 1998). It has a half-life of between 11 - 18 hours
and can cross the placental barrier. Thus, it's contraindicated in pregnancy, but remains the
primary option for treatment in the case of severe malaria (Adam et al., 2004). Quinine
accumulates in the parasites digestive vacuole and plays a role in the detoxification of haem;
its mechanism of action, however, remains poorly understood (Achan et al., 2011, Petersen
et al., 2011). The use of quinine, initially hampered by cost and its complicated synthesis led
to the use of chloroquine, which interestingly, was soon reversed as a result of chloroquine
resistance. Quinine continues to be used as a second-line treatment in Africa for the
treatment of uncomplicated falciparum malaria and as an injection in some cases of severe
malaria, as well as in combination with antibiotics for the treatment of resistant malaria
(Petersen et al., 2011). The effectiveness of this drug is accompanied by a variety of side

effects, namely tinnitus, slight hearing impairment, headaches and nausea, collectively
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termed, cinchonism. The more severe side effects include diarrhoea, vomiting, abdominal
pain, vertigo, loss of vision, auditory loss, venous thrombosis in intravenous administration
and hypoglycaemia. Though less frequent in their occurrence, other side effects may include
asthma, psychosis, thrombocytopenia, hepatic injury and skin eruptions (Achan et al., 2011,
Foley and Tilley, 1997, Foley and Tilley, 1998). There are only sparse reports of parasite
resistance to this drug (Dalrymple, 2012, WHO, 2012a) and often refer to reduced or

delayed activity and low grade quinine (Achan et al., 2011).

Mefloquine (7) is a synthetic, lipophilic aryl aminoalcohol, which was introduced to treat CQR
malaria (Foley and Tilley, 1997). While it is better tolerated and has superior antimalarial
activity compared to quinine, mefloquine exerts neuropsychiatric side effects, such as
anxiety, seizures, depression, acute psychosis on top of cinchonism (a general side effect of
quinolines, whose symptoms include blurred vision and tinnitus) (Foley and Tilley, 1998). Its
ability to bind high-density lipoproteins to both infected and uninfected erythrocytes has been
linked to its long half-life (Foley and Tilley, 1998). Furthermore, its long half-life (20 - 30
days) is thought to be the reason for parasite resistance against this drug, since it remains
present in the blood for months at concentrations below therapeutic levels. Mefloquine is
associated with intrinsic resistance in areas where it hasn’t been used before, which is
thought to be a result of existing quinine resistance (Foley and Tilley, 1997, Foley and Tilley,
1998). Intrinsic resistance poses a problem in that mefloquine is one of the longer acting
drugs used in ACT (Na-Bangchang et al., 2013). Much like other quinoline drugs, mefloquine
inhibits haem detoxification. Furthermore, it inhibits the import of solutes into the parasite’s
digestive vacuole by interfering with PfIMDR1 transport (Petersen et al., 2011, Foley and
Tilley, 1998).

Lumefantrine (8) is a hydrophobic aryl aminoalcohol, with a half-life of 3 - 5 days. Its
bioavailability varies between individuals. Its efficacy however, can be improved by co-
ingestion with a high-fat meal (Petersen et al., 2011). Lumefantrine acts by binding to
ferriprotoporphyrin IX to disrupt the synthesis of hemazoin (Warhurst, 2001). This potent
gametocytocidal (Makanga and Krudsood, 2009) and blood schizontocidal (Warhurst, 2001)
drug plays a role in blocking transmission and is currently used as a co-drug with artemether
in ACT (Makanga, 2014, Petersen et al., 2011). This ACT regimen is administered for the
treatment of acute uncomplicated P. falciparum malaria in both adults and children
(Makanga and Krudsood, 2009).
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Halofantrine (9) is an orally administered blood schizonticide (Andersen et al., 1995) that has
an elimination half-life of 1 - 5 days and 3 - 7 days for its active metabolite, N-
desbutylhalofantrine (Siriez et al., 2012). Although the drug shows good efficacy and rapid
action, adverse reactions, such as cardiotoxicity, which could potentially be fatal, hence its
use only permissible under rare circumstances and after careful consideration of its
contraindications (Bouchaud et al., 2009). Parasite drug resistance, associated with
halofantrine, has been seen in both CQR and CQS (chloroquine sensitive) P. falciparum
strains. Intriguingly, halofantrine resistance seems to relieve CQ resistance in previously
resistant parasites (Nateghpour et al., 1993) through transporter mutations (Cui et al., 2015,
Ritchie et al., 1996). These mutations alter the transport and accumulation of drugs into the
parasite’s digestive vacuole (Cui et al., 2015, Duraisingh and Cowman, 2005, Ritchie et al.,
1996).
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Figure 2.5:  Structures of aryl aminoquinolines

21



2.6.2 Antifolates

Antifolates are synthetic antimalarial drugs that exert their antimalarial activity by disrupting
de novo folate synthesis. The disruption of folate synthesis results in reduced levels of
tetrahydrofolate, which consequently results in the disruption of DNA replication (Gregson
and Plowe, 2005, Hyde, 2005). These drugs can be housed under two sub-classes, namely
sub-class | antifolates which are inhibitors of dihydropteroate synthase (DHPS) and sub-
class Il antifolates, which are inhibitors of dihydrofolate reductase (DHFR) (Nzila, 2006).
Both sub-classes are used in combination in order to take advantage of their synergistic
activity (Gregson and Plowe, 2005, Nzila, 2006). Sulfadoxine-pyrimethamine (SP), for
example, is currently used as the mainstay of preventive chemotherapy (WHO, 2015a) and
in ACT as a long acting partner drug with artesunate (ARS) (Yakasai et al., 2015). However,
problems of low efficacy, high toxicity, resistance and side effects, such blood dyscrasias,
respiratory disorders, hepatic disorders, gastrointestinal reactions and skin lesions

(Bjorkman and Phillips-Howard, 1991) limit the use of antifolates.

2.6.2.1 Sub-class | antifolates

Sub-class | antifolates disrupt de novo folate synthesis by competing with p-aminobenzoic
acid (PABA) for binding to the enzyme, dihydropteroate synthase (DHPS) (Ferone, 1977,
Gregson and Plowe, 2005, Hyde, 2005, Nzila, 2006) (Figure 2.5). This class of antimalarials
include sulfa drugs, with both prophylactic and therapeutic properties against malaria
parasites (Bjorkman and Phillips-Howard, 1991, Nzila, 2006). Sulfa drugs of note are
sulfadoxine (10) and dapsone (11), which are known for their long elimination half-lives of
200 hours and 28 hours, respectively (Dalrymple, 2012, Bjorkman and Phillips-Howard,
1991). The long half-lives of these two first generation antimalarial sulfa drugs were
suspected to contribute to the development of parasite resistance, which led to the discovery
and development of shorter half-life analogues, such as sulfafurazole (12) and
sulfamethoxazole (13), with 6 hours and 10 hours half-lives, respectively (Bjorkman and
Phillips-Howard, 1991).
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2.6.2.2 Sub-class Il antifolates

Sub-class Il antifolates inhibit the activity of DHFR consequently disrupting both DNA
replication and protein synthesis (Hastings and Sibley, 2002). Important sub-class I

antifolates include pyrimethamine (14), proguanil (15) and chlorproguanil (16).
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Figure 2.8:  Sub-class Il antifolates

Pyrimethamine (14) is a 2,4-diaminopyrimidine derivative that has both prophylactic and
therapeutic effects with schizontocidal activity. Although, it was introduced to combat
parasite drug resistance to chloroquine, the development of parasite resistance to
pyrimethamine, when the drug is used in monotherapy, started soon after its introduction
(Gregson and Plowe, 2005, Nzila, 2006). Therefore, its combination with sulfadoxine was
introduced in order to take advantage of the synergistic effects of these two drugs (Watkins
et al., 1997). This combination is well tolerated and has a good safety profile, hence its use
in malaria chemoprevention, with positive results, as evidenced by the decreased rates of

malaria associated maternal anaemia and low birth weight (Peters et al., 2007).

Proguanil (15) is a highly protein-bound synthetic antifolate that is metabolised in the liver
into its potent dihydrofolate reductase inhibitor, chlorcycloguanil (16) (Baggish and Hill,
2002). The drug is then concentrated in the erythrocytes and has a half-life of 12 - 21 hours
(Baggish and Hill, 2002). Proguanil on its own has weak antiplasmodial activity, hence its
prophylactic use in combination with atovaquone (Kain, 2003, Looareesuwan et al., 1999,
Nzila, 2006, Baggish and Hill, 2002). Atovaquone acts by disrupting the normal
mitochondrial function of the parasite by interfering with the electron transport chain (Cordel
et al.,, 2013). The atovaquone-proguanil (AP) combination is used for the treatment of
uncomplicated P. falciparum in travellers (Baggish and Hill, 2002, Cordel et al., 2013) and as
an alternative treatment in areas where artemisinin resistance occurs (Baggish and Hill,

2002, Khositnithikul et al., 2008). Adverse reactions reported for this combination include
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nausea, vomiting, skin disorders, headaches and in some cases confusion (Cordel et al.,
2013). Additionally, AP treatment failure, mainly reported in Africa, is linked to resistance to
atovaquone, which is associated with the P. falciparum mitochondrial cytb gene
(Khositnithikul et al., 2008). This would make the targeting of this gene a rationale strategy

for the development of new atovaquone derivatives.

2.6.3 Artemisinins

Artemisinin (17) is a sesquiterpene lactone peroxide, extracted from sweet wormwood
(Artemisia annua L. or A. annua) of the genus Artemisia (Petersen et al., 2011). Since the
rediscovery of artemisinin as an antimalarial drug in 1971 (Dalrymple, 2012, Meshnick et al.,
1996, Woodrow et al., 2005), a variety of lipophilic and hydrophilic, semi-synthetic
artemisinin derivatives have been synthesised, mainly due to its poor solubility in both oil
and water (Petersen et al., 2011). The insolubility of artemisinin leads to problems with
administration and absorption of the drug, which ultimately impacts on its bioavailability. The
oil-soluble artemisinin antimalarials, namely DHA (18), artemether (19) and arteether (20),
show improved potency to the parent drug and are administered as oral, parenteral and
rectal formulations (de Vries and Dien, 1996, White et al., 2014). Artesunate (21), a
hydrophilic hemisuccinate artemisinin derivative, is formulated as a sodium salt. It is the
most versatile of all artemisinin derivatives in clinical use, since it is used for the treatment of
both uncomplicated and severe malaria and can be administered intravenously, orally,

intramuscularly and rectally (Morris et al., 2011).

OR OCO(CH,),COOH

Artemether, 19: R = CHj3
Artemisinin, 17 DHA, 18 Arteether, 20: R = CH,CHj4 Artesunate, 21

Figure 2.9:  Artemisinin (17) and its clinically used derivatives.

Artemisinins rapidly clear parasite burden at nhanomolar concentrations making their quick
action notably better than that of other antimalarial drugs (Krishna et al., 2004, Meshnick et

al., 1996). They kill all Plasmodium parasites that infect humans by exerting their
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chemotherapeutic effect against a wide range of the parasite life cycle stages. Artemisinins
are highly active against asexual and late ring stages of the parasite, trophozoites, as well as
gametocytes. Unfortunately, their activity does not affect the liver stages of P. vivax and P.
falciparum (Meshnick et al., 1996, Woodrow et al., 2005). Their activity also arrests the early
stages of parasite development in erythrocytes (Haynes and Krishna, 2004, Krishna et al.,
2004, Woodrow et al., 2005). Artemisinins arrest gametocyte development and remove ring
stage parasites from erythrocytes, thus decreasing circulating parasite burden at a faster
pace. Advantageously, this ability potentially reduces transmission and contributes towards

malaria control programmes (Dalrymple, 2012, Krishna et al., 2004).

Considering erythrocyte sequestration, artemisinins are currently the only antimalarials with
the ability to effectively inhibit cytoadherence (Ho and White, 1999, Krishna et al., 2004).
Erythrocyte sequestration, which is characteristic of P. falciparum infections, is the
adherence of infected erythrocytes containing trophozoites and schizonts to the endothelium
of capillaries and venules. Cytoadherence enables the parasite to evade spleen-dependent
immune responses. Additionally, in cerebral malaria, it has the ability to obstruct blood flow
(MacPherson et al., 1985, Magowan et al.,, 1988, Storm and Craig, 2014). Therefore

inhibition of cytoadherence is a lifesaving phenomenon (Magowan et al., 1988).

There are still ongoing debates about the mechanism of action of artemisinins, however,
what is clearly known is that the endoperoxide bridge is responsible for their antimalarial
activity. This is supported by the lack of antimalarial activity in deoxyartemisinins (Wang et
al., 2010) and the potency of other peroxide containing compounds that are structurally
different from artemisinins (Charman et al., 2011). A number of hypotheses have been
suggested for the mechanism of action of artemisinins. These are either widely accepted or
justified by consequences of the use of artemisinins with the consensus about the formation

of reactive oxygen species (ROS).

The first suggestion is that artemisinins target Plasmodium mitochondria. The peroxide
bridge is activated by the electron transport chain to generate free radicals, which then
cause damage to the mitochondrial membrane through swelling, thus disrupting the normal
function of the mitochondria. Additionally, oxidative stress renders the outer mitochondrial
membrane permeable, which results in the release of reactive oxygen species into the
cytoplasm, ultimately causing cell death (Schmuck et al., 2002). In fact, this hypothesis has

been linked to neurotoxicity of artemisinins (Schmuck et al., 2002).

26



The second hypothesis is the interaction between artemisinin and ferrous ion, which leads to
conformational changes in PfATPG6, causing inaccessibility of the calcium binding site and
hence the loss of function of the parasite’s Ca?* pump and its subsequent death (Eckstein-
Ludwig et al., 2003).

A third suggestion is the reaction of artemisinins with haem ferrous ion (Fe?*) to form highly
reactive free radicals, which are subsequently rearranged to more stable, carbon centred
radicals. The free radicals work to modify and inhibit the parasite’s metabolism, thus killing
the parasite. This hypothesis may appear plausible, since the Plasmodium parasite is rich in
haem iron, derived from the breakdown of the host cells’ haemoglobin (Posner et al., 1995,
Postma et al., 1996).

The fourth hypothesis is the oxidative formation of the hydroperoxide model, as motivated by
the effect of oxidants and antioxidants on the antimalarial activity of artemisinins. In this
hypothesis, haem iron is not essential, since the hydroperoxide could either act as an
oxidant, or form reactive oxygen species. The endoperoxide bridge is opened between the
0-2 and the C-3 through protonation, forming a hydroperoxide which can be converted into
peroxy radicals and other reactive oxygen species or transfer oxygen to substrates that can
be oxidized (Olliaro et al., 2001).

The formation of free radicals by haem iron and the hydroperoxide formation hypotheses
may both be further motivated by the toxicity of artemisinins. The association of artemisinins
with neurotoxicity supports the mechanism of action that involves the inhibition of
mitochondrial function and the induction of oxidative stress, as evidenced by increases in

reactive oxygen species and lipid peroxidation (Clark et al., 2011).
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Figure 2.10: Semisynthetic artemisinin derivatives as DHA prodrugs. Cytochrome 450
plays a role in the metabolism of artemisinins into DHA. Cytochrome CYP3A4 is responsible
for the conversion of both ether derivatives by dealkylation to DHA. Cytochrome CYP2AG6 is
responsible for the conversion of artesunate to DHA. Glucuronidation by UGT1A9 and
UGT2B7 metabolise DHA to simple inactive metabolites, glucoronides, which are eliminated
in the bile (Sangkuhl, 2010).

The preservation of the efficacy and efficiency of artemisinins as highly effective antimalarial
drugs is motivated by numerous reasons, as mentioned above. Moreover, there is no
alternative antimalarial medicine currently available that offers the same level of efficacy and
tolerability, as artemisinins, nor efficient treatment as offered by ACTs (WHO, 2013). This
makes the seriousness of the shortcomings of artemisinins a priority. These limitations
include short pharmacological half-lives, the formation of DHA as a metabolite of all clinical
artemisinins (Figure 2.8), chemical and thermal instabilities. The former has consequences

such as recrudescence and treatment failure (Cheng et al., 2012, Teuscher et al., 2010) in
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monotherapy and it has been cited as a contributing factor to the development of parasite
resistance (Cheng et al., 2012). As a contingency measure to augment efficacy and to
suppress the rate and emergence of drug resistance, artemisinins are administered together
with a longer acting antimalarial drug in ACT. The rationale behind ACT is that the
artemisinin will quickly reduce the parasite burden and when its concentration falls below
therapeutic levels, the longer acting antimalarial will ensure continued treatment. ACT
regimens, as recommended by the WHO, include artemether-lumefantrine (AL), artesunate-
amodiaquine (AS/AQ), artesunate-mefloquine (AS/MQ) and artesunate-sulphadoxine-
pyrimethamine (AS/SP) (Yakasai et al., 2015). Additionally, dihydroartemisinin-piperaquine
(DA/PQ) is currently undergoing clinical trials, because of parasite resistance to

sulphadoxine-pyrimethamine (Kakuru et al., 2016).

Most shortcomings of current clinical artemisinins are due to the structural lability of the
hemiacetal nature of the D-ring (Figure 2.7). One strategy to remedy these shortcomings
involves the truncation of the D-ring, which seeks to remove the hemiacetal functionality
from the ring, thereby improving stability and avoiding DHA upon metabolism. Venugopalan
and co-workers synthesised truncated alcohol (21), aldehyde (22), thiocarbamate (23), ether
(24) and ester derivatives of artemisinin, which were tested for antimalarial activity in mice,
infected with CQS Plasmodium berghei. Derivatives 21 and 22 produced total parasite
clearance when subcutaneously administered in mice, infected with drug sensitive P.
berghei (K-173) and moderately CQ sensitive P. berghei (NS) (Venugopalan et al., 1993).
Thiocarbamate (23) and ether (24) derivatives showed comparable activity to arteether
(Venugopalan et al., 1995). Grellepois and colleagues also successfully synthesised a series
of D-ring-contracted artemisinin trifluoromethyl ketones (25), however, to date there is no

biological data available to accompany this work (Grellepois et al., 2002).
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Figure 2.11: Truncated artemisinin derivatives. 21 and 22 act as bridging intermediates

between conventional DHA and truncated derivatives of artemisinin.

2.7 Summary

Malaria continues to be a health problem. There is a variety of drugs at disposal for the
treatment of this disease however, these are accompanied by hindrances. Problems such
adverse reactions, the emergence of resistance and the selective activity of antimalarial
drugs make it difficult to sustainably treat the disease, let alone achieve its eradication.
These problems continuously inspire the search for better drugs. Most antimalarial drugs
possess activity on one, or a few stages of the Plasmodium life cycle and ultimately, the
parasite develops drug resistance. However, with the existence of drugs, such as
artemisinins, it becomes incumbent to preserve and/or improve them. Hence, efforts such as
the use of ACT, the improvement of artemisinins’ solubility and consequently bioavailability
through the use of artesunate and artemether, are put in place. Artemisinins have
antimalarial activity at low concentrations and over a broad spectrum of the pathogen’s life

cycle, as well as across all human Plasmodium parasites. Additionally, they are well
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tolerated and have good therapeutic indices. However, shortcomings, such as chemical
instability, insolubility, thermal instability, drug resistance and metabolism to DHA remain
stumbling blocks to the efficiency of artemisinins. Chapter 3 discusses at length the
synthesis and biological activity evaluation of a series of non-hemi-acetal ester derivatives of
artemisinin in an attempt to improve thermal and chemical stabilities, as well as the efficacy

of current artemisinins.
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CHAPTER 3
PUBLISHED ARTICLE

Chapter 3 comprises the article entitled “Synthesis and biological evaluation of a series
of non-hemiacetal ester derivatives of artemisinin” which has been published in the
European Journal of Medicinal Chemistry. The article presents the Introduction, Results,

Discussion, Conclusion and Materials and methods of the synthesised antimalarial
compounds of this study.
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CHAPTER 4
SUMMARY AND CONCLUSION

Malaria continues to inflict high rates of morbidity and mortality on a global scale. While there
are five Plasmodium (P.) species that can infect humans, only P. falciparum and P. vivax
have serious health implications. P. vivax hibernates in a dormant state and causes relapse,
while P. falciparum is responsible for high mortality rates, which are amplified by its
development into severe malaria. Proper diagnosis and early treatment are, therefore,
fundamental in containing the disease. Recent progress made in the reduction of malaria
infections and fatalities can be attributed to combination parameters, which include effective
prevention through vector control and chemoprevention, as well as curative treatment,
achieved through the use of artemisinin combination therapy (ACT). The WHO recommends
ACTs as a means to elicit effective curative treatment of uncomplicated malaria, to avoid
parasite recrudescence in monotherapy and to ultimately prevent parasite resistance against
artemisinins (Lin et al.,, 2010). ACTs essentially combine an artemisinin derivative with a
longer acting partner drug from another class of antimalarials (WHO, 2015a). In these
combinations, the artemisinin, due to its fast acting ability, swiftly reduces the parasite
burden, and the longer acting partner drug continues to elicit antimalarial therapy, once the
artemisinin concentration falls below therapeutic levels. Despite this precautionary measure,
artemisinin resistance has been reported in the Greater Mekong Sub-region (WHO, 2015b).
However, artemisinins are still used and are currently the pillar of antimalarial curative
chemotherapy mainly because of their activity against all Plasmodium species and their
efficacy against a wide range of the parasite’s life cycle stages. They are active against the
asexual blood and early gametocyte stages of the parasite (Krishna et al., 2004, Meshnick et
al., 1996). Additionally, artemisinins rapidly reduce the parasite burden and are well tolerated
by humans, although they are afflicted with numerous shortcomings, namely short
pharmacological half-lives, metabolism to DHA, solubility problems (Petersen et al., 2011),
chemical and thermal instabilities (Autino et al., 2012). Most of these shortcomings are

consequences of the lability of the hemiacetal/acetal nature of their six-membered D-ring.

Artesunate (ARS), a water soluble acetal ester derivative of artemisinin, although not
exempted from the shortcomings, remains the most versatile of all clinical artemisinins. It is
used for both uncomplicated and severe malaria treatment and can be administered
intravenously, orally, intramuscularly and rectally (Morris et al., 2011). Non-hemiacetal esters

of artemisinin were investigated, based on the hypothesis that the truncation of the D-ring
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would result in more robust and stable ester derivatives that would trade on the benefits of
the clinically used artesunate, but offer more stability, improved solubility and most

importantly, the inability to metabolise into DHA.

The aim of this study was to investigate novel, non-hemiacetal ester derivatives of
artemisinin, with the ultimate goal of delivering efficacious antimalarial compounds, with

improved stability and safety profile.

In order to achieve this aim, the following objectives were set:

. Synthesis of novel, non-hemiacetal esters with truncated artemisinin scaffold and

their characterisation, using IR, NMR and MS.

o Evaluate in vitro antimalarial activity of the synthesised esters against chloroquine
sensitive (CQS) and chloroquine resistant (CQR) strains of intraerythrocytic P.

falciparum parasites.

. Evaluate in vitro cytotoxicity of the synthesised compounds against mammalian

cell lines.

° Evaluate in vitro anticancer activity of the esters against TK10 (renal), UACC62

(melanoma) and MCF7 (breast) cancer cells.

The synthesis of non-hemiacetal esters was carried out through the dehydration of DHA with
BFs3.Et,O to form anhydrodihydroartemisinin, which was subjected to halohydration, using
Br,. Subjecting the resulting halohydrin to a base led to the elimination of HBr and rendered
C-10 exocyclic, subsequently forming an epimeric mixture of the truncated aldehyde. The
reduction of the aldehyde with NaBH. afforded the alcohol intermediate. The non-hemiacetal
esters were then synthesised via nucleophilic substitution reaction between the alcohol and
an acyl chloride, or acid anhydride. After purification by column chromatography, the
resulting esters were isolated as epimeric mixtures. The structures of the synthesised esters
were confirmed by 'H and *C NMR, HR-MS and IR. Thermal stability of the compounds was
determined using TGA.

There are no stereoselective differences in antiparasitic activity between enantiomers of
several artemisinin derivatives (Wang et al., 2010). Furthermore, artemisinin derivatives
such as DHA, which is an epimeric mixture, are clinically used for antimalarial treatment

(Haynes et al, 2007) therefore, the epimers were tested as mixtures. The esters were
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subjected to in vitro antimalarial activity testing against Dd2 (CQR) and NF54 (CQS) P.
falciparum parasites. The results were compared to those of ARS and DHA. The latter was

included in the screening as it is an active metabolite of ARS.

All of the synthesised compounds were active against both strains, with no toxicity towards
mammalian cells and very high selectivity in their antiparasitic action. However, the
hexanoate 8 was the least active and the p-nitro benzoate derivative 11 was the most active
against the CQR strain. With the exception of the butanoate 7, hexanoate 8 and benzofuran
ester 17, the majority of the esters were equipotent to ARS against the NF54 (CQS).
Equipotency was also observed against the Dd2 (CQR), since most esters possessed
comparable activities. No significant loss of activity occurred against the resistant strain.
Overall, the p-nitrobenzoate 11 was found to have antimalarial activity, comparable to that of
DHA and was identified as the best candidate for further investigation as a potential drug in
search for new, safe and effective antimalarial drugs, based on efficacy, tolerability, safety
profile and thermal stability. In addition, its favourable resistance index (Rl = 0.5) indicates
that this derivative would probably not experience cross-resistance with chloroquine, quinine,

pyrimethamine and sulfodoxine.

Ultimately, the artemisinin D-ring truncation strategy delivered esters with good antimalarial
activities (<10 nM), comparable to that of artesunate, although some compounds were less
potent than DHA and artemether. Thus, the esters in this study, resulting from the
modification on the D-ring may act as new entities, which would trade on the benefits of the
clinically used artesunate, but offer more stability, improved solubility and most importantly,
the inability to metabolise to DHA. The ester functionality is susceptible to hydrolysis,
therefore while it is anticipated that hydrolysis would likely occur, the resulting metabolite
would not be DHA. Specific in vivo tests will, however, need to be conducted to substantiate

this statement.

The synthesised esters were also tested for antitumor activity using breast, renal and
melanoma cell lines and they displayed in general poor anticancer activity. The pyrrolidine
ring, containing ester 18, was the most active compound against all cell lines, with moderate
and comparable potencies to the reference drug (parthenolide) against melanoma and
breast cell lines, respectively. However, it appeared unsafe, with the ability to indistinctively
inhibit the growth of both cancer and healthy mammalians cells, which consequently

disqualified it as a potential anticancer drug candidate.
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In summary, the synthesis of structurally modified artemisinins of similar efficacy as current
artemisinins was successfully achieved. Additionally, the compounds synthesised during this
study have improved thermal stability and good tolerability by mammalian cells. However,
this strategy did not yield a significant improvement in antiplasmodial activity. None of the

compounds stood out as an antitumor hit.
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APPENDIX A: SPECTRA

Table 1: Percentage abundance of isomers A and B, calculated from the ratio of H-12

integral heights of each isomer.

H-12 integral heights  Epimeric

Compd (cm) A% B%
Al BP ratio: A/B
4 4 2 2/1 67 33
5
6 3 2 3/2 60 40
7 1.8 1.2 3/2 60 40
8 3.9 2.4 3/2 60 40
9 4.2 2.7 3/2 60 40
10 1
11 4.3 1.5 3/1 75 25
12 4.5 3 3/2 60 40
13 4.6 3 3/2 60 40
14 5.3 3.6 3/2 60 40
15 29 2 312 60 40
16 - - 1 - -
17 4.5 2.1 2/1 67 33
18 3.6 2.3 3/2 60 40

A2 height of the highest integral, B® height of the lowest integral, A% -abundance of isomer with

highest integral isomer, B% —abundance of isomer with lowest integral.
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