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ABSTRACT
Despite intensive international efforts to eradicate malaria, the disease, continues to inflict an
enormous toll on human lives, especially in Africa. An estimated 198 million malaria cases
and 584, 000 deaths were reported in 2013. The burden is heaviest in the African region
accounting for 90% of all malaria deaths in 2013. The most affected are pregnant women
and children aged less than 5 years, the latter group alone accounting for 78% of all deaths.
Artemisinins continue to remain the mainstay in the treatment of malaria more than 40 years
after their discovery in the 1970s. They form the most important drug component in the so
called „artemisinin combination therapies‟ (ACTs) used in the management of uncomplicated
malaria in endemic countries today. Delayed clearance times of parasites treated with
artemisinins were first reported in Cambodia and Thailand in Southeast Asia, and now that
this phenomenon is definitively associated with resistance, a significant threat has emerged
to the global initiative to control the disease. In 2011, the WHO issued the so called
„Guideline for the global initiative for artemisinin resistance containment‟ which nevertheless
has not been able to contain the threat. Furthermore, toxicity of the currently used
artemisinins to laboratory animals continues to raise concerns on their safety to humans.
Initiatives driven by the Medicines for Malaria Venture (MMV) in Geneva emphasized the
urgent need for novel synthetic or semi-synthetic drugs safe and effective enough to replace
the existing ones. Following its preparation, artemisone – a second generation semisynthetic derivative of artemisinin - did not result into any measurable neurotoxicity in both in
vitro and in vivo assays. The drug has a longer half-life (3.1h) compared to all other
derivatives, namely artesunate (~50 min), artemether (1.3 h) and DHA (~ 45 min) and shows
superior activity to artesunate against both CQ-resistant and -sensitive P. falciparum strains,
making it a drug-like compound. However, with a measured Log P value of 2.49 which is
lower than those of artesunate (2.77), artemether (3.98), and DHA (~2.6) and an aqueous
solubility of 89 mg/L, artemisone is rated as a polar compound, and the question therefore
arises as to whether enhancing the lipophilicity of artemisone may result in a better drug.
To address the polarity issue of artemisone, a series of novel lipophilic artemisone
derivatives (6 – 22) were synthesized in low to moderate yields (11 - 38%) via acylation or
alkylation of the -sulfonyl carbanion dereived from treatment of artemisone with the strong
non-nucleophilic base lithium N,N-diisoproplyamide in anhydrous tetrahydrofuran in an inert
environment. The structures of the products were confirmed by means of nuclear magnetic
resonance spectroscopy (NMR), infrared spectroscopy (IR) and mass spectrometry (MS).
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The compounds were screened together with artemisone, artemether, and artesunate
against NF54, K1 and W2 asexual stages of P. falciparum parasites as well as early stage
gametocytes of the NF54 strain. Additionally, cytotoxicity was evaluated against the normal
human fetal lung fibroblast WI-38 cell lines.
All the compounds except the derivatives 13 and 14 with long aliphatic chains were highly
active with IC50 values in the range of 0.42-5.9, 0.50-3.26 and 1-6.7 nM against NF54, K1
and W2 strains of P. falciprum respectively. Compounds 6 - 11, 17, 19 and 21 were the most
active against the NF54 strain, while compounds 6, 7, 9 and 20 were the most active against
the K1 strain, with IC50 values less than 1 nM. Compounds 7 - 9 were equipotent with
artemisone, 2-4 and 3-6 times more potent than artesunate and artemether respectively
against both the NF54 and K1 parasite strains.
Compounds 13 and 14 were the least active in the series with IC50 values of 22 and >500
nM against the NF54 strain, 34.54 and >500 nM against K1 and 32.1 and >500 nM against
the W2 strain, respectively.
Artemisone derivatives 6 - 10 and 21 were again the most potent against the W2 strain in the
series with IC50 values <1.8 nM, with potency comparable to that of of artemether, while
being 4 – 6 times more potent than artesunate.
The compounds were also very active against the early gametocyte stages of the NF54
strain. Compounds 6 - 12, 17 - 19, 21 and 22 were almost twice as active as artesunate and
5 - 6 times more active than artemether when tested against early stage gametocytes. Most
compounds had impressive resistance indices (RIs) (RI = IC50 K1/ IC50 NF54) of less than
1.5, making them almost equally active towards the CQ sensitive and resistant parasites. In
particular compounds 6 and 16 had RIs of less than one suggesting greater activity against
the resistant K1 than the sensitive NF54 strain. Compound 6 was the only one with an RI
(IC50 W2/IC50 NF54) of less than 1.5 and therefore the only non-cross resistant derivative
against W2, making it the most active in the series with impressive RIs against all strains
tested. Additionally most of the target compounds had excellent selectivity indices of more
than 70,000 indicative of their selective antiparasitic effects resulting from intrinsic activity
and not cytotoxicity. Compounds 6 and 10 were identified as the best candidates for further
investigation as potential drugs in the search for new, effective and safe antimalarial drugs.

Keywords: Malaria, artemisinin, artemisone, Plasmodium, cytotoxicity
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OPSOMMING
Ten spyte van internasionale pogings om malaria uit te wis, eis hierdie siekte ŉ enorme
aantal lewens, veral in Afrika. Daar word beraam dat 198 miljoen gevalle van malaria en
584, 000 sterftes in 2013 aangemeld is. Die las is die swaarste in Afrika met 90% van
sterftes in 2013. Swanger vroue en kinders onder 5 jaar word die meeste geraak, met 78%
van sterftes wat onder kinders voorkom.
Veertig jaar na hul ontdekking in die 1970s, is artemisinienne steeds die belangrikste
behandeling vir malaria. Hulle is die belangrikste komponente van artemisinien
kombinasieterapie (AKT) wat tans vir die behandeling van ongekompliseerde malaria in
endemiese gebiede gebruik word. Vertraagde opruiming van parasiete na behandeling met
artemisinienne is eerste in Kambodja en Thailand in Suidoos-Asië aangemeld. Hierdie
verskynsel word met weerstand geassosieer en verteenwoordig ŉ groot bedreiging vir die
globale inisiatief om malaria te bekamp. Alhoewel die WGO in 2011 riglyne bekend gestel
het vir die voorkoming van weerstand teen artemisinienne, bly dit steeds ŉ bedreiging.
Verder is die toksisiteit van die huidige artemisinienne in eksperimentele diere
kommerwekkend. Inisiatiewe deur die Geneesmiddels vir Malaria Onderneming (GMO) in
Genève,

beklemtoon

die

noodsaaklikheid

vir

nuwe

sintetiese

en

semisintetiese

geneesmiddels wat veilig en effektief genoeg is om die huidige middels te vervang. Na sy
sintese het artemisoon – ŉ tweedegenerasie semisintetiese derivaat van artemisinien – geen
meetbare neurotoksisiteit in in vitro en in vivo eksperimente getoon nie. Dié geneesmiddel
het ŉ langer halfleeftyd (3.1 h) as ander derivate soos artesunaat (~50 min), artemeter (1.3
h) en DHA (~ 45 min), en toon beter aktiwiteit as artesunaat teen chlorokienweerstandige en
–sensitiewe P. falciparum lyne. Hierdie verbinding kan dus as geneesmiddel-soortig beskou
word. Nogtans is die Log P waarde 2.49, wat laer is as dié van artesunaat (2.77), artemeter
(3.98) en DHA (~2.6), en met ŉ wateroplosbaarheid van 89 mg/L, kan artemisoon as ŉ
polêre verbinding geklassifiseer word. Die vraag ontstaan dus of artemisoon ŉ beter
geneesmiddel sal wees indien die lipofilisiteit daarvan verhoog word.
Die polariteit van artemisoon is ondersoek deur ŉ reeks nuwe lipofiele artemisoonderivate (6
– 22) te sintetiseer in lae tot gemiddelde opbrengste (11 - 38%). Hierdie reeks is
gesintetiseer deur asilering of alkilering van die α-sulfonielkarbanioon wat ontstaan na
behandeling

van

artemisoon

met

die

sterk

nie-nukleofiliese

basis,

litium

N,N-

diisopropielamied, in anhidriese tetrahidrofuraan in ŉ inerte atmosfeer. Die strukture van die
produkte

is

bevestig

met

kernmagnetieseresonansiespektroskopie

infrarooispektroskopie (IR) en massaspektroskopie (MS).
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(KMR),

Die biologiese aktiwiteit van die verskillende verbindings sowel as artemisoon, artemeter en
artesunaat teen NF54, K1 en W2 aseksuele stadiums van P. falciparum parasiete en die
vroeë stadium gametosiete is ondersoek. Daar is ook vir sitotoksisiteit teen die normale
menslike fetale longfibroblast WI-38-sellyn getoets.
Al die verbindings behalwe die lang alifatiese ketting derivate nommer 13 en 14 was aktief
met IC50 waardes wat wissel van 0.42-5.9, 0.50-3.26 en 1-6.7 nM teen NF54-, K1- en W2lyne van P. falciparum onderskeidelik. Die verbindings 6-11, 17, 19 en 21 het die meeste
aktiwiteit teen die NF54-lyn getoon, terwyl verbinding 6, 7, 9 en 20 aktief was teen die K1lyn, met IC50 waardes laer as 1 nM. Verbindings 7-9 het dieselfde aktiwiteit as artemisoon
getoon en was 2-4 en 3-6 keer meer aktief teen die NF54 en K1 parasietlyne as artesunaat
en artemeter. Verbindings 13 en 14 het die minste aktiwiteit getoon met IC50 waardes van 22
en >500 nM teen die NF54-lyn, 34.54 en >500 nM teen die K1-lyn en 32.1 en >500 teen die
W2-lyn onderskeidelik.
Die artemisoon derivate 6-10 en 21 was baie aktief teen die W2-lyn met IC50 waardes van
<1.8 nM, en het aktiwiteit gelykstaande aan dié van artemeter, maar 4-6 keer meer as
artesunaat getoon. Die verbindings was ook baie aktief teen die vroeë gametosiet stadiums
van die NF54-lyn. Die verbindings 6-12, 17-19, 21 en 22 was twee keer meer aktief as
artesunaat en 5-6 keer meer aktief as artemeter teen vroeë stadium gametosiete. Die
meeste verbindings het indrukwekkende weerstandindekse (RIs) (RI = IC50 K1/IC50 NF54)
van minder as 1.5 wat ŉ aanduiding is van aktiwiteit teen CQ sensitiewe en weerstandige
parasiete. Veral verbinding 6 en 16 het weerstandindekse van minder as een wat dui op
beter aktiwiteit teen die weerstandige K1-lyn as teen die sensitiewe NF54-lyn. Verbinding 6
was die enigste verbinding met ŉ weerstandindeks (IC50 W2/IC50 NF54) van minder as 1.5
en is derhalwe die enigste weerstandbiedende derivaat teen die W2-lyn, wat daarop dui dat
dit die meeste aktiwiteit teen al die lyne getoon het.
Die meeste van die verbindings toon selektiwiteitsindekse van meer as 70 000, wat ŉ
aanduiding is van selektiewe antiparasitiese effekte as gevolg van intrinsieke aktiwiteit en
nie sitotoksisiteit nie. Verbindings 6 en 10 is geïdentifiseer as die beste kandidate vir verdere
ondersoek as potensiële geneesmiddels teen malaria.
Sleutelwoorde: Malaria, artemisinien, artemisoon, Plasmodium, sitotoksisiteit
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CHAPTER 1
INTRODUCTION AND PROBLEM STATEMENT

1.1

Introduction

Malaria is an infectious protozoan disease, which, together with acquired immunodeficiency
syndrome (AIDS) and tuberculosis (TB), are the three main causes of morbidity and mortality
worldwide (WHO, 2009). Malaria is a significant global public health threat in more than one
hundred countries, inhabited by roughly 3.4 billion people, which represent approximately
40% of the world‟s total population (WHO, 2014). Five species of the Plasmodium genus, i.e.
P. falciparum, P. vivax, P. ovale, P. malariae and P. knowlesi cause malaria infections in
humans (Kantele and Jokiranta, 2011). Most infections are, however, attributed to the most
lethal species, P. falciparum, and secondly to P. vivax (White et al., 2014). The female
Anopheline mosquito is the only known vector of the disease (WHO, 2005).
In 2013, an estimated 198 million malaria cases and 584,000 related deaths were reported
(WHO, 2014). The burden was heaviest in the African region, where an estimated 90% of all
malaria deaths in 2013 occurred, of which children under the age of 5 years accounted for
78% of all these fatalities (WHO, 2014). The past decade has, however, witnessed a
significant progress in the fight against malaria, since malaria mortality rates had decreased
by 47% worldwide and by 54% in the African region, between 2000 and 2013. These
successes resulted from a combination of factors, including the expanded use of
chemotherapy, insecticide treated nets (ITNs) and indoor residual sprays (IRS) (WHO,
2014).
The treatment of malaria has for long relied on chemotherapeutic agents and this is
expected to continue into the foreseeable future, since an effective vaccine against the
disease is not yet available. The search for a vaccine has been continuing since the 1960s
(WHO, 2013b). A number of potential vaccines were subjected to clinical trials, among which
the most advanced candidate, RTS, S/AS01, has completed Phase III trials, with a
protection efficacy of only 46% among children (2-12 years) and 27% among infants (<24
months) (WHO, 2014).
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Several drugs have been used throughout the past century for the treatment of malaria.
Chloroquine (CQ), an inexpensive, fully synthetic quinolone was one of the most significant
antimalarial drugs being developed during the twentieth century. Unfortunately, the unwise
use of this drug had resulted in the rapid emergence and spread of CQ resistant (CQR)
strains of P. falciparum parasites (Foley and Tilley, 1998). The effectiveness of CQ against
P. vivax parasites also progressively declined across P. vivax malaria endemic areas.
Subsequently, towards the end of the 1970s, it became apparent that new drugs were
urgently required to counter the emerging resistance of the malaria parasites against these
once effective antimalarial drugs and against the combination drug, Fansidar (sulfadoxine &
pyrimethamine) (Marfurt et al., 2012).
Artemisinin (1) and its derivatives (2-4) (Figure 1.1), referred to as the “artemisinins”, are
another class of antimalarial drugs that were introduced in the 1970s, as replacement for
CQ. Artemisinin is a structurally unique endoperoxide compound that is obtained from the
indigenous Chinese herbal plant, Artemisia annua (Haynes et al., 2013). The isolation of
artemisinin and its characterisation as peroxide in the 1970s and 1980s, together with the
preparations of its derivatives, such as dihydroartemisinin (DHA) (2), artemether (3) and
artesunate (4) by Chinese scientists as part of Project 523, collectively represented one of
the significant achievements in medicine in the late twentieth century (Haynes et al., 2013).
The three artemisinins, dihydroartemisinin, artemether and artesunate are currently clinically
used. These drugs are highly potent, well tolerated during all phases of the disease and
reduce parasitaemia more rapidly than any other antimalarial drug. They, however, have
several serious disadvantages, such as low solubility, thermal instability and short
pharmacological half-lives. These may lead to incomplete clearance of the parasites and
result in recrudescence when used in monotherapy, which inevitably contribute towards the
development of parasite resistance (Gautam et al., 2009, WHO, 2013a).

Figure 1.1:

Chemical structures of artemisinin (1), dihydroartemisinin (2), artemether (3)

and artesunate (4).
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To prevent the development of resistance towards these drugs, the World Health
Organization (WHO) recommends that they be employed in combination, rather than in
monotherapies (WHO, 2010). Artemisinin based combination therapies (ACTs), used for the
treatment of uncomplicated malaria, have now been introduced and adopted in almost all
CQR endemic regions (WHO, 2014). ACTs comprise of an artemisinin derivative, having a
longer half-life, in combination with either a quinoline or an arylmethanol (Nosten and White,
2007, Klein, 2013).
Because the use of artemisinin is hampered by its poor solubility in both oil and water, it was
converted into the first generation of semi-synthetic derivatives, i.e. the oil soluble derivatives
2 and 3, and the water soluble derivative 4. All artemisinins in clinical use hence are
structurally either an alkyl acetal, or an ester acetal. The other important shortcoming of
these compounds is their short pharmacological half-lives, which result from their acid lability
and facile metabolism into DHA, their active metabolite. DHA is associated with neurotoxicity
in laboratory animals, rendering artemether and artesunate neurotoxic as well (Schmuck and
Haynes, 2000). Additionally, increased tolerance to ACTs by the parasites now confirmed as
emerging parasite resistance to the artemisinins, has been reported in South-East Asia
(Dondorp et al., 2010, WHO, 2013c).
To counteract the potential neurotoxicity of the artemisinins in humans, in the late 1990s, the
Medicines for malaria venture (MMV) prioritised the development of new derivatives that
would not metabolise into DHA on screens and in vivo. This led to the development of
artemisone (5) (Figure 1.2), a second generation, semi-synthetic derivative of artemisinin,
found to have no measurable neurotoxicity in both in vitro and in vivo assays. Artemisone
has a longer half-life (3.1 h), compared to all other derivatives, namely artesunate (~50 min),
artemether (1.3 h) and DHA (~ 45 min) (Pooley et al., 2010). The measured Log P value of
artemisone of 2.49 is also lower than those of artesunate (2.77), artemether (3.98) and DHA
(~2.6). Furthermore, artemisone shows superior activity than artesunate towards both CQR
and CQS P. falciparum strains. It shows substantially higher in vivo activity in rodent P.
berghei and P. falciparum in primate models (Nagelschmitz et al., 2008), which warrants it a
“drug like” compound. It also has an aqueous solubility of 89 mg/L, which exceeds the
limiting requirement for a drug to permeate biological membranes (Haynes et al., 2006).
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Figure 1.2:

Chemical structure of artemisone (5).

The challenges of countering the development of resistance by the malaria parasite towards
both the conventional antimalarial drugs of the quinoline class and towards the current
clinical artemisinins are substantial. New antimalarial drugs are urgently required. If these
are to be based upon the artemisinin class, or a synthetic peroxide analogue, development
must be mindful of the potential neurotoxicity associated with the current artemisinins.
Overall, safe, effective and longer acting antimalarial drugs are needed and can these be
achieved with regards to the artemisinins by improving their physical and chemical
properties.
Artemisone does not form DHA upon metabolism (Haynes et al., 2006), the principal
metabolite of all other artemisinin derivatives that has for long been associated with
neurotoxicity (Schmuck and Haynes, 2000). As a result, artemisone is a far safer antimalarial
drug of the artemisinin class. However, the relative polarity of this drug raises a question
regarding its ability to rapidly permeate biological membranes. Structural modifications
through incorporating selected lipophilic groups into the 10-(4'-S,S-dioxo-4'-thiomorpholin-1'yl) group may result in enhanced permeation through very lipophilic membranes. It should,
however, also be established whether the enhancement of its lipophilicity would not also
render the drug more neurotoxic and/or cytotoxic.
1.2

Aims and objectives of the study

The aims of this study were to investigate a series of substituted artemisone derivatives with
enhanced lipid solubility profiles and metabolic stability, compared to those of artemisone, as
well as to assess their in vitro antimalarial activities against both CQ sensitive (CQS) and CQ
resistant (CQR) strains of P. falciparum, and finally, to measure their cytotoxicity profiles
against mammalian cells.
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To achieve the stated aims, the following objectives were set:


To synthesise and characterise a series of lipophilic derivatives of artemisone.



To assess the in vitro antimalarial activities of these lipophilic artemisone derivatives
against both CQR and CQS strains of P. falciparum.



To assess the cytotoxicity profiles of these lipophilic artemisone derivatives towards
ex vivo animal and human cells.
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CHAPTER 2
LITERATURE REVIEW

2.1

Introduction

Malaria is a global public health threat, with nearly half of the world‟s population at risk. It is a
leading cause of morbidity and mortality in the low and lower-middle income countries
(WHO, 2014). Approximately 198 million malaria cases and 584,000 related deaths were
reported worldwide in 2013, of which most were in sub-Saharan Africa (WHO, 2014). The
disease is caused by five species of the protozoan parasite belonging to the genus,
Plasmodium (WHO, 2013e). Four of these species, i.e. P. falciparum, P. vivax, P. malariae
and P. ovale are malaria species that infect humans and are they spread by female
mosquitoes of the genus, Anopheles (Ashley et al., 2006). Recently, however, human
malaria cases have also been reported as having been caused by P. knowlesi, species
known to cause malaria among monkeys in certain forested areas of South-East Asia (WHO,
2014). Malaria that originates from P. falciparum is the most deadly form of the disease
(WHO, 2013e).
2.1.1

Geographical distribution of malaria

The distribution of the main human pathogenic Plasmodium species shows high prevalence
of P. falciparum in tropical Africa, while P. vivax prevails over P. falciparum in the Americas,
South-East Asia and Western Pacific (WHO, 2012c). Although P. malariae may occur in all
malaria affected areas, its prevalence is generally very low, with the exception of tropical
Africa, where it frequently overlaps with P. falciparum (Wernsdorfer, 2012). Tropical Africa is
also the only known region where endemic P. ovale exists (Wernsdorfer, 2012, Lysenko and
Beljaev, 1969).
Most people at risk of malaria live in areas of stable transmission, where population
immunity is sufficient to prevent large epidemics from occurring. In such areas, transmission
is limited by rainfall, or lower temperatures (climate dependent), resulting in strong seasonal
patterns and occasional major epidemics (Kakkilaya, 2004). Of the 106 countries with
continuous malaria transmission, 64 countries are meeting the Millennium Development
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Goals (MDGs) target of reversing the incidence of malaria, and of these, 55 countries are on
track to meet the Roll Back Malaria (RBM) and World Health Assembly (WHA) target of
reducing malaria incidence rates with 75% by the end of this year i.e., 2015 (WHO, 2014).
More than 80% of all estimated malaria deaths occur in just seventeen countries, and 80%
of all estimated cases occur in only 18 countries, with the Democratic Republic of Congo and
Nigeria together accounting for 40% of the total estimated malaria cases (WHO, 2014).

Figure 2.1:

World map showing countries with continuous malaria transmission (WHO,
2014).

In endemic areas, the distribution of malaria varies among population groups and are
infants, children under the age of five, pregnant women, patients with human
immunodeficiency virus / acquired immunodeficiency syndrome (HIV/AIDS), and nonimmune migrants higher at risk of contracting the disease (WHO, 2013e).
Malaria during pregnancy is a major cause of maternal deaths, low birth weights and still
births and do the clinical features of infection during pregnancy vary according to the degree
of immunity that women have acquired by the time they become pregnant and will they thus
depend upon the epidemiological setting (Desai et al., 2007). In high transmission areas,
first-time pregnant women (primigravida) are at higher risk of infection, whereas the risk is
low among multi-time pregnant women (multigravida) in low transmission areas, and absent
in areas with epidemic malaria (Kochar et al., 1998). Younger maternal age (especially
adolescence) is also an independent factor to malaria during pregnancy, both among
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primigravida and multigravida (Ogbodo et al., 2009), which suggests that in addition to the
parity-specific immunity being acquired through consecutive pregnancies, age associated
immunity also plays an important role in controlling the infection during pregnancy in areas of
high and stable transmission (Desai et al., 2007).
2.2

Life cycle of malaria parasites

The malaria parasite that infects humans has a complex life cycle that occurs within two
living hosts, the insect vector (female anopheles mosquito species) and the human host. The
parasite passes through several stages of development, as described next and as depicted
in Figure 2.2.
2.2.1

Sporogony

The transmission of malaria relies upon the successful development of Plasmodium
parasites within mosquitoes, a process that is referred to as sporogony. It is a complex
event, involving several morphologically distinct life stages and begins when mosquitoes
ingest blood that contains both male and female gametocytes (Kakkilaya, 2004). Within the
mosquito vector, the development of the parasite progresses through various stages, i.e.
gametogenesis and fertilisation, zygote transformation into ookinetes, ookinete motility
through the blood meal and peritophic matrix, penetration across midgut epithelia, and
encystment beneath the mid-gut basal lamina to form oocysts (Zollner et al., 2006). In the
basal lamina, oocysts first enlarge in size and later undergo multiple rounds of mitosis to
form a syncytium, followed by differentiation to form several thousands of daughter cells,
called sporozoites (Aly et al., 2009). These then migrate to the salivary glands of the
mosquito (Zollner et al., 2006, Dhangadamajhi et al., 2010).
2.2.2

Ex-erythrocytic phase

The sporozoites are injected from the salivary glands of the mosquito through the skin of the
host to enter the blood circulation and are they transported to the liver, where the parasites
undergo nuclear replication (Vaughan et al., 2008). Malaria parasites have evolved
strategies that suppress the host‟s immune system, which ensure that at least a fraction of
the thousands of injected sporozoites survive the hostile blood environment and successfully
invade the hepatocytes (Florens et al., 2002, Zheng et al., 2014).

10

Once within the hepatocytes, the sporozoites differentiate and develop into liver
trophozoites, which replicate rapidly (Vaughan et al., 2008) to produce the daughter
parasites, called merozoites (Khan and Waters, 2004). The merozoites are contained within
host cell derived vesicles, called merosomes that protect them from phagocytosis, until
shortly before they are released into the blood stream (Silvie et al., 2008). Cysteine
proteases are thought to mediate the release of the merozoites from the hepatocytes
through a process, known as egress and, unlike the erythrocytic phase that occurs
repeatedly, the ex-erythrocytic phase occurs in a single cycle (Kakkilaya, 2004).
The liver stages of the two most important species, P. falciparum and P. vivax, differ
significantly. Unlike P. falciparum, P. vivax has a dormant liver stage, known as a hypnozoite
that enables it to survive for long periods as a potential reservoir of infection (WHO, 2014).
Hypnozoites can activate months, or even years later to cause relapse (Dembele et al.,
2014).
2.2.3

Erythrocytic phase

The blood stages of the malaria infection include asexual forms of the parasite that undergo
repeated cycles of multiplication, whilst the male and female sexual forms (gametocytes)
have to be ingested by mosquitoes to continue their development in the insect host
(Greenwood et al., 2008).
Following their release from the liver, the asexual merozoites enter the blood cells through
multiple, receptor-ligand interactions in as little as 60 seconds (Kakkilaya, 2004). This quick
disappearance from the circulation into the red blood cells (RBCs) minimises exposure of the
antigens on the surface of the parasites, which protects them from the host‟s immune
system (Cowman et al., 2012). Within the RBCs, the parasite numbers increase rapidly, with
cycles occurring every 24 h in the case of P. knowlesi, every 48 h for P. falciparum, P. vivax
and P. ovale, and every 72 h for P. malariae. During each cycle, each merozoite grows and
divides within the vacuole into 8-32 fresh merozoites, through the stages of ring trophozoite
and schizont (Greenwood et al., 2008, Kakkilaya, 2004). At the end of the cycle, the infected
RBCs rupture and release new merozoites that in turn infect more RBCs (Lee and Fidock,
2008).
A small portion of these parasites differentiate into the sexual male and female gametocytes
stage, which are ingested by the female Anopheles mosquitoes during their blood meal,
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where the parasites continue the sexual phase of their life cycle (Cowman and Crabb, 2006).
The gametocytes represent the only stage within the life cycle of the malaria parasites during
which they are able to mediate the transition from the human host into the insect host. They
are formed, depending on the Plasmodium species, approximately 7-15 days after the
parasites‟ appearance in the human blood (Kuehn and Pradel, 2010). Immature
gametocytes are sequestered out of the circulation to avoid immune clearance in the spleen
and are they only released when mature to be ingested by the mosquito vector during its
blood meal (Bousema and Drakeley, 2011). It is the mature gametocytes that are solely
responsible for parasite transmission from the human host to the mosquito (Tiburcio et al.,
2015), which makes them a logical target for transmission blocking by antimalarial drugs
(Delves, 2013).

Figure 2.2:

Life cycle of the malaria parasite (Wikipedia, 2015).
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2.3

Malaria symptoms

The common symptoms of this deadly, but preventable and curable disease include
headaches, lassitude, fatigue, abdominal discomfort, myalgia and arthralgia, as well as
fever, chills and rigors, perspiration, anorexia and vomiting. The symptoms are non-specific
and commonly associated with other viral and bacterial illnesses (Peter et al., 2011,
Sowunmi et al., 2000). The possibility of malaria infection should, however, be considered in
all patients who present with fevers in endemic areas (Janneck et al., 2011).
2.4

Malaria pathophysiology

2.4.1

Systemic manifestation of malaria

High morbidity and mortality, resulting from P. falciparum malaria is highly associated with
the expression of cell surface proteins by the parasite on red blood cell membranes. These
surface proteins mediate adhesion of the erythrocytes to platelets and endovascular cells,
causing vessel occlusion and downstream ischemia (Janneck et al., 2011). Adhesion in the
cerebral circulation can cause cerebral malaria, leading to encephalopathy and seizures.
Adhesion in placental vasculatures can cause miscarriage, whereas adhesion in other
organs can lead to organ damage (Janneck et al., 2011).
When newly formed merozoites are released from the ruptured RBCs, numerous known and
unknown waste substances, such as red blood cell membrane products, haemozoin
pigments and other toxic factors, such as glycosylphosphatidylinositol (GPI), are also
released into the blood (Kakkilaya, 2004). These products, particularly the GPI, activate
macrophages and endothelial cells that secrete cytokines and inflammatory mediators, such
as tumour necrosis factor, interferon, interleukin-1, lymphotoxin and nitric oxide (Kakkilaya,
2004). The systemic manifestations of malaria, such as headaches, fever and rigors, nausea
and vomiting, diarrhoea, anorexia, tiredness, aching joints and muscles, thrombocytopenia,
immunosuppression, coagulopathy and central nervous system symptoms have largely been
attributed to the various cytokines that are being released in response to these parasites and
red cell membrane products (Kakkilaya, 2004). Individuals, who cannot effectively clear
erythrocytic stage infection, are at high risk of progressing into severe malaria, which is
common among young children and pregnant women (Chua et al., 2013).
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2.4.2

Cerebral malaria

Cerebral malaria is a severe complication of P. falciparum infection, with a mortality rate of
up to 30% among patients who develop this condition. Post mortem results from the brain
tissues of cerebral malaria patients have revealed that small blood vessels are often packed
with parasitised RBCs, a phenomenon referred to as sequestration (Adams et al., 2002).
Increased permeability of the blood brain barrier (BBB) has been found in several types of
neurological diseases, including infectious, ischemic neurodegenerative conditions and brain
tumours. With cerebral malaria, however, the parasitised RBCs contribute towards the BBB
dysfunction through adhesion mediated effects during sequestration (Adams et al., 2002).
Reduced levels of consciousness in a patient is not necessarily accounted for by cerebral
malaria. Indeed, decreased levels of consciousness may result from various metabolic and
haemodynamic complications. This term should therefore be restricted to patients presenting
with sustained impairment of consciousness (inability to localise pain), even after correction
of hypoglycaemia and hypovolaemia levels (decreased volume of circulating blood)
(Maitland et al., 2003). Characteristically, manifestation of cerebral malaria includes a 1-4
day history of fever and convulsions. Coma is frequently precipitated by a prolonged seizure
and the most common types of seizures are focal, motor, or generalised tonic-clonic
convulsions (Maitland et al., 2003).
2.4.3

Anaemia

Anaemia is a common and potentially serious condition that is encountered in many
countries of sub-Saharan Africa. About three quarters of children less than five years of age
in this region suffer from anaemia, defined as haemoglobin concentrations of less than 11
g/dL in blood. Although malaria accounts for both acute and chronic anaemia, malnutrition
and micronutrient deficiencies are also involved in the pathogenesis of severe anaemia and
severe malaria (Akhwale et al., 2004). The pathogenesis of anaemia, due to severe malaria,
is multifactorial and involves the increased destruction of erythrocytes (infected and
uninfected), suppressed erythropoiesis and dyserythropoiesis. Monocytes/macrophages are
directly, or indirectly involved in each of these mechanisms (Chua et al., 2013).
Together with cerebral malaria, severe anaemia is a leading cause of morbidity and mortality
among malaria victims. It can occur in individuals with chronic infections and low
parasitaemia as well as in those with acute P. falciparum malaria having high parasitaemia
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(Chang and Stevenson, 2004). The population at greatest risk are children under the age of
five and pregnant women in areas where P. falciparum is endemic, especially in subSaharan Africa (Chang and Stevenson, 2004).
2.4.4

Acute renal failure

Acute renal failure (ARF) is a rare, but serious complication of P. falciparum malaria among
malaria naïve visitors to endemic regions (Das, 2008). The incidence of ARF is absent, or
very low in Sub-Saharan Africa, particularly in areas of intense malaria transmission (Doolan
et al., 2009, Meremo et al., 2014).
2.4.5

Pulmonary oedema

Respiratory complications in patients with acute P. falciparum malaria vary from minor
symptoms, consistent with bronchitis, to full blown respiratory failure and even fatal
pulmonary apoplexy (Taylor et al., 2006). The overall incidence of respiratory complications
during this infection ranges from 3% to 10% (Safdar et al., 1999). Pulmonary complications
during the course of malaria bear high mortality rates. In a series of twelve cases for
example, the mortality rate was 75%, with more than half the number of deaths occurring
during the first 24 h (Safdar et al., 1999).
Autopsies on patients who had died from malaria associated, acute respiratory distress
syndrome (ARDS), revealed pulmonary oedema, congested pulmonary capillaries, thickened
alveolar septa, hyaline membrane formation and intra-alveolar haemorrhage (Hee et al.,
2011). ARDS is at the most severe end of the spectrum of lung manifestations resulting from
malaria and fortunately occurs infrequently (Mohan et al., 2008). Mild respiratory signs
include coughing, impairment in gas transfer and increased pulmonary phagocytic activity,
with a much higher frequency among uncomplicated P. falciparum, P. vivax and P. ovale
malaria. Studies on non-immune adults with severe malaria found that 21 - 23% of cases
developed pulmonary oedema (Hee et al., 2011).
Hyperventilation is a common type of respiratory distress among children and adult malaria
patients in Africa, which results from metabolic acidosis, mainly due to accumulated
lactate/lactic acid being produced by the parasite, or by peripheral oxygen deficient tissues
(Van den Steen et al., 2013). Malaria associated ARDS and acute lung injury (ALI) have
been associated with the disruption of alveolar membrane integrity, leading to leakage of
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plasma fluid into the interstitium and the alveoli. Damage to the endothelial barrier
presumably occurs first and results in interstitial oedema, and when the epithelial barrier has
been compromised, oedema fluids leak into the alveoli as well. As a consequence,
eosinophilic hyaline membranes are formed, which cover the alveolar walls and sometimes
fill the alveoli with fibrin containing proteinaceous depositions (Van den Steen et al., 2013).
2.4.6

Hypoglycaemia

Hypoglycaemia (blood glucose of <2.2 mmol/L) has been identified as an independent risk of
death in children, who present with severe malaria, along with coma, repeated convulsions,
shock and hyperparasitaemia (Ogetii et al., 2010, Osonuga et al., 2011). Generally, 8% of
adults, 30% of children and 50% of pregnant women in late stages develop malaria induced
hypoglycaemia (Osonuga et al., 2011). Sudden, unexplained deterioration of a patient with
severe P. falciparum malaria is common, due to hypoglycaemia. Such condition is, however,
clinically easily overlooked, because the manifestations may be similar to those of cerebral
malaria (White et al., 1983, Osonuga et al., 2011).
Although the aetiology of hypoglycaemia is incompletely understood, it does appear to be
multifactorial, with the implication of depleted glucose stores, due to starvation, the parasites‟
utilisation of glucose and the cytokine induced impairment of gluconeogenesis.
Hyperinsulinemia, resulting from quinine therapy, has also been identified as an iatrogenic
cause and it is well established in adults (Ogetii et al., 2010).
2.5

Diagnosis of malaria

Early and accurate diagnosis of cases is the cornerstone in the management of malaria
(WHO, 2013e). In malaria endemic areas, this is accomplished either through laboratory
facilities at health centres and hospitals, rapid diagnostic tests (RDT) at peripheral facilities
where microscopy is unavailable, or through patient clinical presentations (Sharew et al.,
2009). Microscopic examination of giemsa stained thick and thin blood films has remained
the gold standard technique in the diagnosis of malaria (Wongsrichanalai et al., 2007).
Despite this reliable technique, it is, however, difficult to make microscopy services available
at peripheral health care services where most patients are treated (Sharew et al., 2009).
Microscopy requires expensive equipment and requires a high level of skill to achieve
acceptable sensitivity (Tietje et al., 2014). Malaria RDTs are easier to use and can they
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detect specific Plasmodium parasites‟ antigens by using one or more of the three target
antigens, i.e. histidine rich protein 2 (HRP2), lactate dehydrogenase (LDH) and aldolase.
HRP2 is expressed only by P. falciparum and is it the most widely used target antigen for
malaria RDTs (Maltha et al., 2013). LDH and aldolase are expressed by all Plasmodium
species, but tend to yield lower diagnostic accuracy in commercially available RDTs (Tietje
et al., 2014).
The advantages of RDT techniques, such as obtaining results in half an hour, even with
unskilled technicians, are tempered by a few limitations (Getnet et al., 2015). These methods
do not offer better sensitivity than microscopy, and the test sensitivity does decrease, if the
parasitaemia level is below 100 parasites/µL (Jelinek et al., 1999). False positive results are
particularly observed after treatment, as the parasite antigens can remain in the circulation
following parasite clearance (Moody, 2002). Moreover, the majority of RDTs detect HRP2,
an antigen expressed only by P. falciparum and not by other species, thus rendering the
RDT technique P. falciparum malaria specific (Surabattula et al., 2013).
In an attempt to enhance the detection of malaria parasites in blood films, alternative
methods have been introduced. Certain fluorescent dyes have an affinity for the nucleic
acids in the parasite‟s nucleus. These attach to the nuclei and on excitation by ultraviolet
(UV) light at an appropriate wavelength, cause the nucleus to strongly fluoresce (Adeoye
and Nga, 2007). Two fluorochromes have frequently been used for this purpose, namely
acridine orange (AO) and benzothiocarboxypurine (BCP), which exhibit green to yellow
fluorescence on excitation at 490 nm (Makler et al., 1991, Adeoye and Nga, 2007).
Rhodamine-123 is also useful in assessing the viable state of the parasite, since its uptake
relies upon an intact parasitic membrane (Adeoye and Nga, 2007).
Several polymerase chain reaction (PCR) based assays have also been developed for the
detection and identification of malaria parasites. Although the PCR and real-time PCR are
more sensitive and can detect 1-5 parasites/µL of blood in some instances, these methods
are very expensive, require sophisticated instruments and are feasible only in wellestablished laboratories, with proper technical expertise (Mohon et al., 2014).
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2.6

Malaria prevention

2.6.1

Insecticide treated nets and indoor residual spraying

The major vector control interventions in highly endemic malaria regions include indoor
residual sprays (IRS) and the use of insecticide treated nets (ITNs). The choice for ITNs, or
IRS is made, based upon a number of entomological, epidemiological and operational
factors, such as seasonality of transmission, housing density and distribution, and insecticide
susceptibility of Anopheles vectors (WHO, 2013e). In areas where both ITN and IRS vector
control interventions were used, the prevalence was significantly reduced, when compared
to areas where each of these interventions was used in isolation, suggesting an additive
effect of the two techniques (Ulrich et al., 2013).
The successes being achieved with pyrethroid insecticide treated nets have revitalised
interest in vector control as a viable means to reduce the malaria burden, even in parts of
sub-Saharan Africa, where high transmission levels result in extremely stable prevalence,
incidence and clinical burden (Killeen and Smith, 2007). The efficacy of the pyrethroid based
insecticide has, however, significantly decreased in many malaria endemic areas, due to the
formation of resistance (Gnankine et al., 2013).
Dichlorodiphenyltrichloroethane (DDT) remains among the recommended insecticides for
IRS and until equally cost effective alternatives to DDT are developed, the use of this
environmentally unfriendly chemical is expected to continue in the foreseeable future (WHO,
2011a). DDT has several characteristics that are of particular relevance to malaria vector
control. It is the insecticide with the longest residual efficacy when sprayed onto walls and
ceilings (WHO, 2011a). It also has a spatial repellence and has an irritant effect on malaria
vectors that strongly limit vector-human contact. Despite the debate on its environmental
impact, DDT has continued to be used in IRS in malaria endemic countries, even long after
this compound was banned in the United States (US) and many other developed countries
(Corbel et al., 2012, WHO, 2014).
2.6.2

Biological vector control

In the most intensely endemic parts of Africa and the Pacific, current vector control methods,
based upon ITN and IRS, may not significantly halt parasite transmission. Alternative
techniques, including microbial application in malaria transmission control, have hence
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attracted global attention (Kamareddine, 2012). Bacillus based biolarvicides have been used
to

control

mosquito

larvae

in

different

breeding

habitats

(Mittal,

2003),

while

entomopathogenic fungi have also shown promise as effective and evolution proof agents
against adult mosquitoes (Lynch et al., 2012). Nevertheless, the deployment and possible
use in integrated vector management programmes of this set of techniques still require
investigation (Abdul-Ghani et al., 2012).
2.6.3

Skin based insect repellents

Skin based insect repellents (IR), along with protective clothing, continue to be the mainstay
in the prevention of mosquito bites in- and outdoors (Wilson et al., 2014). Many formulations
of IR are available on the market today, including aerosols, pump sprays, lotions, creams,
suntan oils, powders, grease sticks and cloth-impregnating laundry emulsions. The currently
available active ingredients in these formulations include N,N-diethyl-3-methylbenzamide
(DEET), lemon eucalyptus oil, citronella and picaridin (Katz et al., 2008). DEET, however,
remains the most commonly and widely used insect repellent on the market today (Wilson et
al., 2014).
Although oil of citronella is approved for use on humans as insect repellent, with little or no
known toxicity, it is known to trigger hypersensitivity associated dermatological reactions
(Shapiro, 2012). Clove oil, blended with geranium oil, or thyme oil, is also highly efficacious,
but has the potential of causing skin irritations (Maia and Moore, 2011, Cortés-Rojas et al.,
2014).
Picaridin is a new generation, customised active ingredient, designed to repel a variety of
arthropods (EWG, 2013). Alone, or in combination with oil of lemon eucalyptus, or DEET
(WHO, 2012a), it offers up to 14 h of protection against insect bites and does it not
significantly attack household materials, including plastics, coatings, foils and varnishes,
which makes it user friendly (Ajwa et al., 2010).
2.6.4

2.6.4.1

Preventive chemotherapy

Intermittent preventive treatments for children and pregnant women

Pregnant women and children are the most vulnerable groups to contract malaria and to
develop serious complications from the disease (Takem et al., 2009). An intermittent
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preventive therapy (IPT) comprises the administration of a full therapeutic course of an
antimalarial drug to risk groups at specified time intervals, whether or not the parasites are
present (Ndiaye et al., 2013). Because of its low cost, safety and prolonged post-treatment
prophylactic effects, sulfadoxine-pyrimethamine (SP) is recommended as preventive therapy
for malaria vulnerable populations (WHO, 2005b). Two doses of SP are administered to
pregnant women in malaria endemic areas, beginning in the second trimester of pregnancy
(WHO, 2013e). More recently, it has been established that continuous chemoprophylaxis in
infants reduces malaria related morbidity and mortality (WHO, 2013e, Aponte et al., 2009).
2.6.4.2

Antimalarial chemoprophylaxis for non-/semi-immune travellers

An estimated 80 to 90 million travellers visit malaria endemic areas annually. Not all
travellers, however, have a similar risk for contracting malaria, as it depends upon a number
of factors, including the type and intensity of malaria transmission at the travel destination,
the duration and style of travel, the prevention measures being employed and various
individual characteristics (Schlagenhauf and Petersen, 2008). The prevention of malaria
infections among healthy, non-immune, or semi-immune individuals, who travel to malaria
risk areas, is therefore critical (Franco-Paredes and Santos-Preciado, 2006).
Among the drugs being recommended for prophylaxis by travellers in malaria endemic
areas, atovaquone-proguanil (Malarone), primaquine and doxycycline are advised for short
term travellers (daily dosing), while mefloquine and chloroquine are recommended for long
term travellers, because of the long interval of up to one week in between doses (Boggild,
2008). Chemo-prophylactic treatment regimens must be started prior to arrival in the risk
area, be taken for the duration of the travel period and continued for one to four weeks posttravel, depending on the specific regimen (Boggild, 2008). The decision by travellers to use
chemoprophylaxis, however, depends upon an individual risk-benefit analysis of weighing
the risk of contracting malaria, against the possible adverse effects of taking the medication,
including, among many others, haemolysis of RBCs in glucose-6-phospate dehydrogenase
deficient (G6PD) people with primaquine, gastro-intestinal symptoms (nausea and vomiting),
as well as hypersensitivity reactions (Steinhardt et al., 2011, Fernando et al., 2011).
2.7

Malaria treatment

In the absence of any effective antimalarial vaccine to date, antimalarial chemotherapeutic
agents remain the only treatment option (WHO, 2014). In 2014, four malaria vaccines were
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subjected to field trials, three candidate vaccines had reached phase 2B clinical trials and
one (RTS, S/AS01) had completed a phase III trial. In an 18-month follow-up Phase III
clinical trial for RTS, S/AS01, a 46% decrease in severe malaria incidences among children,
and a 27% decline among infants, who received the vaccine, were reported. A decision
regarding a policy recommendation for use of the vaccine was yet to be issued by the WHO
in 2014 (WHO, 2014).
Antimalarial drugs exert selective toxicity against the malaria parasites through various
mechanisms that target different life cycle stages of the parasite, namely:


Tissue schizonticides: These drugs act on hypnozoites in the liver to prevent
relapse and reactivation of malaria symptoms. The 8-aminoquinoline primaquine is
the prototype agent in this class (Delves et al., 2012).



Blood schizonticides: These antimalarial drugs act on the blood forms of the
parasite and help to alleviate the clinical symptoms of malaria. Most of the currently
recommended drugs are in this category. They include, but are not limited to the
artemisinins, chloroquine, quinine, mefloquine, pyrimethamine, sulfadoxine and
tetracyclines (Kakkilaya, 2004, Foley and Tilley, 1998).



Gametocytocides: These drugs destroy the sexual forms of the malaria parasites in
the blood and thereby prevent transmission of infections to the mosquito.
Chloroquine and quinine have gametocytocidal activity against P. vivax and P.
malariae, but not against P. falciparum (Delves et al., 2012, Lopez-Antunano, 1999).
Contrary, primaquine is active against the mature gametocytes of all of the
Plasmodium species (Wilairatana et al., 2010).



Sporontocides: These drugs prevent the development of oocysts in the mosquito
and thereby interrupt the transmission cycle. The prototype drug is primaquine
(Kakkilaya, 2004, Rieckmann et al., 1968).

2.8

Antimalarial drugs

Several chemotherapeutic agents exist that have been employed in the treatment of malaria.
The structural classes of antimalarial agents, some of which are no longer clinically used,
due to widespread parasite resistance, are discussed next.
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2.8.1

Quinoline scaffold based antimalarial

2.8.1.1

Cinchona alkaloids

The first antimalarial drugs were cinchona alkaloids that were extracted from the cinchona
tree, a plant named after the countess of Cinchon, who, according to legend, had been
cured of malaria in 1630 with a powder, made from its bark. The crystalline cinchona
alkaloids, quinine (6) and cinchonine had been isolated from the tree‟s bark by Runge in
1819 and by Pelletier et. al. in 1820 (Hofheinz and Merkli, 1984). Cinchona alkaloids, such
as quinine (6) and quinidine (7) consist of two relatively rigid entities, an aromatic quinoline
ring and an aliphatic quinuclidine ring that are attached by a methylene group and which
differ in configuration at C-8 and C-9 (Cheng et al., 2013).
Quinine, a blood schizonticide, is a prototype antimalarial agent. It has a low therapeutic
index and has the potential of causing serious adverse effects among patients (Achan et al.,
2011). The side effects that are commonly experienced at therapeutic concentrations are
referred to as cinchonism, of which mild forms include tinnitus, headaches, nausea and
slight hearing impairment, with the latter usually being drug concentration dependent and
reversible (WHO, 1990). Severe adverse events include vertigo, permanent auditory loss,
drug induced hypoglycaemia and vision loss (Achan et al., 2011).

Figure 2.3:

Chemical structures of quinine (6) and quinidine (7).

a. Mechanism of action
Although the parasite‟s digestive food vacuole appears to be the site of action of cinchona
alkaloids, their specific mechanism of action is still unclear (Karle and Bhattacharjee, 1999).
It has, however, been suggested that following a blood meal, the parasites degrade
haemoglobin in an acidic food vacuole to produce iron (III) protoporphyrin IX (Fe(III) PPIX)
and reactive oxygen species as toxic by-products (Asghari-Khiavi et al., 2011). The toxic
side effects are detoxified by the parasite through a series of anti-oxidant mechanisms
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(Foley and Tilley, 1998), while Fe(III) PPIX is converted into a non-toxic, hydrogen-bonded,
ladder like complex, called haemozoin, which is formed through the aggregation of Fe(III)
PPIX monomers (de Villiers et al., 2008b). Quinine accumulates several thousand-fold in the
parasite food vacuole and interferes with the aggregation through complex formation with
Fe(III) PPIX (Foley and Tilley, 1998). The interaction of cinchona alkaloids with Fe(III) PPIX
involves three point interactions, comprising of intra-molecular hydrogen bonds, -stacking
and coordination between the propionate side chain of Fe(III) PPIX and the protonated
quinuclidine nitrogen of the cinchona alkaloids (de Villiers et al., 2012; de Villiers et al.,
2008a). All of these reactions result in the accumulation of toxic metabolites that
subsequently kill the parasite.
b. Resistance
Since the 1980s, a significant decline in the effectiveness of quinine against CQR malaria
parasites in South-East Asia had been reported (Farooq and Mahajan, 2004). This had been
related to the corresponding decrease in the innate susceptibility of P. falciparum to quinine
(Sabchareon et al., 1988). The high sensitivity of malaria parasites to quinine in Africa had
also decreased, while in vitro studies revealed the presence of resistant parasites in East
Africa (Aminake and Pradel, 2013). Although resistance could not at the time be
demonstrated in vivo, the fact that CQR parasites were less susceptible to quinine, was an
ominous indication that the development of wide-spread quinine resistance would occur
(Bjorkman et al., 1991). Mutations on the Plasmodium falciparum multidrug resistant
(PfMDR) gene 1 is said to have accounted for the reduced susceptibility of the Plasmodium
parasites to quinine (Farooq and Mahajan, 2004).
2.8.1.2

Synthetic quinolines

The increased demands of the quinoline antimalarial drugs during World War II led to the
decision by British and German scientists to develop synthetic alternatives. A series of 8and 4-aminoquinolines were first synthesised by researchers in the Bayer laboratories in
Wuppertal, Germany (Foley and Tilley, 1998).
i.

The 8-aminoquinoline antimalarials

Primaquine (8), the only antimalarial that is used for both the liver stage and for relapsing
malaria, acts on latent, or hypnozoite forms of P. ovale and P. vivax in the liver of the host
(Aminake and Pradel, 2013). In combination with a blood schizonticide (artemisinins,
halofantrine, or pyrimethamine), it can completely cure latent and relapsing malaria (WHO,
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2012b). Furthermore, primaquine has been long known for possessing potent antimalarial
activities against P. falciparum mature gametocytes (Aminake and Pradel, 2013). The major
shortcoming of this drug, however, is its haemotoxicity, i.e. methaemoglobinaemia and
haemolysis in individuals who suffer from glucose-6-phosphate dehydrogenase deficiency
(G6PD). As a result, its use in malaria vulnerable groups, such as in pregnant women, is
prohibited (Dutta et al., 2006, Fernando et al., 2011), especially so, because the foetal G6PD
status may not have been identified.
Tafenoquine (9) is another 8-aminoquinoline derivative that had initially been developed as
an alternative to primaquine in the management and prevention of relapsing P. vivax malaria
(Puri and Dutta, 2003). The drug, however, did not offer significant benefits as a tissue
schizonticide, compared to those of primaquine, but did it rather present potent blood
schizonticidal activities against multidrug resistant P. falciparum parasites (Peters, 1999), a
characteristic that is recently being connected to its more enhanced accumulation in RBCs,
compared to primaquine (Rajapakse et al., 2015). Tafenoquine is slowly absorbed and it is in
contrast to primaquine (half-life of 4-9 h), slowly metabolised, with a much longer half-life of
up to 14 days (Brueckner et al., 1998). In addition to its higher efficacy in vitro and in vivo,
tafenoquine is less toxic than primaquine (Peters, 1999). However, to date, no extensive
safety data exists for its use during pregnancy, in children and in individuals with G6PD
deficiency (Rajapakse et al., 2015).

Figure 2.4:

Chemical structures of primaquine (8) and tafenoquine (9).

a. Mechanism of action
The mechanisms of action of tafenoquine and primaquine are still unclear. However, these
drugs are believed to severely disrupt the metabolic processes of the plasmodium
mitochondria, by interfering with ubiquinone, an electron carrier in the respiratory chain (Hill
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et al., 2006). Another potential mechanism involves the formation of free radical metabolites
that increase oxidative stress, which subsequently kills the parasite (La-scalea, 2006).
b. Resistance
Resistance of Plasmodium parasites to primaquine is difficult to ascertain, because most of
the so called resistant cases have been averted with the use of higher doses of the drug
(Fernando et al., 2011). The validity of its reported resistance is also likely to be influenced
by errors in trial design, the risk of re-infection, inadequate dosing and unsupervised
treatments (Collins and Jeffery, 1996). Primaquine furthermore does not act in isolation and
must resistance towards it if any must be defined in relation to the concurrently administered
blood schizonticide (Fernando et al., 2011, Hill et al., 2006).
ii.

The 4-aminoquinoline antimalarials

Chloroquine (10) was first synthesised in 1934 and was it introduced as the drug of choice in
the treatment of uncomplicated malaria after World War II (Wellems and Plowe, 2001). It is
the safest and most effective blood schizonticidal 4-aminoquinoline derivative ever used in
the fight against malaria. However, its appearance in Asia in the 1960s and the subsequent
spread of CQR strains of P. falciparum, were major setbacks to global efforts to try and
eliminate malaria (van Schalkwyk and Egan, 2006, Wang et al., 2014).

Figure 2.5:

Chemical structure of chloroquine (10).

a. Mechanism of action
Following its blood meal, the malaria parasite digests a major portion of the RBC
haemoglobin to release a toxic haemoglobin derived Fe(III)PPIX (Foley and Tilley, 1998),
which is then detoxified into haemozoin in the parasitic digestive food vacuole (Ziegler et al.,
2001). Haemozoin formation is a bio-crystallisation process that is exploited by the malaria
parasite to rid itself off toxic Fe(III)PPIX, which is released during digestion (Gildenhuys et
al., 2015). The mechanism of action of chloroquine therefore involves the inhibition of the
polymerisation of IX (Fe(III)PPIX) into haemozoin (Egan et al., 1997), a phenomenon that is
believed to result from - complexation between the drug and Fe(III)PPIX (Egan, 2006).
Furthermore, studies have demonstrated the critical role being played by the quinoline amino
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groups in the formation of drug-Fe(III)PPIX complexes through the - interactions (Rafiee et
al., 2004), resulting in the accumulation of toxic metabolic by-products that subsequently kill
the parasite.
b. Resistance
Resistance to chloroquine is now prevalent in nearly all malaria-endemic countries and has
this limited the use of this safe and cost-effective antimalarial (WHO, 2014). The mechanism
of resistance against this drug remains uncertain. The reduced accumulation of chloroquine
in resistant parasites, compared to sensitive parasites, fuelled the assumption that
resistance is actually based upon the restricted access of the drug to the parasite food
vacuole (Chinappi et al., 2010, Bray et al., 2005). Recent studies have associated the
reduced accumulation in resistant parasites with point mutations in the gene, encoding for
the P. falciparum CQR transporter (PfCRT) protein (Aminake and Pradel, 2013). Studies
have consistently shown that PfCRT is responsible for the efflux of chloroquine from the
digestive food vacuole (Bray et al., 2005).
iii.

The quinoline methanol antimalarials

Mefloquine (11) was developed in the 1970s by the US army in an effort to counteract the
development of resistance to chloroquine (Schmidt et al., 1978). It offers an effective
treatment against drug resistant P. falciparum and maintains high concentrations in the
blood for several weeks (Milatovic et al., 2011). With a half-life permitting weekly dosing,
mefloquine is prescribed as a drug of choice for both chemoprophylaxis and malaria therapy
(Schlagenhauf et al., 2010). Its clinical use has, however, been questioned by reports of its
adverse side effects, including nausea, headaches, insomnia, anxiety and depression
(Milatovic et al., 2011), with the more severe events being hallucinations, amnesia and
psychosis during both prophylaxis and treatment (Hood et al., 2010).

Figure 2.6:

Chemical structure of mefloquine (11).
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a. Mechanism of action
Like the 4-aminoquinolines, mefloquine primarily acts on the intra-erythrocytic asexual
stages of the parasite (Foley and Tilley, 1998). Its mechanism of action is, however, not
completely understood. Fe(III) PPIX, the toxic metabolite, as discussed above, has been
widely considered as the target of all of the clinically active quinolines through the formation
of a drug-Fe(III) PPIX complex toxic to the parasite (Egan et al., 1997). A recent study with
crystal X-ray diffraction of the coordination complexes being formed between Fe(III) PPIX
and mefloquine, has shown that interaction within the complex takes place through the
deprotonated benzylic alcohol (alkoxide) functional groups of mefloquine and the metal iron
(Gildenhuys et al., 2015). In addition to ligand-metal coordination, -stacking and hydrogen
bonding between the propionate side chain and the diprotic piperidinium nitrogen atom of
mefloquine, have been associated with mefloquine-Fe(III) PPIX complex formation
(Gildenhuys et al., 2015). It is the accumulation of this highly toxic complex that ultimately
kills the malaria parasites.
b. Resistance
Mefloquine resistance is now common in some areas of South-East Asia, and it has also
been reported in the Amazon region of South America and sporadically in Africa (Aminake
and Pradel, 2013). The long half-life (2-4 weeks) of this drug is thought to increase the
likelihood of resistance, due to the prolonged elimination periods (Bloland, 2001). Studies
have associated parasite resistance towards mefloquine to the amplification of the P.
falciparum multidrug resistant gene 1 (PfMDR) (Wurtz et al., 2014) and with an over
expression of its protein product, Plasmodium glycoprotein gene homologue (Pgh-1) (Peel et
al., 1994, Cowman et al., 1994). Increased mefloquine resistance in an in vitro line of P.
falciparum resulted in increased resistance to halofantrine and quinine, suggesting a
common mechanism of resistance against the three drugs (Peel et al., 1994, Lim et al.,
1996).
2.8.2

The aryl-amino alcohol antimalarials

Replacement of the quinoline portion of the 4-quinolinemethanols with the phenanthrene ring
system generates the class of antimalarial drugs, known as the 9-phenanthrenemethanols
(Foley and Tilley, 1998). Among many others in the group, halofantrine (12) a blood
schizonticide, was introduced as the most promising compound for the management of
malaria. Its usefulness however, was later limited by reports of serious cardio-toxicity
(Hombhanje et al., 1998). It exhibits low oral bioavailability and has a potential to disrupt the
27

heart‟s electrical cycle (QT interval), causing severe ventricular arrhythmias and sudden
deaths (Bouchaud et al., 2009, Leite et al., 2007).
Lumefantrine (13), also called benflumetol, is another arylamino alcohol, first synthesised in
China in the 1970s and later registered in 1987 for the treatment of malaria (Aminake and
Pradel, 2013). The drug is now widely used in ACTs being discussed below.
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Figure 2.7:

Chemical structures of stereoisomers of halofantrine (12) and lumefantrine

(13).

a. Mechanism of action
Halofantrine and lumefantrine exert selective toxicity towards the erythrocytic stages of
malaria parasites (Kakkilaya, 2004) and like the quinoline methanols, these drugs are
believed to form a complex salt bridge with ferriprotoporphyrin IX (Fe(III) PPIX), a toxic byproduct of haemoglobin degradation, through the - interactions of the aryl rings and
porphyrin, and through coordination with the Fe(III) centre through the deprotonated alcohol
functionality (de Villiers et al., 2008a). These altogether inhibit the conversion of the toxic
Fe(III) PPIX into the non-toxic haemozoin, which effectively kills the parasite (Egan, 2006).
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b. Resistance
Like mefloquine, resistance to halofantrine is now common in some areas of South-East
Asia and has this also been reported in the Amazon region of South America and in Africa
(Bloland, 2001). Mefloquine, halofantrine and lumefantrine are said to be cross resistant, a
characteristic being suggested by the reduced response of malaria parasites to halofantrine
and lumefantrine when used to treat mefloquine failures (Bloland, 2001, Cowman et al.,
1994, Peel et al., 1994, Francois Nosten, 2012).
The underlying mechanism of parasite resistance to halofantrine and lumefantrine is similar
to that of mefloquine (Chavchich et al., 2010), i.e. the drugs share a mechanism that is
primarily mediated by the amplification of the P. falciparum multidrug resistant gene 1
(PfMDR1) (Woodrow and Krishna, 2006, Cowman et al., 1994).
2.8.3

Antibiotics

Tetracycline antibiotics are effective, albeit slow acting antimalarials that are used in
combination with more rapidly acting drugs to treat malaria and for antimalarial
chemoprophylaxis (Aminake and Pradel, 2013). Consistent with their slow clinical activity,
tetracyclines exert in vitro antimalarial activity slowly and thus require incubation with
cultured P. falciparum beyond a single, 48 h, asexual cycle for maximal effects (Dahl et al.,
2006). Since the development of resistance by the malaria parasites to chloroquine in 1960,
several studies that had been carried out in 1970, supported the recommendations of the
Centre for disease control (CDC), i.e. to use doxycycline (14) in the chemoprophylaxis of P.
falciparum malaria (Briolant et al., 2010a). Doxycycline, a slower acting blood schizonticide
and the prototype of the group, is now recommended as a prophylactic agent and it may be
used for long term chemoprophylaxis (Tan et al., 2011). When administered in conjunction
with other fast acting drugs, like the artemisinins, it can be used for the treatment of malaria
in non-pregnant adults and children above the age of 8 years (WHO, 2015).
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Figure 2.8:

Chemical structures of doxycycline (14) and clindamycin (15) antibiotics.

The distorted growth of bones in unborn babies, the altered calcification (hardening) of
bones, as well as the discoloration of teeth among children have been major setbacks in the
use of the tetracyclines (Draper et al., 2013). This is especially true, since this drug is contraindicated in children and pregnant women, the two groups being at highest risk of
contracting malaria and dying from it in the developing world (Tan et al., 2011).
Together with doxycycline, clindamycin (15) is another antibiotic that has for long been
employed in the fight against malaria (Lell and Kremsner, 2002). It is a 7-chloro-lincomycin
derivative that is metabolised in vivo into three major biologically active derivatives (Lell and
Kremsner, 2002, Hall et al., 1975). Clindamycin does not possess the undesired effects of
tetracyclines, and is it preferentially used for treatment of malaria in children.
a. Mechanism of action
The drugs show strong inhibitory effects on P. falciparum, possibly by targeting the
apicoplast. The drug accumulates slowly in the parasite with the relevant inhibition being
achieved through exposure of more than 3 days (Dahl et al., 2006, Lell and Kremsner,
2002). This explains the slow onset of clinical action by clindamycin and doxycycline, a
character that makes these drugs undesirable in cases where fast parasite clearance is
required (Lell and Kremsner, 2002). It is also believed that doxycycline and clindamycin
antimalarial action may be similar to that of their bacteriostatic actions of binding to
ribosomal subunits and inhibiting protein synthesis, but this has only been observed in
supra-pharmacological doses (Tan et al., 2011).
b. Resistance
Recent studies have highlighted the decreased susceptibility in vitro of P. falciparum isolates
from different areas to doxycycline (Gaillard et al., 2015). Genetic markers of P. falciparum
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metabolite drug transporter (pfmdt) and P. falciparum GTPase tetQ (pftetQ) genes have
been identified and used in the detection and monitoring of the susceptibility of P. falciparum
to doxycycline (Briolant et al., 2010b, Gaillard et al., 2013). However, the exact mechanism
on how these markers are involved in resistance development is still not clear (Gaillard et al.,
2013).
2.8.4

The naphthoquinone antimalarials

Atovaquone (16), a hydroxynaphthoquinone derivative, is most widely used as an
antimalarial chemoprophylactic agent in combination with proguanil (Boggild et al., 2015),
and in the treatment of opportunistic infections in immunosuppressed patients (Bloland,
2001). With a novel mechanism of action, atovaquone is a potent drug against the multidrug
resistant malaria parasites, without any evidence of cross resistance in vitro (Kapadia et al.,
2001).

Figure 2.9:

Chemical structure of atovaquone (16).

a. Mechanisms of action
The antimalarial activity of atovaquone has been attributed to its interference with
mitochondrial electron transport in the parasite (El Hage et al., 2009). It is a competitive
inhibitor of the quinol oxidation site of the mitochondrial cytochrome bc1 complex and its
inhibition results in the collapse of the mitochondria‟s membrane potential (Fisher et al.,
2012). The activity of dihydroorotate dehydrogenase, a parasitic key enzyme in the
biosynthesis of pyrimidines, is also inhibited, resulting in the disruption of the plasmodial
DNA synthesis and replication (El Hage et al., 2009, Fisher et al., 2012).
b. Resistance
Resistance to atovaquone, when used alone, develops rapidly and due to its high rate of
treatment failures, the drug has been combined with other antimalarials, including proguanil
and doxycycline (Bloland, 2001). Treatment failures by atovaquone have been associated
with point mutations in the mitochondrial cytochrome b gene (Kessl et al., 2005). Molecular
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simulations have suggested that Y268S, a point mutation in cytochrome b, reduces
hydrophobic interactions of cytochrome bc1 protein complex to atovaquone, resulting in
activity loss (Akhoon et al., 2014).
2.8.5

The antifolates

Folate (vitamin B9) biosynthesis in the human malaria parasite P. falciparum is an essential
activity during cell growth and replication, which is a unique metabolic pathway that occurs in
the parasitic cells alone, making it a target by antimalarials (Nzila, 2006b). Antifolates are a
class of compounds that interfere with folate metabolism, an important pathway of the P.
falciparum parasites (Salcedo et al., 2001).
a. Mechanisms of action
The antifolates target two enzymes in the folate biosynthesis of the parasite,i.e.
dihydropteroate synthase (DHPS) and dihydrofolate reductase (DHFR) (Figure 2.12) (Wang
et al., 2010), where they inhibit the parasitic folic acid synthetic pathway.
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Figure 2.10: Chemical structure of folic acid (17).

i.

Dihydropteroate synthase inhibitors: Sub-class 1

Dapsone (18), sulfadoxine (19) and other related sulfa-drugs (sulfonamides) act by
interacting with the activity of the enzyme, dihydropteroate synthase (DHPS) of the
bifunctional hydroxymethylpterin pyrophosphokinase-dihdropteroate synthase (HPPK)(DHPS) protein (Nzila et al., 2000). DHPS catalyses the synthesis of 7,8-dihydropteroate
(DHP) from 6-hydroxymethyl-7,8-dihydropterin pyrophosphate and p-aminobenzoate (pAB).
Inhibition of the activity of this enzyme therefore renders the parasite deficient of DHP and
thus blocks the entire biosynthetic pathway, resulting in its death (Wang et al., 2010).
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Figure 2.11: Chemical structure of dapsone (18) and sulfadoxine (19).

ii.

Dihydrofolate reductase inhibitors: Sub-class 2

Pyrimethamine (20), cycloguanil (21), proguanil (22) and other related group of compounds
target the dihydrofolate reductase (DHFR) activity of the parasite‟s bifunctional DHFRthymidylate synthase (TS) protein (Nzila, 2006b). The enzyme plays the following three main
roles in the folate pathway:


It controls the de novo folate synthesis by mediating the synthesis of tetrahydrofolate
(THF).



It mediates the salvage of exogenous folate derivatives, DHF and the fully oxidised
folate, by reducing them to THF.



DHFR also recycles DHF from 2‟-deoxythymidine-5‟-monophosphate (dTMP)
synthesis, by reducing it to THF so that it can re-enter the folate pool (Nzila, 2006a).

Inhibition of these enzymatic pathways therefore disrupts the constant supply of
tetrahydrofolate co-factors that are required for key 1-carbon transfer reactions, including
those that are critical for DNA synthesis, and therefore hinders parasite growth (Wang et al.,
2010).
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Figure 2.12: Chemical structures of pyrimethamine (20), cycloguanil (21) and proguanil
(22).

Subsequent studies in the early 1960s revealed more rapid clinical responses and faster
action when both dihydrofolate reductase and dihydropteroate synthase inhibitors were
combined against P. falciparum and P. ovale malaria. Characterised by excellent
compliance, good tolerance and safety, sulfadoxine-pyrimethamine (SP) became an
effective and cheap antimalarial alternative to chloroquine. Currently, SP is recommended as
the most effective and single-dose antimalarial prophylactic agent during pregnancy, and is it
used within the approach of intermittent preventive therapy (IPT) in endemic African
countries (Abdul-Ghani et al., 2013).
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Hydroxymethyldihydropterin + p-aminobenzoic acid (PABA)
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Figure 2.13: Inhibition of the parasitic folic acid biosynthetic pathway by antifolates.

b. Resistance
P. falciparum resistance against antifolates emerged rapidly (Talisuna et al., 2004). While it
took about 2 decades for CQ resistant P. falciparum to emerge, resistance to antifolates was
reported immediately after their introduction (White, 1992, Winstanley, 2000, Talisuna et al.,
2004). Gene mutations (pfdhfr and pfdhps), encoding resistance to both DHPS and DHFR,
the two key enzymes in the folate biosynthetic pathway targeted by antifolates, had been
identified (Bloland, 2001).
2.8.6

Artemisinins

Artemisinin is a sesquiterpene lactone, containing an endoperoxide bridge, or 1,2,4-trioxane
core, which is key to its antimalarial activity (Efferth and Kaina, 2010, Golenser et al., 2006,
Woodrow et al., 2005). Artemisinin and its derivatives, dihydroartemisinin, artemether and
artesunate (Figure 1.1) are fast acting, potent against all resistant strains of the malaria
parasites, well tolerated in all phases of the disease and have the ability to reduce
parasitaemia faster than any other antimalarial drug (O'Neill and Posner, 2004).
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Figure 2.14: Chemical structure of artemisinin.

a. Mechanisms of action
The exact mechanism of action of this group of compounds has not yet been completely
clarified. What is so far apparent is that the antiparasitic effects of these drugs involve the
generation of reactive oxygen species (ROS), which cause oxidative stress to the malaria
parasites (Aldieri et al., 2003). As to how these ROS are generated, a number of theories
have been suggested. It has been postulated that the endoperoxide bond (O-1-O-2, Figure
2.14) undergoes ring opening through protonation, or formation of a complex with a metal
ion (haem iron) and cleavage of the C-O bond (O-2-C-3, Figure 2.14) to generate an open
hydroperoxide, or metal peroxide, which transfers oxygen to oxidisable substrates (Olliaro et
al., 2001, Meshnick, 2002). It is, however, unlikely that the peroxides are able to interact with
haeme to an extent that implicates the parasiticidal activity of artemisinins, as has so often
been assumed, but not chemically proven (Haynes et al., 2013).
A purported structural resemblance of artemisinin with thapsigargin, a sesquiterpene lactone
and an inhibitor of sarcoplasmic/endoplasmic reticulum Ca

2+

-ATPase (SERCA), was used

as the basis for the hypothesis that artemisinins specifically inhibit P. falciparum SERCA
(Arnou et al., 2011). SERCA is responsible for maintaining calcium ion concentrations, which
is important to the generation of calcium mediated signalling and the correct processing and
post-translational folding of the parasitic proteins (Golenser et al., 2006). The inhibition of
SERCA is said to occur as artemisinins and other synthetic peroxides bind into a cleft on the
cytosolic side of the transporter, affecting the dynamics of Ca2+ homeostasis, required by the
parasite for crucial intra-cellular signalling processes (Haynes et al., 2013, Golenser et al.,
2006). Subsequent studies have revealed that artemisinins and fully synthetic peroxides
rapidly oxidise reduced conjugates of flavin cofactors, or those of flavin cofactor precursors,
such as riboflavin, which play a crucial role in maintaining intra-parasitic redox homeostasis.
Inability of the parasite to control the generation and build-up of cytotoxic ROS, in turn kills it
(Haynes et al., 2013).
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b. Resistance
Resistance to artemisinins has been detected in five countries (Cambodia, the Lao People‟s
Democratic Republic, Myanmar, Thailand and Vietnam) in the great Mekong region, where
artemisinin monotherapies were commonly used (WHO, 2011b). In 2011, the WHO released
the Global plan for artemisinin resistance containment (GPARC) to prevent the spread of
resistant parasites to other malaria endemic regions. This is especially important, because
there is so far no alternative antimalarial medicine with the efficacy and tolerability than that
of ACTs, as discussed below (WHO, 2012c). Despite changes in the sensitivity of parasites
to artemisinins in this region, however, ACTs have remained clinically and parasitologically
efficacious, provided the partner drug remains effective (WHO, 2014).
Whilst the precise mechanism of artemisinin resistance remains uncertain, mutations or
amplification of gene encoding for multidrug resistance protein Pfmdr1 (O'Brien et al., 2011),
or of the encoding for P. falciparum sarco-endoplasmic reticulum calcium ATPase
(PfSERCA) 6, have been associated with reduced susceptibility of parasites to artemisinins
(Dondorp et al., 2009). Indeed, full length sequencing of the PfSERCA gene has revealed
sporadic point mutations, noted as I89T, N465S, and E847K, which are proposed to confer
artemisinin resistances (Dondorp et al., 2009). Pfmdr1 amplification has been associated
with

increased

risk

of

recrudescence,

following

artesunate-mefloquine

treatment,

accompanied by overall reduced susceptibility to artemisinins in South-East Asia (O'Brien et
al., 2011). Additionally, a knock-out of the gene encoding for Pfmdr Protein increased
artemisinin susceptibility, indicating the role played by this protein as an artemisinin efflux
transporter (Petersen et al., 2011). More recently, artemisinin resistance has been
associated with single point mutations in the propeller region of the P. falciparum kelch
protein gene on chromosome 13 (kelch 13). This has led to the discovery of molecular
markers, called single-nucleotide polymorphisms (SNPs) that are highly predictive of slow
parasite clearance (Ashley et al., 2014, Huang et al., 2015, Wang et al., 2015).
2.8.7

Artemisinin based combination therapies

To prevent the artemisinins from meeting the same fate as other antimalarial drugs, namely
the development of parasites resistance, the WHO recommended the use of artemisinins in
combination, rather than in monotherapies (WHO, 2010b). This led to the adoption and
introduction of artemisinin based combination therapies (ACTs) for the treatment of
uncomplicated malaria in CQ resistant endemic regions. ACT combines an artemisinin
derivative with a longer half-life antimalarial drug, either a quinoline or an arylmethanol. The
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principle of action of ACT is that the fast acting artemisinin clears a greater portion of
parasites within its short-pharmacological half-life, whilst the longer half-life partner drug then
continues the clearance when the artemisinin concentration has fallen to sub-therapeutic
levels. This approach aids in reducing the risk of recrudescence and drug tolerance
(Woodrow et al., 2005), as well as in delaying the development of drug resistance (Dondorp
and Ringwald, 2013, Klein, 2013, Bloland, 2001, WHO, 2013e, WHO, 2013a). Five ACTs,
including

artemether-lumefantrine,

artesunate-mefloquine,

artesunate-amodiaquine,

artesunate-fansidar (combination of sulfadoxine and pyrimethamine), and dihydroartemisinin
(DHA)-piperaquine are currently used.
In spite of this measure, safety concerns and high costs are limiting the use of ACTs in poor
endemic countries. Additionally, increased tolerance to ACTs by the parasites has been
noticed in South-East Asia (Dondorp et al., 2010, WHO, 2013a), which is an indication of
emerging parasite resistance to the artemisinins (Meshnick, 2012).
Neurotoxicity, as indicated by a number of adverse effects, including movement
disturbances, spasticity, balance deficits, brain stem tissue damage and even deaths in
laboratory animals being treated with intra-muscular doses of artemether and its congener,
arteether, raises concerns about their safety (Li and Hickman, 2010). By using an in vitro
screening method on rat brain stem cultures, it has been demonstrated that artemisinins can
damage the cell cytoskeleton and induce alteration in the energy state of the cell and on
mitochondria through the induction of oxidative stress (Schmuck and Haynes, 2000).
This altogether emphasises the urgent need for safe, cheaper and effective new antimalarial
drugs, or the enhancement of the efficacy and safety profiles of existing drugs. Progress has
been made towards the development of such drugs, especially the peroxide antimalarials.
Chapter 3 presents recent developments in the search for such drugs.
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Chapter 3 comprizes of a comprehensive literature review on the topic, Malaria drug
discovery: Recent advances in antimalarial peroxides that will in November 2015 be
submitted to the ChemMedChem Journal for publication. The article presents an
Introduction, as well as three sections of interest, i.e. Limitations of the current clinical
artemisinins, Second generation semi-synthetic derivatives of artemisinins, and Synthetic
peroxides. The article was prepared in accordance with the author‟s guidelines, as outlined
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Abstract
Methods to prevent malaria, such as the use of insecticide treated nets, indoor residual
spraying and chemotherapy, have dramatically reduced the number of fatalities from
approximately 1 000 000 during the preceding decade, to 584 000 deaths in 2013. Pregnant
women and children under the age of five, however, still remain most vulnerable to infection,
leaving the endemic landscape unchanged. To this day, therefore, malaria remains a critical
public health challenge globally, as it had been over the past decades. Present day
chemotherapy of uncomplicated malaria relies upon artemisinin based combination
therapies (ACTs), which comprize of combinations of artemisinins with either quinolines, or
arylmethanols. The mounting development of tolerance by malaria parasites towards ACTs,
and in particular to the artemisinin compounds was originally observed in South-East Asia.
Such tolerance is now classified as resistance, based upon gene expression in resistant
phenotypes. A worldwide spread of resistance towards artemisinins would pose a major
threat to current initiatives to control and eradicate the disease, since these drugs currently
are the only effective antimalarials left to try and restrict malaria infections. The threat of the
increased development of resistance towards this drug necessitates the urgent development
of new, clinically effective, cheaper and safer antimalarial drugs that would help curb the
disease. As part of this ongoing search, advances in organic chemistry have allowed for the
preparation of more potent and stable semi-synthetic and fully synthetic peroxide derivatives,
with superior antimalarial activity, compared to the currently used artemisinins.

This review covers recent advances in the search for new antimalarial peroxides, with an
emphasis on those listed in the 2015 Medicines for malaria venture‟s (MMV) Global portfolio
of new antimalaria medicines, currently being developed and investigated, as reported in
recent literature sources.

Keywords: malaria, artemisinin based combination therapies (ACTs), artemisinin, peroxide
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1.

Introduction

Malaria is a devastating disease that arizes from the invasion of red blood cells by protozoa
of the genus, Plasmodium.[1] Five species of Plasmodium, i.e. P. falciparum, P. ovale, P.
vivax, P. malariae and P. knowlesi cause human malaria. Of these, P. falciparum is
responsible for the most severe form of malaria, followed by P. vivax.[2] These species are
transmitted to humans, following the bite of an infected female anopheles mosquito.
The disease is endemic in 106 countries and were an estimated 3.4 billion people,
representing 40% of the world‟s population, infected in 2013. During 2013, roughly 198
million malaria cases, with 584 000 related deaths, were reported.[3] The incidence had been
the highest in the African region, where an estimated 90% of all malaria fatalities occurred,
of which children, aged under five years, accounted for 78% of all deaths.[3] In the past
decade, however, significant progress in the control of malaria had also been witnessed.
Between 2000 and 2013, the estimated malaria mortality rates had decreased by 47%
worldwide and by 54% in the World Health Organization‟s (WHO‟s) African Region.[3] These
successes had been attributed to a combination of factors, including the expanded use of
chemotherapy, insecticide treated nets and indoor residual spraying.
The sole malaria treatment option to date comprises of chemotherapy and this is expected to
continue into the foreseeable future, since no effective vaccine against the disease is yet
available.
Artemisinin 1 and its derivatives 2-5 (Figure 1), referred to as the artemisinins, comprize the
most important of the currently used classes of antimalarial drugs. In the early 1970s, the
remarkable discovery of qinghaosu, subsequently called artemisinin, and isolated from the
Chinese herbal plant, Artemisia annua,[4] resulted in the introduction of artemisinin and its
derivatives for the treatment of malaria. Given the earlier demize of the 4-aminoquinoline
chloroquine through the development of resistance in South-East Asia, and hence
elsewhere, the introduction of these unique peroxidic compounds was particularly fortuitous.
Up until very recent times, they have served as key chemotherapeutic agents for the
treatment of malaria.
Artemisinin is a sesquiterpene, with a peroxide bridge that is linked through a carbon atom to
a third, non-peroxidic, oxygen atom. This 1,2,4-tri-oxane core is key to the antimalarial
activity of this compound.[5] The artemisinins are fast acting drugs that are potently active
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and are they well tolerated during all stages of a malaria infection. Artemisinin has the ability
to reduce malaria parasitaemia more rapidly than any other antimalarial drug.[6] However,
because of the short half-lives of the artemisinins, protracted treatment regimens had to be
introduced to avoid the phenomenon of recrudescence, i.e. the redevelopment of
parasitaemia in the absence of external re-infection. Li et. al. were the first researchers who
used artemisinin in combination with the long half-life drug, mefloquine, to suppress both
recrudescence and the development of resistance.[7] The strategy of using artemisinins in
combination with other longer half-life drugs, the so-called artemisinin combination therapies
(ACTs), was only much later adopted by others, including the World Health Organization
(WHO), for the treatment of non-severe malaria.[8-10] The principle of action of an ACT is that
the fast acting artemisinin clears a larger portion of the parasites within its short
pharmacological half-life, whilst the longer half-life partner drug continues the clearance,
once the artemisinin concentration has fallen to sub-therapeutic levels. Until recently, this
approach has successfully aided in reducing the risk of recrudescence and drug
tolerance,[11] whilst also delaying the development of drug resistance.[12] Five ACTs are
currently

used,

i.e.

artemether-lumefantrine,

artesunate-mefloquine,

artesunate-

amodiaquine, dihydro-artemisinin (DHA)-piperaquine, and the triple combination of
artesunate with sulfadoxine and pyrimethamine.

Figure 1:

Chemical structures of artemisinin and its semi-synthetic derivatives.

In spite of this measure to use such combination therapies, safety concerns and the high
costs have limited the use of ACTs in poor, malaria endemic countries, and even worse,
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have these factors led to an undesirable and thriving fake drug market.[13-16] Furthermore,
increasing tolerance to ACTs have also been confirmed, as artemisinin resistance by
parasites had been observed for some time in South-East Asia.[17, 18] Various studies have
investigated the mechanism of artemisinin resistance. Phosphatidylinositol-3-phospate
(PI3P), a lipid product of P. falciparum Phosphatidylinositol-3-kinase (PfPI3K), was found to
form an important channel in the transport of haemoglobin to the parasite food vacuole.[19]
Dihydro-artemisinin (DHA), the active metabolite of artemisinin based drugs, has
demonstrated that it binds to and inhibits the activity of PfPI3K, resulting in deficient
haemoglobin levels in the food vacuole, which deprives the parasite of important amino
acids.[20] Indeed, artemisinin resistant strains have abnormally high levels of PfPI3K, a
characteristic that is associated with point mutations in the P. falciparum Kelch13
(PfKelch13) gene, now known as a primary marker of artemisinin resistance.[21] This
phenomenon emphasizes the urgent need for the development of methods that would
enhance the efficacy and safety profiles of existing antimalarial drugs and to identify and
develop safe, cheap and effective new drugs.
Advances in the development of new antimalarials have been extensively reviewed in recent
years.[22-26] This review, however, specifically focuses on semi-synthetic and fully synthetic
peroxidic compounds, designed to address specific shortcomings of the currently used
clinical artemisinins, including their reduced efficacy, thermal instability, short biological halflives, safety concerns, and the limitations that exist with regards to their large scale
production possibilities. The rationale for choosing these topics is that peroxides are still the
most fast acting and effective drugs among all classes of drugs, currently being used to treat
malaria.
2.

Limitations of current clinical artemisinins

Although artemisinins are widely used in current antimalarial chemotherapeutic treatment
regimens, they unfortunately have significant shortcomings, such as their low solubility,
thermal instability and short pharmacological half-lives. These aspects may limit parasite
clearance and hence result in recrudescence when used in monotherapy, which may
contribute towards the development of parasite resistance.[27] The production of the parent
artemisinin from agricultural sources largely falls short of the estimated global demand,
which further contributes towards the high costs of these drugs.
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2.1.

Solubility

For a drug to pass through a biomembrane, it must possess limited aqueous solubility and it
must be neither too lipophilic, nor too hydrophilic. Lipophilic drugs show poor aqueous
solubility and tend to be absorbed by fatty globules in the intestine. Once they reach the
blood stream, they may be adsorbed into tissues and released slowly into the circulation.
This results into prolonged cellular exposure which exacerbates toxicity, such as
neurotoxicity. Contrary, hydrophilic, water soluble drugs may be excreted directly through the
kidneys, but if they succeed to penetrate a cell membrane, they become entrapped in
intracellular aqueous media. An ideal drug must therefore possess balanced lipophilic and
hydrophilic properties in order to permeate biological membranes and enter to the systemic
circulation. The n-octanol/water partition coefficient (Log P) offers a good measure of this
balance and targets values between 1-5, whilst values ranging between ~1-3 are ideal.[28]
The benefits of artemisinin are offset by its poor solubility in both oil and water. This has led
to the structural modifications that had been made to this sesquiterpene to form its first
generation of semi-synthetic derivatives, viz. dihydro-artemisinin (DHA) 2, the oil soluble
artemether 3 and arte-ether 4, and the water soluble artesunate 5. The measured Log P
values of the two clinically used drugs, artesunate (2.77) and DHA (~2.6), are well within the
ideal range that would enable their optimal absorption through biological membranes, while
artemether with a Log P value above the ideal range (3.98) is expected to be absorbed to a
lesser extent.
2.2.

Chemical stability and pharmacological half-lives

Since all current clinically used artemisinins are structurally either alkyl- or ester acetals, they
are chemically and/or metabolically unstable. In addition, O-alkyl ethers generally are subject
to facile metabolic de-alkylation by the P-450 super-family.[29-31] It is therefore not surprising
that the first generation artemisinins have short pharmacological half-lives when
administered orally, or in the case of artesunate, through intramuscular injection. The lability
of a drug is reflected by its rapid metabolism, or in the case of artesunate, by its extent of
hydrolysis into DHA, the principal metabolite of artemisinin. Artemether has a
pharmacological

half-life

of

2-3 h[32]

and

artesunate,

20-45 min,

following

oral

administration.[33] DHA itself has a relatively short half-life of ~45 min, indicative of its deep
seated decomposition pathways,[34-37] and of its conversion into the water soluble
glucuronide.[38] It is therefore noteworthy that, since the derivatives, artemether 3 and
artesunate 5 rapidly decompose into DHA 2, and because DHA itself is used as an
artemisinin component in ACTs, malaria parasites are in vivo predominantly exposed to
DHA. In hindsight, it is hence no surprise that resistance towards the artemisinins has also
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developed, an event that could have been avoided by a more flexible adoption of other
peroxidic antimalarials, incapable of forming DHA in vivo.[39]
2.3.

Thermal stability

Poor thermal stability is another disadvantage of the artemisinins.[40] The clinically used DHA
is thermally the least stable of all the artemisinins. At 40°C and a relative humidity (RH) of
70%, solid DHA undergoes 2% of decomposition after 1 month, and 2.9% after 3 months.[34]
As a result, the poor thermal stabilities of these drugs and of DHA in particular, raise
concerns regarding the risk of decomposition of these formulated materials in malaria
endemic countries that are known for their hot and humid weather. In general, the
International Conference of Harmonization (ICH) and the WHO have guidelines that
prescribe accelerated thermal stress testing of antimalarial drugs over a period of 6 months,
by exposing these formulated drugs to 40 ±2°C and a relative humidity of 75 ±5%.[41] The
threshold of unknown decomposition products, based upon a daily dose of 100 mg, should
not exceed 0.2%, whilst less than 1.5% of decomposition is allowed for known degradants
for which their toxicity and efficacy profiles have been quantified, as for the parent drug. The
application of these guidelines to the development of artemisinin drugs is therefore quite
challenging, and, because malaria is endemic in tropical areas, thermal stability especially is
an essential consideration in the design of new antimalarials.
2.4.

Safety and toxicity

DHA, the principal metabolite of current artemisinins, is neurotoxic.[42] The derivatives of
artemether and arte-ether, however, also possess intrinsic neurotoxicity that is accompanied
by several adverse effects, including movement disturbances, spasticity, balance deficits,
brain stem tissue damage, and even the death of laboratory animals that have been treated
with intramuscular doses of both derivatives.[43] Most reports on artemisinins induced
neurotoxicity relate to studies carried out on laboratory animals.[5,
studies unambiguously support these findings in humans,

[44]

44]

Although few clinical

a safety concern does exist with

regards to the use of more extended and higher doses of artemisinins in humans, such as
those that are being employed in patients,[45] who do not respond to initial treatment with
ACTs in areas, such as Cambodia, where resistance has become a serious threat.
Cytotoxicity and embryotoxicity are other safety concerns being associated with the use of
artemisinins. In a report regarding the safety of artemisinin compounds during pregnancy,
the WHO underlined an important knowledge gap between the cytotoxic and embryotoxic
properties of peroxidic compounds.[46] Currently, the regulations with regards to ACT therapy
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and pregnant women state that artemisinin drugs can only be safely used in the second and
third trimesters of pregnancy, and should they only be administered in the first trimester, if no
other suitable antimalarial treatment is available and only if the treatment is considered lifesaving.[46]
2.5.

Large scale production

Artemisinin 1, the parent compound of the current clinically used derivatives, is extracted
from Artemisia annua and purified at an overall cost of $350-400/kg.[47] The total synthesis of
artemisinin, owing to the molecular complexity of its structure, is not commercially viable,
despite several routes having been reported.[48-51] The duration of these chemical processes,
the reagents and conditions involved, and the low overall yields all indicate that total
synthesis is not a feasible source of artemisinin.
An alternative production method exists that involves a yeast fermentation process to deliver
the biosynthetic precursor, artemisinic acid[52] (Figure 2). Early work by Roth and Acton[53, 54]
and by Haynes et. al.[55-58] mapped a (bio) synthetically feasible pathway from dihydroartemisinic acid into artemisinin. These researchers showed that photo-oxygenation of
dihydro-artemisinic acid 7 yields hydroperoxide 8 that can be converted by protic acids,[53] or
catalytic amounts of copper (II) trifluoromethanesulfonate[58] to yield artemisinin (39%).
Haynes and Vonwiller[55] demonstrated that the treatment of hydroperoxide 8 occurred
through Hock cleavage to generate enol 9, which subsequently underwent a completely
stereo-selective thermal reaction with ground state (triplet) oxygen, to give the opened ring
hydroperoxy carboxylic acid 10. This ring then closed smoothly to generate artemisinin 1.
The process was later adopted in its entirety by Seeberger and Lévesque into a continuous
flow reactor, better suited for conducting the photochemical step on an industrial scale to
produce parent artemisinin 1 in 40% yields from dihydro-artemisinic acid (Figure 2) on a 3 g
scale.[59] Chen et. al. reported a higher yield (41%) of artemisinin on the same scale, from
compound 7, featuring molybdate induced disproportionation of hydrogen peroxide to
thermally generate the singlet oxygen, required during the ene reaction step of the process
leading to hydroperoxide 8, without recourse to the continuous-flow technique.[60] More
recently, artemisinic acid was converted into artemisinin 1 in a 55% yield by employing a
photochemical oxidation process that had been implemented by Sanofi,[61] that apparently is
capable of producing 50-60 tonnes of semi-synthetic artemisinin per annum[52]. This is
estimated to represent about one-third of the global need. Kopetzki et. al. reported a 65%
yield of artemisinin from dihydro-artemisinic acid, by employing the photochemical
process.[62] It is noteworthy that in this latter example, artemisinic acid was extracted as a
waste product from Artemisia annua, while extracting artemisinin. However, the adjustment
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to the extraction process of A. annua to provide both artemisinin and artemisinic acid, was
first developed more recently and aimed at extracting artemisinin directly, as well as to
enable the semi-synthesis of artemisinin and its derivatives from artemisinic acid.[56, 63] The
routes for the conversion of dihydro-artemisinic acid into artemisinin are illustrated in Figure
2.
These semi-synthetic routes to produce artemisinin from a relatively readily available
precursor, bypass the problem of the complexity of total synthesis. However, the semisynthetic flow operations are themselves also complex. The specialized equipment that is
required for the photochemical reaction represents a substantial capital investment and
operational costs, and is this alternative not likely to significantly reduce the costs of
supplying ACTs to malaria endemic regions. These routes would, however, help to ensure a
secure supply of artemisinin. Alternative strategies include the development of newer
artemisinin derivatives with significantly enhanced efficacies, such that less material may be
used in chemotherapeutic regimens so as to reduce the demand for the parent artemisinin 1,
and to develop totally synthetic routes for delivering peroxides that exhibit potencies that are
comparable to that of current artemisinins. This would have the advantage of providing
supplies of antimalarial drugs that are independent of the limitations of an agricultural
source.[64]
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Figure 2: Reaction sequences in the synthesis of artemisinin (1) from artemisinic acid, as
developed by Roth and Acton[53, 54] and by Haynes and Vonwiller,[55], (2) through
continuous-flow alterations[59] and (3) the thermal singlet oxygen method[60] of
conversion of dihydro-artemisinic acid into artemisinin.
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3.

Second generation, semi-synthetic artemisinin derivatives

As noted, artemisinin derivatives need to have significantly enhanced efficacies, compared
to current derivatives, and should they ideally possess more favorable toxicity profiles than
the current artemisinins, as well as metabolic and pharmacokinetic properties that won‟t
offset the drugs‟ efficiencies.[65]
3.1.

Deoxo-artemisinins

The readily accessible, semi-synthetic derivative, (+)-deoxo-artemisinin 11, is devoid of an
oxygen bearing functionality at C-10 and does it thereby have the properties of a cyclic
ether. It is likely to be more stable than the alkyl lactol ethers, which has been confirmed in
at least a simulated stomach acid study.[66] (+)-Deoxo-artemisinin is easily prepared from
DHA 2 through the reduction with Lewis acidic reducing agents that do not affect this
biologically important peroxide.[67,

68]

It was found to be eight-fold more active in vitro than

artemisinin 1, and two-fold more active than artemether 3, and it was clearly more effective
in curing P. berghei in a murine model than artemisinin. Unfortunately, the pharmacokinetic
and toxicity profiles of 10-deoxo-artemisinin is unknown. It may be a useful compound for
evaluation as possible future antimalarial, given that it cannot be converted into DHA, and it
is likely to have a longer half-life than artemisinin itself.
Other C-10 deoxy derivatives have an alkyl group attached to C-10. Like 10-deoxoartemisnin, these are simple ethers with longer half-lives than artemisinin itself.[66] The
derivative 12 (Figure 3) was the most potent against both CQR and CQS strains of P.
falciparum, and up to twenty times more active than artemisinin 1.[69] No further
investigations have been carried out on these derivatives.
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Figure 3: In vitro antimalarial activity of deoxo-artemisinin 11 against CQS D-6 and CQR
W-2[67] and of analogue 12 against CQS GHA (Ghana) and CQR W-2 strains of
P. falciparum.[69]
3.2.

C-10, O-phenyl substituted derivatives

The replacement of an O-alkyl group with an O-aryl group in the first generation artemisinin
ethers, i.e. artemether 3 and arte-ether 4, will prevent oxidative de-alkylation by CYP-450
enzymes, characteristic of the decomposition of current alkyl ethers into DHA. The p(trifluoromethyl)phenyl compound 14 was as active as artemether and had activity superior
to that of artesunate 5 against P. berghei and P. yoelii in vivo.[70] Compound 14 was found to
be metabolically stable, compared to compound 13, indicating that the p-trifluoromethyl
group blocked P-450 mediated aromatic hydroxylation and its subsequent metabolism
(Figure 4). However, toxicity profiles of the aryl derivatives were not recorded, and no further
development was pursued.
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O

CF3
13
IC50: HB3 3.42; K1 3.66 nM
[artemether 3: HB3 3.42; K1 4.55 nM]

14
IC50: HB3 3.42, K1 4.62 nM
[artemether 3: HB3 3.42, K1 4.55 nM]
P. berghei (po): ED50 2.7, ED90 5.4 mg/kg
P. yoelii (sc): ED50 2.2, ED90 3.1 mg/kg
[artesunate 5: P. berghei: ED50 4; ED90 13 mg/kg;
P. yoelii: ED50 3.6; ED90 13.5 mg/kg]

Figure 4: C-10 O-aryl substituted derivatives of artemisinin: comparison of activities in vitro
of 14 with artemether 3 against HB3 and K1 strains of P. falciparum, and
activities in vivo of 14 with artesunate 5 vs. P. berghei and P. yoelli ssp. NS.[71]
3.3.

Artemisinin dimers

A number of C-10 linked artemisinin dimers (Figure 5) were found to be active against both
CQR and CQS strains of P. falciparum, some at nano-molar concentrations.[72] Recently,
prolonged survival times of malaria infected mice were noted, when treated with two-carbon
linked dimeric carbamates 15, 16, and 17 and administered in a single dose (5 mg/kg), in
combination with mefloquine hydrochloride (15 mg/kg) to P. berghei infected mice. These
survival times were longer than that of artemether 3 (Figure 5).[73]
Aryl-linked artemisinin dimers, including the phthalate and the bis-benzyl alcohol dimers 18
and the diol 19 (Figure 5), also displayed enhanced activity against malaria parasites, as
well as against cancer cells. These had lower oral ED50 of 2.6 mg/kg, compared to the 4
mg/kg of artesunate 5, when administered under similar test conditions.[74] Despite their
excellent activities, it may not be cost effective to produce these dimers, due to the
complexity of their synthesis processes.
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Figure 5: In vivo antimalarial efficacies measured when using a single oral dose of trioxane dimers 15-17 (5 mg/kg) in combination with mefloquine hydrochloride (15
mg/kg) in P. berghei infected mice.[73] In vitro antimalarial activity of artemisinin
dimers 18 and 19 against the CQS NF54 strain of P. falciparum, and in vivo
antimalarial activity in P. berghei infected (ANKA strain) mice, after employing a
single oral dose.[74]
3.4.

Artemisone

To avoid the potential side effects of neurotoxicity of the current artemisinins, the Medicines
for malaria venture (MMV) in the late 1990s prioritized the development of new derivatives
that would not metabolize into DHA, both in vitro and in vivo. This led to the preparation of
several 10-amino derivatives,[75] the most important of which was artemisone 20 (Figure 6).
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Artemisone is therefore a second generation semi-synthetic derivative of artemisinin. It did
not demonstrate any measurable neurotoxicity in both in vitro and in vivo assays.[76-79]
Artemisone also showed superior activity against both CQR and CQS P. falciparum strains,
and proved substantially more potent in vivo in rodent P. berghei and in primate P.
falciparum infected models,[80] than artesunate.

Figure 6: Artemisone and its antimalarial activity.[80]
Further in vivo data on the antimalarial efficacy of artemisone is summarized in Table 1.[81]
The data also indicates the superior efficacy of artemisone against a P. yoelii artemisinin
resistant line, underlining its potential to successfully destroy artemisinin resistant P.
falciparum. Artemisone has a Log P value of 2.49 and more importantly, an aqueous
solubility of 89 mg/l, which exceeds the limiting value that is required for a drug to permeate
biological membranes.[80] It also possesses a pharmacological half-life of 3.1 h, longer than
that of artemether (1.5 h), but still shorter than the 3 days being suggested by the MMW for
the next generation of drugs that are urgently required for malaria eradication.[82] Indeed,
according to MMV, a suitable drug candidate for malaria extermination should be able to kill
gametocytes, hypnozoites and other liver stages, thereby inhibiting transmission, relapse, as
well as providing prophylaxis against the disease. Ideally, such a candidate should also have
a minimum half-life of 3 days, although in practice such properties may be difficult to
achieve.
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Table 1:

Summary of in vivo activity of artemisone 20 and artesunate 5 against drug
susceptible and drug resistant rodent malaria lines in a 4-day Peters‟ test[81]
Artemisone 20

Plasmodium

Administration
route

ED50

ED90

mg/kg mg/kg

I90

Artesunate 5
ED50

ED90

mg/kg

mg/kg

I90

Sc

1.24

9.62

1.0

7.8

41.21

Po

2.12

11.67

1.0

12.66

111.94

P. berghei P

Sc

0.63

1.92

0.2

21.62

18.2

0.4

P. berghei KFY

Sc

0.22

0.83

0.1

0.7

5.38

0.1

Sc

1.28

11.0

1.0

2.21

49.54

1.0

Po

2.34

27.99

1.0

12.97

179.47 1.0

P. yoelii ART

Sc

1.14

12.13

1.1

2.14

87.5

1.8

P. chabaudi AS

Sc

0.42

1.38

1.0

0.69

19.68

1.0

P. berghei NY

P. yoelii NS

1.0

sc, subcutaneous route; po, oral route. P. berghei NY, drug susceptible; P. berghei P,
primaquine resistant; P. berghei KFY, sulfadoxine/pyrimethamine resistant; P. yoelii NS,
CQR; P. yoelii ART, artemisinin resistant; P. chabaudi AS, drug susceptible. I90, ED90
resistant line/ED90 parent line.
Artemisone is the only second generation, semi-synthetic artemisinin derivative that has ever
been subjected to clinical trials. During the Phase IIA clinical trials in Thailand, it effected
complete cure within a period of two days, when administered at one third the dose of its
comparative drug, artesunate, followed by a final dose of mefloquine on day 3. Examination
of the drug and its metabolites in the plasma of patients that had been treated with
artemisone, indicated that DHA was not among the metabolites, which was hence in
fulfilment of one of the criteria for the development of artemisone. Unfortunately, a planned
Phase II clinical trial, during which artemisinin resistant falciparum malaria would have been
treated in Western Cambodia, was not carried out due to operational reasons.[83] Overall,
further investigations on artemisone was not continued by the MMV, as it was considered to
not have demonstrated overwhelming benefits, compared to existing clinical artemisinins.[84]
It can, however, be argued that artemisone is a better candidate drug than artesunate for the
treatment of cerebral malaria, for various reasons, such as that of artemisone having equal
thermal stability to artesunate,[40] and like artesunate, it is hydrolytically unstable at low pH,
unlike artesunate, artemisone is stable at pH 7.4,[76, 85] and of particular interest is the fact
that artemisone has low hemolytic potential. Developmental and reproductive toxicity studies
that had been conducted on animals, however, revealed that artemisone elicited both
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embryotoxicity and fetoxicity, and did it also induce cardiac ventricular septal defects and
retarded ossification at dosages that resulted in total litter loss and abortions.[86]
Unfortunately, the study was not carried out in parallel with one or more of the current clinical
artemisinins that are likely to be problematic, and could the effects not be compared. Even
so, the precautionary measures by the WHO to recommend that current clinically used
artemisinins for malaria treatment be only administered during the second and third trimester
of pregnancy,[46] based upon various developmental and reproductive toxicity studies in rats
and rabbits, are likely to apply to artemisone also.
3.5.

11-Aza-artemisinin and its derivatives

Amides generally are thermally, hydrolytically and metabolically more robust than esters.
This also applies to cyclic amides (lactams) that tend to have such enhanced properties with
regards to cyclic esters (lactones). As a result, one possible route of stabilizing artemisinin is
to convert its lactone into a lactam, by replacing O-11 with a nitrogen (N) atom. The method
of converting artemisinin 1 into 11-aza-artemisinin 21 through the formal replacement of 11O with N (Figure 7), was developed by Ziffer,[87] and the method has been used by other
groups[40,

88]

to deliver substituted 11-aza-artemisinins. The attachment of electron

withdrawing groups to the N atom of aza-artemisinin itself, bestows its enhanced thermal
stability. N-sulfonyl-11-aza-artemisinins hence display better thermal stability than
artemisinin, the clinical artemisinins and aza-artemisinin 21. The N-methanesulfonyl
derivative 22 has a melting point of 245 °C, which appears to be the highest for any
artemisinin.[40] Most of these derivatives showed no detectable signs of decomposition over
periods of three years, or more.[40]
The N-sulfonyl derivatives 23-25 were approximately equipotent to artesunate in vitro

[40]

against CQS 3D7 and CQR K1 strains of P. falciparum. Derivative 22 was also equipotent to
artesunate against the 3D7 strain, whilst it possessed a significantly higher efficacy against
the K1 strain. The aza-artemisinin derivatives 27-30 (Figure 7) also possessed higher in vivo
activity than arte-ether 4.[88] However, no toxicity data for any of these derivatives are
available in current literature. Table 2 summarizes the efficacies of promising aza-artemisinin
derivatives.
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Figure 7: Chemical structures of promising antimalarial 11-aza-artemisinins.
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Table 2:

In vitro antimalarial activity of aza-artemisinin derivatives 23-26[40] and in vivo
activity of derivatives 27-30 against multi-drug resistant P. yoelii in Swiss mice
following oral administration[88]
In vitro IC50 ng/ml

In vivo vs. P. yoelii

(nM)
Compound
3D7
Artesunate
5

1.5 (3.9)
4.1

22

(11.4)

Dose

K1

(mg/kg)

%
Parasitaemia
suppression

Survival
rate

2.2 (5.7)

27

12

100

5/5

3.2 (8.9)

28

12

100

5/5

23

1.7 (4.6)

3.7 (9.9)

29

12

100

5/5

24

1.1 (2.4)

2.1 (4.6)

30

12

100

4/5

25

2.1 (4.5)

2.2 (4.7)

Arte-ether 4

48

100

5/5

26

2.8 (5.9)

0.2 (0.4)

4.

Synthetic peroxides

The peroxide group within the artemisinin compounds is essential to their activity. From a
synthetic chemistry viewpoint, it is relatively easy to prepare compounds so that they contain
a peroxide group. According to the literature, many synthetic peroxides have been prepared,
of which many have displayed antimalarial activities. The most important compounds are
reviewed in this section.
The first fully synthetic peroxide drug candidates that had been developed were Fenozan
B07[89] and Arteflene (Figure 8).[90] Arteflene was selected as antimalarial drug candidate,
primarily because of its evidently relatively stable peroxide that is incorporated into a 1,2dioxane unit, the lower associated rate of malaria recrudescence and its longer plasma halflife than both artemether 3 and artesunate 5. After having progressed to a phase II clinical
trial, inconsistent results were obtained during the trials and further development was
discontinued.[91] Other detracting factors that prevented the further development of arteflene
included difficulties with scaling up its rather long synthesis process and its poor oral bioavailability.[92]
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Figure 8:
4.1.

Early promising fully synthetic antimalarial peroxides.

1,2,4-Tri-oxolanes

The antimalarial activity of 1,2,4-tri-oxolanes, or ozonides, was first reported by Vennerstrom
et. al., whilst examining 1,2,4,5-tetra-oxanes, which eventually led to the development of two
candidate tri-oxolanes, i.e. OZ277and OZ439.[93]
4.1.1.

OZ277

A series of 1,2,4-tri-oxolanes were synthesized through the Griesbaum co-ozonolysis[94] of
the corresponding oximes with ketones.[95,

96, 93]

Most compounds were active against the

NF54 (multi-drug sensitive) and K1 (CQ and pyrimethamine resistant) strains of P.
falciparum. However, tri-oxolane 33 (Figure 9), the tosylate salt, was the most potent against
both strains[97] (Table 3) and appeared to be relatively stable towards metabolism by CYP450 enzymes.[98] Intravenous administration of OZ277 to rats showed measurable plasma
concentrations for up to 6 h, with a significantly longer terminal elimination half-life than that
of DHA. OZ277 was selected as a pre-clinical candidate, based upon its improved
toxicological profile and the reduced concentrations in brain tissues after oral dosing,
compared to those of the other derivatives.[99]
O O

O O

H
N

O
O

O

NH2

34: 1,2-dioxolane (inactive)

33: (OZ277)

Figure 9:

H
N

OZ277 and inactive 1,2-dioxolane.
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Table 3:

In vitro antimalarial activity of semi-synthetic artemisinins and synthetic ozonide
OZ277 against NF54 and K1 strains of P. falciparum, and pharmacokinetic (PK)
parameters after intravenous and oral administration to rats
In vitro inhibitory concentration
(ng/ml)

Compound

NF54
IC50

In vivo PK
K1

IC90

IC50

IC90

t 1/2

(%) Oral

(min)

Bioavailability

Ref.
[97,

Artemether 3

0.49

0.98

0.45

0.80

Artesunate 5

0.98

1.9

0.6

1.8

DHA 2

52

1.4

100]
[97]
[100]

26

[97]

OZ277 33

0.82

1.6

0.17

0.42

76

26

[101]

Examination of structure-activity relationships (SAR) of 1,2,4-tri-oxolanes, relative to OZ277,
indicated that optimal antimalarial activity within this class was dependent upon (i) the spiroadamantane ring system, (ii) the 1,2,4-tri-oxolane unit, (iii) increased lipophilicity and (iv) the
presence of neutral and/or basic functional groups.[101, 102] An apparent proof of the important
biological role of 1,2,4-tri-oxolane was presumed as being evident from the inactivity of 1,2dioxolane 34, an analogue of 33 that has a carbon atom in the place of the the non-peroxidic
oxygen atom of the tri-oxolane,[103] although this was a surprising and counter-intuitive
observation.[104]
Although OZ277 had a promising start as an orally available and highly potent antimalarial
candidate, its development was discontinued, before completion of phase III clinical trials,
due to disappointing clinical outcomes. It was found to be clinically less active than
artemisinin, and it showed inadequate clinical and parasitological responses at day 28 (6070%), after seven days of treatment, compared to artesunate (95%). Plasma exposure was
found to be non-linear above 100 mg doses, and this compound was unstable in infected
blood.[25] Despite these limitations, Ranbaxy Laboratories in India completed a phase III trial
of OZ277 as a maleate salt (arterolane maleate; Rbx 11160), in combination with
piperaquine phosphate. In 2012, the product was approved for the Indian market for malaria
treatment. The lower efficacy of this combination, however, compared to that of artesunatepiperaquine, is expected to accelerate the emergence of resistance against piperaquine,
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which has already been reported in Cambodia.[103] Such pharmaceutical practices pose
serious questions about non-compliance by countries to international norms and
recommendations regarding the requirements for a drug candidate to become a
clinical/therapeutic agent, as recommended by the MMV and WHO.
4.1.2.

OZ439

Further structural optimization to identify new synthetic ozonides, during which the limitations
of OZ277 had been purportedly addressed, led to the synthesis of OZ439 (Figure 10).
Nonetheless, the seeming strategy being used by the group to develop OZ439 was to design
a compound that would be 'more stable towards reactions with iron(II) than OZ277, whilst
also showing sufficient reactivity with iron(II) to still exert antimalarial activity'.[104] The
mesylate salt of OZ439 35 illustrated its potential as an antimalarial agent during both in vitro
(P. falciparum) and in vivo (rodent, P. berghei) evaluations, even though this drug was less
active than OZ277 during the in vitro screenings. In murine malaria models, however, OZ439
exhibited a prolonged exposure profile, resulting in an improved efficacy, relative to OZ277,
artesunate 5 and other antimalarial drugs.[105] In vitro, OZ439 acted rapidly against all
asexual erythrocytic P. falciparum stages, with inhibitory concentration (IC50) values
comparable to clinical artemisinins. Unlike other synthetic and semi-synthetic peroxidic
antimalarials, however, OZ439 completely cured P. berghei infected mice with a single oral
dose of 20 mg/kg, whilst exhibiting prophylactic activity, superior to currently used
antimalarials, including mefloquine (Table 4). OZ439 also demonstrated substantially
increased pharmacokinetic half-lives and blood concentrations versus time profiles, in three
pre-clinical animal species.[106] Another evident difference to the artemisinins was that
OZ439 displayed a strong inhibition of gametocyte maturation/gamete formation, whilst it
also impacted on the sporogonic phase of the malaria parasite.[107] With such notable
pharmacological and pharmacokinetic features, OZ439 was selected as a potentially
credible alternative to the current artemisinins. OZ439 therefore is a second generation
1,2,4-tri-oxolane that entered clinical trials.
O O

O

O

N

N
O

N
O O

N

O

35: OZ439 (artefenomel)

O
36

Figure 10:

Chemical structures of OZ439 35 and related active tri-oxolane 36.
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Table 4:

In vivo activity of a single dose of comparative antimalarial drugs, OZ277 and
OZ439 against murine P. berghei[106]
In vivo efficacy 1 × 30 mg/kg (po)

Compound

In vivo prophylaxis 1 × 30 mg/kg (po)
given 24 h before infection

Activity

Survival

Mouse

Activity

Survival

Protection

(%)

(days)

cures

(%)

(days)

(%)

OZ277 33

99.8

11

0/5

0/

7

0

OZ439 35

>99.9

>30

5/5

98.8

>30

100

92

9

0/5

21

7

0

99.6

22

0/5

99.9

27

60

Artesunate 5
Mefloquine

In vivo efficacy of single dose comparative antimalarial drugs, OZ277 and OZ439 against
murine P. berghei during treatment and during prophylaxis. The percentage activity of the
compounds were assessed on day 3 post-infection. Percentage cure means no detectable
parasites at day 30 post-infection.
In a first-in-man, double blind study, designed to assess the safety and pharmacokinetic
profiles of OZ439, single and multiple doses were administered to healthy volunteers. OZ439
displayed impressive results after single oral doses of 800 mg, including a mean plasma
concentration above 10 ng/ml and a notably long terminal half-life of about 30 h, which was
about fifteen-fold higher than that of artesunate, or DHA. The clinical trials also revealed
OZ439 as a safe and well tolerated compound at dose levels that offered prolonged plasma
exposure.[105]
In a phase IIa trial to assess the efficacy of OZ439 in clearing parasitaemia, as a measure of
antimalarial activity, an estimated parasite clearance half-life, in the range of 4.1-5.6 h for
both the artemisinin sensitive and resistant P. falciparum, was noted. This was slower than
that of artesunate (2-3 h) against the sensitive parasites, but faster than artesunate (6 h)
against the resistant parasites. Following OZ439 administration, parasites were undetectable
in blood smears at 30-36 h in P. falciparum patients and at 18-24 h in P. vivax patients. The
clearance time was also not substantially affected in patients with P. falciparum artemisinin
resistant parasites, associated with mutations in the kelch 13 propeller region (P441l,
N458Y, F446I, P527H, G538V, C580Y, A675A/V, or P667T), in which the clearance time
was 5.5 h, compared to 4.4 h in patients with P. falciparum without mutations in the propeller
region.[108] After successfully completing phase IIa trials,[106] in July 2014, OZ439 was
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submitted to a phase IIb trial, involving a randomized, double-blind study to establish the
efficacy, safety, tolerability and pharmacokinetics of a single dose regimen of OZ439, in
loose combination with piperaquine phosphate in adults and children, diagnosed with
uncomplicated P. falciparum malaria.[109] The outcomes of the 2014 IIb trial however, are yet
to be reported.
To date, little is known about the neurotoxicity of OZ439 in humans at repetitive and high
doses, in contrast with the many reports in this regard on current clinical artemisinins.
However, the embryotoxic and cytotoxic effects of tri-oxolane FBEG100 36, an analogue of
OZ439, in comparison with artesunate 5 in rat embryos and in some human cell lines, have
been examined.[110] Like artesunate, the tri-oxolane is embryotoxic and depletes primitive
erythroblasts in a rodent model. Additionally, cytotoxicity towards a panel of established and
primary human cell lines, with caspase dependent apoptosis and caspase independent
necrosis underlying the induction of cell death, was also observed. As a result, while OZ439
seems like a promising next generation antimalarial, based upon its pharmacological and
pharmacokinetic features, the data for tri-oxolane FBEG100 indicates that those adverse
effects that are associated with the artemisinins, including embryotoxicity, cannot be ruled
out for OZ439.
4.2.

1,2,4-Tri-oxane (CDRI 97/78)

Compound 37 (CDRI 97/78, Figure 11) is a fully synthetic 1,2,4-tri-oxane being developed by
the Indian Central Drug Research Institute (CDRI).[111]

Figure 11:

Fully synthetic 1,2,4-tri-oxanes.

CDRI 97/78 completed pre-clinical efficacy and regulatory tests, during which both CDRI
97/78 and its metabolite 97/63 have shown significant in vivo antimalarial activities against
the multi-drug resistant strain of P. yoelii Nigeriensis in Swiss mice (Table 5) and P.
cynomolgi in the Rhesus monkey model (Table 6).[112, 113] In a phase I clinical trial study, with
a single ascending dose in the 80-700 mg range, CDRI 97/78 was found to be well tolerated,
with only a few self-limiting, grade 2 severity adverse events observed.[114]
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Table 5:

In vivo antimalarial activity of tri-oxane CDRI 97/78 37 and its metabolite 38

against multi-drug resistance strain of P. yoelii Nigeriensis in Swiss mice
Component

Administration
route

*im
CDRI 97/78 37
*po

*im
CDRI 97/63 38
*po

Dose

Mouse

mg/kg number

% Protection

Cured/

on day 4

treated

64

6

100

6/6

72

6

100

6/6

48

6

100

5/6

24

6

100

3/6

96

6

100

6/6

48

6

100

2/6

96

6

100

6/6

72

6

100

6/6

48

6

100

5/6

96

6

100

6/6

72

6

100

6/6

48

6

100

1/6

*im (intramuscular), *po (oral)
Table 6:

In vivo antimalarial activity of tri-oxane CDRI 97/78 37 and its metabolite 38

against P. cynomolgi in the Rhesus monkey model
Compound

Administration
route
iv
im

CDRI 97/78 37
po

im
CDRI 97/63 38
po

Dose
mg/kg

Parasitaernia
Regimen

per days

clearance
time (h)

Cure
Rate

10 x4

Divided

48

2/2

10 x4

Divided

48

2/2

10 x4

Single

48-72

0/2

20 x 5

Divided

48-72

2/2

10 x5

Divided

96

0/2

20 x 1 + 10 x 4

Divided

48-72

5/5

15 x4

Divided

48

2/2

10 x4

Divided

72

2/2

20 x 5

Divided

48

2/2

20 x5

Divided

72

2/2
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15 x 5

Divided

72

2/2

Following oral administration, the compound is rapidly converted into its primary active
metabolite, CDRI 97/63, which has a mean half-life of about 12 h.[114] CDRI 97/78 may thus
very well be a potential candidate for future malaria therapy, if the single dose results can be
replicated in multiple dose studies and its benefit be proven during confirmatory trials. The
clinical development of both antimalarial drug candidates is being pursued under licensing
agreements with IPCA Pharmaceuticals Ltd. in Mumbai.[115]
4.3.

Tetra-oxanes

1,2,4,5-Tetra-oxanes comprize another class of synthetic peroxides that have been
investigated in the quest for new antimalarial drugs. Structurally, they are distinct from the
artemisinins and are they readily prepared from substituted cyclohexanones.[116] The
compound, WR149888 39 (Figure 12), was the first tetra-oxane, reported to possess
antimalarial activity. It unfortunately displayed poor in vivo activity, due to its poor bioavailability, indicative of its high first pass metabolism.[117] In search for more active, stable
and orally bio-available tetra-oxanes, a series of analogues was synthesized and their
biological activities evaluated. Replacement of methyl with ethyl groups in positions 1 and 10
of the cyclohexyl rings resulted in derivative 40, which possessed a slightly higher potency
than WR149888. Further lengthening of the alkyl chain beyond ethyl resulted in derivatives
41 and 42, which were less active than WR149888. This suggested that two-carbon chains
comprized of the optimum alkyl substituent length for achieving maximum activity for the disubstituted tetra-oxanes. Tetramethyl substituted tetra-oxane isomers 43-45 were found to
be four- to five-fold more active than WR149888, but still less potent than artemisinin 1 and
arte-ether 4.[118]
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Figure 12: WR14988 and other 1,2,4,5-tetra-oxanes.[118]
Based upon previous observations that dispiro-1,2,4-tri-oxolanes were substantially less
active than dispiro-1,2,4,5-tetra-oxanes[119] and that, in order to achieve higher antimalarial
activity in 1,2,4-tri-oxolanes, fusion of the 1,2,4-tri-oxolane ring system to an adamantane
core was required,[98] the O‟Neill group synthesized new dispiro-1,2,4,5 tetra-oxanes, bearing
an adamantyl end group and a variety of polar side chains to counterbalance the lipophilicity
of the adamantane group[119, 120,

121, 122]

(Figure 13). The in vitro and in vivo activities, as well

as the pharmacokinetic parameters of these compounds were evaluated. The piperidinyl
piperazine derivative 46 as a tosylate salt (RKA182) 47 and the morpholinyl ozonide 48
(RKA216) emerged as the most active of all out of some two-hundred compounds. The
tosylate salt of 47 had excellent in vitro (IC50<1 nM) and in vivo activities (ED50 1.33 and ED90
4.18 mg/kg) (Table 7). The efficacy of this tetra-oxane was found superior to those of
artemether and artesunate. It also possessed good oral bio-availability in rodent models and
showed better stability than OZ277 in infected human red blood cells.[106] RKA182 showed
higher in vitro activity (IC50<5 nM) than mefloquine, artesunate and artemisinin against
South-East Asian isolates of parasites, taken from patients who had not responded well to
treatment with ACTs.[123] The relatively straight forward, industrial scale synthesis process
that produces 70% of material at a projected low cost,[122] is an additional advantage of
RKA182 over the artemisinins and may this qualify it even further as a credible alternative.
RKA182 represents the first generation of synthetic 1,2,4,5-tetra-oxane antimalarials being
selected for pre-clinical development.
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Chemical structures of potent antimalarial dispiro adamantyl tetra-oxanes.

Figure 13:

Table 7:

In vitro and in vivo activity data and pharmacokinetic parameters of tetra-oxanes
In vitro
IC50 (nM)

Compound

3D
7

K1

In vivo
ED50

ED90

t1/2(h)

(mg/kg)

(mg/kg)

(po)

(%)
Bio-

Ref

availability
[119]

1

9.2

8.4

3

7.8

3.2

3.8

12.2

5

1.8

1.6

4.0

11.7

46

4.9

1.9

1.8

8.4

3.5

24

[122]

47 RKA182

0.8

1.1

1.3

4.2

2.4

38

[122]

48 RKA216

5.2

0.8

3.2

3.9

5.9

11

[122]

1.4[98]

[122]
[122]

Investigation of the embryotoxic and cytotoxic effects of tetra-oxane RKA182, relative to
those of artesunate 5 in rat embryos and in some human cell lines, was conducted. This
study identified levels of embryotoxicity in the early stages of development in the rat
embryos, which was attributed to anaemia and had been caused by the depletion of primitive
erythroblasts. Although this was only observed in rodents, these findings clearly supported
current guidelines with regards to the use of artemisinins in pregnant women.[110] Increased
cytotoxicity in human cells was also identified in the presence of high levels of haem, as is
observed during malaria infection.[110] The therapeutic index, however, favors the 1,2,4,5tetra-oxane, when comparing the pharmacological efficacy and toxicity levels of RKA182 and
artesunate.
In summary, RKA182 presented improved pharmacokinetics, relative to the semi-synthetic
artemisinins. However, its half-life had been found too short for use in combination
chemotherapies, as required by the MMV and, while these drugs showed superior efficacies,
compared to the currently used artemisinins, some of the adverse effects that are associated
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with the artemisinins, including embryotoxicity, were also evident among this class of
compounds.
In an attempt to further stabilize the amide link, featured in RKA182, which may potentially
result from its metabolic instability, a second generation of RKA182 analogues were
designed and synthesized (Figure 14).[124] All of these derivatives showed notable in vitro
activities, with IC50 values in the low nano-molar range (0.2-3.7 nM). The analogues 49 and
50 in particular displayed an impressive twenty-five-fold higher potency, than artesunate
against the K1 strain.
In vivo, promising oral activity against the P. berghei ANKA strain in mice was also observed
after oral administration of a 30 mg/kg dose of selected compounds. The free base
derivatives 51 and 53 and their salts, 52 (hydrochloride) and 54 (ditosylate), respectively,
were the most active, with the latter two salts being found more potent than artesunate,
based upon comparison of their ED90 values. Assessment of metabolic stabilities indicated
that compound 53 was slightly more stable than RKA182, with 57% of this compound
remaining, following 1 h of incubation with human liver microsomes, compared to the 40% of
RKA182.[124] This new series of 1,2,4,5-tetra-oxanes, with their enhanced metabolic
stabilities, coupled with their excellent activity profiles, are potentially suitable antimalarial
candidates.
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Figure 14:

Analogues of RKA182, devoid of the amide link and in vitro activity against

3D7 and K1 strains of P. falciparum and in vivo activity against the P. berghei ANKA strain in
mice.
Truncation of the side chain of RKA182 led to compound 55 (J3-39) (Figure 15), which
maintained the antimalarial activity of RKA, whilst additionally displaying increased metabolic
stability, enhanced drug exposure, with 76% bio-availability and with less toxicity in repeated
toxicity studies in pre-clinical animal studies.[123]
Replacement of the tri-oxolane core in OZ439 with the 1,2,4,5-tetra-oxane, provided, among
others, compounds 56 (TDD-E209) and 57 (TDD-N205) that were identified as lead
compounds.[123] In vitro efficacy (Table 8) of TDD-E209 against several sensitive and
resistant strains of the malarial parasite was less than that of artesunate. The efficacy of
both tetra-oxanes were also lower than that of OZ439 (Table 9), which is considered as the
most potent, fully synthetic antimalarial peroxide being synthesized to date. The tetra-oxanes
55-57 are currently undergoing research led optimization, with the support of the MMV.
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Figure 15: Third generation tetra-oxane antimalarials [123].
Table 8:

Comparative in vitro activity of TDD-E209 56, artesunate and chloroquine
against CQS and CQR strains of the malarial parasite[123]

Parasite strain

In vitro activity, IC50 (nM)
TDD-E209 56

Artesunate 5

CQ

NF54

5.2

4.7

5.9

K1

4.2

2.8

173

HB3

4.2

2.8

9

7G8

2.9

1.8

55

TM90C2B

`7.3

3.8

121

D6

8.5

5.8

8.6

V1/S

4.2

2.7

193.5

Dd2

7.7

5.4

150.5

FCB

14.0

5.8

66

NF54, HB3, D6 (CQS strains); K1, 7G8, TM90C2B, V1/S, Dd2 and FCB (CQR strains)
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Table 9:

In vivo activity and average mouse survival rates of third generation tetra-oxanes
versus OZ439[123]
Average mouse survival following

Compound

% Activity

OZ439 35

99.4

30 (30, 30, 30)

TDD-E209 56 citrate

99.65

25 (15, 30, 30)

TDD-N205 57 citrate

99.42

26 (16, 30, 30)

TDD-E209 56 mesylate

99.42

14 (13, 14, 14)

TDD-N205 57 mesylate

99.30

25 (13, 30, 30)

administration of 30 mg/kg doses

Conclusion
Artemisinins in ACTs to date remain the drugs of choice for the treatment of uncomplicated
malaria. However, the unfavorable physicochemical and pharmacological features of these
drugs and the increased tolerance of malaria parasites to these drugs in South-East Asia,
are threatening their continued use and are thus jeopardizing current strategies to fight
malaria. It is therefore imperative to search for and identify new antimalarial drugs, such as
new artemisinins that do not degrade into DHA upon hydrolysis or metabolism in vivo, or
fully synthetic peroxides.
The past decade has seen substantial efforts and resources being invested in the discovery
and development of novel semi- and fully synthetic peroxidic antimalarials, with higher
demonstrated in vitro and in vivo efficacies than current, clinically used artemisinins. Limited
successes have been achieved to date though. Indeed, only one of the semi-synthetic
artemisinins, i.e. artemisone, that has been prepared in recent times, has advanced to
clinical trials, although its development was then discontinued by the MMV, for the reasons
as outlined above. New data has, however, emerged with regards to this compound that is
indicative thereof that its gametocytocidal activity is more potent than any other antimalarial
drug to date, with potentially promising activity against a mosquito stage of the malaria
parasite, namely oocysts. It is also potently active towards parasite isolates, obtained from
patients who had failed to respond to ACT therapy.

Three completely new synthetic

peroxides, i.e. RKA182 (pre-clinical), CDRI 97/78 (phase I) and OZ439 (phase IIb) have
been approved by the MMV. It would appear that the last compound, with its remarkably
long pharmacological half-life, may be the most promising for use in a single dose
combination for the possible future treatment of malaria. Overall, the expectation currently is
that much research is still required for identifying new semi-synthetic artemisinins and fully
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synthetic peroxide drugs for future use as credible alternatives to the current clinically used
artemisinins. Artemisinin, irrespective of its mode of preparation, whether from Artemisia
annua, or through semi-synthetic processes involving photochemistry, currently remains an
important molecule for the treatment of malaria.
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Abstract
By exploiting the acidity of the methylene protons adjacent to the sulfone group in the
thiomorpholine-S,S-dioxide ring

in artemisone,

the latter

could be converted in

straightforward fashion by treatment with lithium N,N-diisopropylamide and then with alkyl
and acyl halides into alkylated and acylated products in low to moderate yields. Evaluation of
in vitro antimalarial activities of the products against chloroquine (CQ) resistant K1 and W2
strains and the CQ sensitive NF54 strains of intraerythrocytic Plasmodium falciparum
parasites indicated potent antimalarial activities, with IC50 values ranging from 0.4 – 22, 0.5 –
34 and 1 – 32 nM against the NF54, K1 and W2 strains respectively. Artemisone derivatives
bearing short chain -alkyl or acyl groups proved to be the most potent in the series. They
were almost equipotent with artemisone, 2 - 4 times more active than artesunate and 3- to 6fold more active than artemether against both NF54 and K1 strains. Additionally, cytotoxicity
of the compounds was evaluated against the WI-38 normal human fetal lung fibroblast cell
line. All compounds displayed highly selective toxicity towards the malaria parasite, most
with selectivity indices greater than 70,000 indicating their antiparasitic effects result from
intrinsic activity and not from general cytotoxicity. Owing to their impressive resistance index
across all the parasite lines and their high selective toxicity towards the malaria parasites,
compounds 6 and 10 were identified as the best candidates for further investigation as
potential drugs in the search for new, effective and safe antimalarial drugs.

Keywords: malaria, ACTs, artemisone, artemisinin, artesunate, antimalarial
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Graphical abstract
A series of substituted artemisone derivatives were prepared by deprotonation of artemisone
and reaction with alkyl and acyl chloride. Their in vitro antiplasmodial activity against NF54,
K1 and W2 strains as well as early stages P. falciparum gametocytocidal (EG) activity
determined. Additionally, their cytotoxicity against WI-38 cell line was assessed.
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1.

Introduction

Malaria is a massive global public health problem in more than 100 countries inhabited by
roughly 3.4 billion people, accounting for nearly 40% of the world‟s population [1]. Five
species of the genus Plasmodium namely; P. falciparum, P. vivax, P. ovale, P. malariae and
P. knowlesi cause malaria infections in humans [2]. P. falciparum is the most lethal specie
and, together with P. vivax are responsible for most cases and deaths reported worldwide
[3]. The female Anopheline mosquito remains the only known vector of the disease [4].
There was an estimated 198 million malaria cases and 584,000 deaths globally in 2013 [1].
The burden is heaviest in the African Region, where an estimated 90% of all malaria deaths
occurred in 2013, with children aged under 5 years accounting for 78% of all deaths [1].
However, significant progress has been made in the fight against malaria in the past decade;
between 2000 and 2013, as malaria mortality rates decreased by 47% worldwide and by
54% in the WHO African Region. This success has been accomplished as a result of the
combinations of several factors including the expanded use of chemotherapy, and the use of
insecticide treated nets (ITNs) and in-door residual sprays (IRS) [1].
The treatment of malaria continues to rely on antimalarial chemotherapeutic agents, this is
especially so as an effective vaccine against the disease is not yet available. A number of
vaccines are in clinical trials, with the most advanced candidate, i.e. RTS, S/AS01 having
completed Phase III. A reduction in severe malaria of 46% among children (2-12 years) and
27% among infants (<24 months) who received all the planned doses of RTS/AS01 as
compared to their control group counterparts has been reported [1].
Several drugs have been used throughout the past century for malaria treatment. Following
its introduction, chloroquine (CQ); an inexpensive fully synthetic quinoline antimalarial,
proved to be one of the most successful and important drugs ever deployed against an
infectious disease in the 20th century [5]. Unfortunately, the drug was unwisely used, which
resulted in the rapid emergence and spread of CQ-resistant (CQR) strains of P. falciparum
parasites which has drastically proscribed its use [6]. The effectiveness of CQ against P.
vivax parasites has also progressively declined across P. vivax malaria endemic areas. [7].
Artemisinin (1) a structurally unique sesquiterpene peroxide obtained from the indigenous
herb Artemisia annua was introduced for treatment of malarial by the Chinese in the 1970s
[8, 9]. The isolation of artemisinin, its characterization as a peroxide and preparation of its
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derivatives such as dihydroartemisinin (2), artemether (3) and artesunate (4) (2-4, Figure 1),
by Chinese scientists, collectively represents one of the great events in medicine of the latter
half of the 20th century [8]; the timing of its introduction associated with the demise of
chloroquine was particularly fortuitous. Artemisinins are highly potent, well tolerated in all
phases of the disease and act more rapidly than any other antimalarial drug [10]. However,
they suffer from drawbacks such as low solubility, thermal instability, and short
pharmacological half-lives. These properties result in incomplete parasite clearance leading
to recrudescence, that may contribute to the development of parasite resistance [11, 12].

Figure 1:

Artemisinin (1), dihydroartemisinin (2), artemether (3) and artesunate (4)

To protect artemisinins from resistance, the WHO recommends the use of these drugs in
combination with a longer half-life drug [13, 14]. Thus, artemisinin-based combination
therapy (ACT) for the treatment of uncomplicated malaria were introduced and adopted in
almost all CQ-resistant endemic regions [3]. ACT combines an artemisinin derivative with a
longer half-life antimalarial, either a quinoline or an arylmethanol [9]. The rationale behind
ACT use is that the short-acting but highly potent artemisinin derivative induces a rapid
reduction in parasite biomass [15] and the slower acting and more slowly eliminated drug
partner continues the clearance when the artemisinin concentration has fallen to subtherapeutic levels [16, 17].
Because of the poor solubility of artemisinin in both oil and water, this was structurally
modified to give the the oil soluble derivative artemether 3, and the water soluble artesunate
4 [9]. Thus, all artemisinin derivatives in clinical use are structurally either alkyl acetals or an
ester acetal [18]. Solubility aside, another limitation with these compounds, however, is their
short pharmacological half-lives [19], a reflection of their acid lability and facile metabolism to
dihydroartemisinin (DHA), their active metabolite that is associated with neurotoxicity in
laboratory animals [20]. Additionally, increased tolerance to ACTs by the parasites leading to
resistance has now been confirmed in South East Asia [3, 18, 21].
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Initiatives to counter artemisinin induced neurotoxicity by Medicines for Malaria Venture
(MMV) resulted in the development of artemisone 5 (Figure 2), a second generation semisynthetic derivative that has no measurable neurotoxicity both in vitro and in vivo [22]. It has
a longer half-life (3.1 h) than the other derivatives, artesunate (~50 min), artemether (1.3 h)
and DHA (~ 45 min) [22]. The measured Log P value of 2.49 of artemisone is also lower
than those of artesunate (2.77), artemether (3.98), and DHA (~2.6) [23]. Furthermore,
artemisone shows superior activity to artesunate against both CQ-resistant and -sensitive P.
falciparum strains. It has substantially greater in vivo activity in rodent P. berghei and P.
falciparum in primate model [24] making it a drug-like compound. It has an aqueous solubility
of 89 mg/L which exceeds the limiting requirement for a drug to permeate across biological
membranes [23].

Figure 2:

Artemisone (5): the 4'-sulfone group renders the methylene protons at C3'

and C5' acidic (pKa ~ 29-32).
Structural modifications by substituting selected lipophilic groups on the 10-alkylamino side
chain are likely to enhance artemisone‟s lipophilicity and therefore its permeation through
biological membranes. However, it is at the same time important to establish if the
enhancement of lipophilicity will not also render the drug more neurotoxic and cytotoxic.
As part of our program focusing on the discovery of novel antimalarial compounds, and in
light of the above considerations lipophilic derivatives of artemisone were prepared from
artemisone and selected acyl or alkyl halides. The in vitro antimalarial activity against NF54,
K1 and W2 and cytotoxicity against the WI-38 cell line of normal human fetal lung fibroblast
of all synthesized compounds were determined.

103

2.

Results

2.1.

Chemistry

Artemisone (Figure. 2) contains a S,S-dioxothiomorpholino group attached to C-10 of the
artemisinin nucleus. As such, the protons at C3' and C5' flanking the sulfone group are
acidic, and should have an approximate pKa in the range of that of aliphatic sulfones,
namely ~29-32 [25]. Thus, artemisone should be amenable to deprotonation with lithium
N,N-diisopropyamide (LDA) (pKa of N,N-diisopropyamine 35.7). In the event,

LDA was

generated in situ in anhydrous tetrahydrofuran at -78 C from N,N-diisopropyamine by
treatment with n-butyllithium in the presence of the deprotonation endpoint indicator 2,2'bipyridyl according to a standard technique [26]. Addition of artemisone was then carried out
to generate the -sulfonyl carbanion. The resulting solution was treated with the alkyl or acyl
halide and after quenching isolated in the usual manner. The compounds 6-22 (Scheme 1)
were thereby obtained in low to moderate yields (11 - 38%). The compounds were usually
obtained as diastereomeric mixtures; attempts to separate the diastereomers by silica gel
flash chromatography and recrystallisation were not successful, and the mixtures were
characterized by spectroscopic methods. In general, two overlapping singlets due to H-12
appear in the 1H spectra of the majority of compounds at 5.6-5.2 ppm, which is indicative of
the presence of the two epimers designated A and B. The ratio of the integrals of these
peaks corresponds to the ratio of each isomer in the mixture. Arbitrarily assigning isomer A
to the highest integral and isomer B to lowest integral revealed all derivatives to contain
predominantly isomer A in the 60-95% range (Supplementary information, Table 2).
Compound 7 was the only pure derivative evidently consisting of a single compound.
However, crystals were not suitable for X-Ray structural determination. Compound 6 is the
dimethylated compound; with stereocentres at C-3‟ and C-5', one would expect four
diastereoisomers. However, the 1H NMR spectrum based on the signal due to H-12 revealed
the presence of only two isomers.
2.2.

In vitro antimalarial activity and cytotoxicity

The compounds were screened in vitro, alongside artemisone 5, artemether 3, and
artesunate 4 against NF54, K1 and W2 asexual stages as well as early stage gametocytes
of P. falciparum parasites. The IC50 values (concentrations resulting in 50% inhibition of
parasite proliferation as measured fluorimetrically over 96 h) are as shown in Table 1.
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With the exception of 13 and 14, all the compounds were highly active, with IC50 values
ranging from 0.42 - 5.9, 0.50 - 3.26 and 1 - 6.7 nM against NF54, K1 and W2 strains,
respectively.
Compounds 6 - 11, 17, 19 and 21 were the most active against NF54, while compounds 6,
7, 9 and 20 were the most active against K1, in both cases with IC50 values of less than 1
nM. Compounds 7 - 9 were equipotent to artemisone, 2 - 4 times more active than
artesunate against NF54 while being 3 to 6-fold more potent than artemether againt K1
parasites. Compounds 13 with IC50 values of 22, 34.54 and 32.1 nM against NF54, K1 and
W2, respectively, was the second least active derivative while 14 was found inactive with
IC50 higher than 500 nM. The exact IC50 of compound 14 against asexual parasites was not
determined as it did not show complete inhibition of asexual NF54 P. falciparum parasites at
500 nM.
A similar observation was made with respect to the antiplasmodial activities of these
compounds against the CQ-resistant W2 P. falciparum parasites. The most active
compounds against NF54 (Excepted compounds 11, 17 and 19), conserved their activity
against W2 with IC50 values of less than 1.8 nM. They were equipotent to artemether but
displayed 4 – 6 times more activity than artesunate against W2.
Majority of the compounds were also very active against the early stage gametocytes.
Compounds, 6 - 12, 17 - 19, 21 and 22 were 2-fold times more active than artesunate while
possessing 5 - 6 times more activity than artemether. Screens at 1 µM concentration
revealed the compounds to possess improved activity against early stage gametocytes as
compared to the parent drug, artemisone.
The majority of the synthesized compounds had resistance indices values in the range of 0.4
– 1.5, implying that the derivatives were almost equally active against both CQR and CQS
parasite strains.
None of the compounds was significantly cytotoxic as their experimental IC50 values against
normal human fetal lung fibroblast (HFLF), WI-38 cell line were substantially higher (>100
µM) than that of the reference drug emetine (0.05 µM). Most of the compounds displayed

selectivity towards intraerythrocytic P. falciparum parasites as compared to mammalian cells
with selectivity indices greater than ~17000. Compounds 13 and 14 regarded as the least
active in the series were also non-cytotoxic as can be seen from their high selectivity indices;
4500 and 200, respectively.
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Table 1. IC50 values of compounds tested in vitro for antiplasmodial activity against asexual blood stages of NF54, K1 and W2 strains of
Plasmodium falciparum and against sexual blood stages-EG (early gametoctyes) of NF54, cytotoxicity their cytotoxicity against WI-38 HFLF
cells. Data are averaged from n=3 independent biological repeats, performed in triplicate ± SEM, Cells were incubated with compounds at
various concentrations for 96 h; antimalarial activities and cytotoxicities were determined using SYBR Green I and SRB assays, respectively.

Antiplasmodial activity, IC50 (nM)±SE
a

Cpd

cLog P

NF54

K1

W2

Artemisone 5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
Artemether 3
Artesunate 4
Emetine

2.94± 0.74
4.35±0.90
4.92±0.90
3.56±0.93
4.09±0.93
4.62±0.93
5.68±0.93
6.75±0.93
8.87±0.93
11.00±0.93
6.44±0.95
3.39±1.08
4.82±0.98
4.08±0.98
5.28±0.98
5.23±0.94
5.30±0.94
5.31±0.97
3.07± 0.68
3.37±0.90

0.57±0.01
0.98±0.24
0.49±0.11
0.46±0.10
0.42±0.11
1.03±0.12
0.83±0.07
1.42±0.22
22.00±3.06
>500
5.90±2.00
2.53±0.29
0.72±0.13
1.00±0.4
0.73±0.06
1.10±0.05
0.83±0.18
1.30±0.22
3.00±0.29
1.86±0.17

0.80±0.50
0.59±0.05
0.94±0.13
1.04±0.11
0.98±0.10
1.04±0.06
2.30±0.70
2.10±0.50
34.54±3.1
>500
7.3±1
1.11±0.14
1.16±0.11
1.21±0.10
1.47±0.55
0.5±0.04
1.10±0.10
1.76±0.30
3.26±0.20
2.64±0.18

0.37±0.11
1.20±0.33
1.30±0.40
1.00±0.27
1.10±0.26
1.80±0.40
2.90±0.50
3.70±1.00
32.10±6.7
>500
20.67±4.0
4.70±10
2.71±0.14
2.10±0.50
2.33±0.31
2.00±0.40
1.69±0.26
2.56±0.25
2.40±0.20
6.70±0.60

a

EG of
NF54
nd
16.6±0.90
11.47±2.65
13.62±2.6
19.31±1.23
10.59±2.97
0.1195*
18.4±4.80
105*
2.959*
nd
nd
17.01±2.64
12.4±3.90
13.89±2.47
26.6±3.40
11.83±5.65
16.1±4.70
37.74±2.08
62.83±3.41

Resistance
Index
b

c

RI

RI

1.4
0.6
1.9
2.2
2.3
1.0
2.8
1.5
1.6
nd
1.2
0.4
1.6
1.2
2.0
0.5
1.3
1.4
1.1
1.4

0.6
1.2
2.7
2.2
2.6
1.7
3.5
2.6
1.5
nd
3.5
1.9
3.8
2.1
3.2
1.8
2.0
2
0.8
3.6

b

Cytotoxicity
IC50 (µM)
WI-38
d
HFLF
nd
>100
>100
>100
>100
>100
>100
>100
>100
>100
>100
>100
>100
>100
>100
>100
>100
>100
nd
>100
0.05

Selectivity
Index
e

SI

nd
>102040
>204080
>217390
>238090
>97080
>120480
>70420
>4500
>200
>16950
>39520
>136980
>100000
>136980
>90910
>120480
>76920
nd
>12690
c

* data represents a single biological repeat (n=1); nd (not determined); calculated using ACD/Chemsketch v 14.02; Resistance Index (RI) = IC50K1/IC50NF54; Resistance
d
e
Index (RI) = IC50W2/IC50NF54; WI-38 cell line of normal human fetal lung fibroblast; Selectivity Index (SI) = IC50WI-38/IC50NF54.; Cpd (Compound) .
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3.

3.1

Discussion

In vitro antimalarial activities and cytotoxicities

The P. falciparum NF54 strain is susceptible to all known antimalarials; with the highest
gametocytemia obtained in cell cultures, NF54 has often been used to evaluate in vitro
gametocytocidal activity of potential antimalarial compounds [27]. P. falciparum K1 strain on
the other hand, is a resistant strain from Thailand; it has shown resistance against the
antimalarial drugs chloroquine and pyrimethamine [28]. However, the Indochina/Laos P.
falciparum W2 strain is a multi-drug resistant strain known to be the most resistant of all P.
falciparum strains and has shown resistance against most antimalarial drugs including
chloroquine, cycloguanil, pyrimethamine and sulfadoxine with the exception of artemisinins
[29, 30]. The three strains were used in the determination of in vitro antiplasmodial activities
of the target compounds.
Artemisone, a potently active semisynthetic 10-alkylaminoartemisinin has an aqueous
solubility of 89 mg/L and is a relatively polar compound (measured Log P value of 2.49),
which compromises its ability to cross biological membranes and hence its clinical utility [23].
The target compounds were designed to be more lipophilic than the parent compound but
yet expected to retain good activity.
With the exception of the highly lipophilic compounds 13 (cLog P 8.87) and 14 (cLog P 11),
all the compounds in the series were active at low nanomolar concentrations, namely,
IC50<10 nM and IC50<30 nM against asexual parasites and early stage gametocytes,
respectively. The compounds with the exception of 13-15 were even more active against
both NF54 (sensitive) and K1 (resistant) P. falciparum strains than the clinically used drugs
artesunate and artemether.
None of the target compounds outperformed the parent drug artemisone against the W2
strain. However, derivatives, 7-9 were more active against NF54 while 6 and 20
outperformed against the K1 strain.

Compound 14, which happened to be the most lipophilic derivative with a cLog P of 11.0, did
not show any inhibition of parasite growth even at doses as high as 500 nM, indicative of
complete loss of activity of the artemisone moiety in this derivative. Compounds, 15 (cLog P
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6.44) bearing the lipophilic adamantane ring and 13 (cLog P 8.87) were also among the least
active compounds in the series. However, the short chain acyl and alkyl mono and disubstituted derivatives 6 - 10 with cLog P < 5 and classified as less lipophilic, displayed
overall higher potencies (IC50<1.8 nM) than the more lipophilic compounds with longer
chains, 12 - 14. Thus, in this sub-series of acyl/alkyl derivatives, the antimalarial activity
decreases as the chain length increases reaching the minimum measurable activities with
derivative 13 (14 carbons chain) then inactivity with 14 (16 carbon chain).
All the aromatic/heterocyclic substituted derivatives, 17 - 22 were active with IC50 values of
less than 2.7 nM regardless of the strains. In particular, compounds 17 and 19 bearing the
thiophene ring and 21 featuring with the 4-methoxy- aryl substituent were the most active
(IC50<0.9 nM). No clear structure-activity relationship could be drawn from this sub-series.
Surprisingly, however, compound 12 with a cLog P value of 6.75 was more active than its
less lipophilic counterpart namely 15 (cLog P 6.44) irrespective of the strain considered,
although still less active than those lesser lipophilic (cLog P <5.5) in the series. Compound
16, on the other hand, the most hydrophilic (lowest cLog P 3.4) of the series was also
surprisingly less potent with IC50 values in the 2.5 -4.7 nM range against all the strains. This
suggests that the antiplasmodial activities in the series were better with compounds
displaying a balance between lipophilic and hydrophilic properties possessing cLog P values
in the 3.6 – 5.3 range.
The compounds also showed impressive gametocytocidal activities. Compounds 6 - 10, 12
and 17 - 22 with cLog P values in the range of 3.56 – 6.75, were approximately 2 - 4 and 3 6 times more active than the clinically used drugs artemether and artesunate against the
early stage gametocytes, respectively. The general trend in the series however, was that the
activity of the compounds decreased from NF54 to K1 to W2, which in accordance the latter
as the most antimalarial drugs resistant among all P. falciparum strains currently available.
The resistance index (RI) of the compounds between the sensitive strain NF54 and the
resistant K1 and W2 strains varied significantly with most of them having impressive RI (IC 50
K1/IC50 NF54) of less than 1.5, making them equally active between the CQ sensitive and
resistant parasites. In particular, artemisone derivatives, 6 and 16 had RI (IC50 K1/IC50 NF54)
< 1, suggesting that these compounds were more active against K1 than NF54. Compound
6 was the only one with RI (IC50 W2/IC50 NF54) of less than 1.5 and therefore the only W2
non-cross resistant compound in the series. Overall, compound 6 was the most active in the
series with impressive RIs against all three strains.
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Furthermore, cytotoxicity screens using the WI-38 cell line revealed all derivatives regardless
of their antimalarial efficacy to be non-cytotoxic. Analysis of the selectivity index (SI), which
is indicative of a drug‟s ability to clear only parasitic cells and sparing healthy host cells,
showed all the target compounds to be highly selective in their antiplasmodial effects, which
is indicative of their high safety profiles. Subsequently, the observed antiplasmodial activity
of each compound was therefore intrinsic.
Overall, on the basis of safety profile and efficacy against all the strains and more
importantly against the early stage gametocytes, compounds 6 and 10 could be identified as
the best candidates for further investigation in the search for new, effective and safe
antimalarial drugs.
4.

Conclusion

A series of novel lipophilic derivatives of artemisone was prepared in a single step involving
the reaction of the -sulfonyl carbanion of artemisone with acyl and alkyl chlorides. Isolated
as epimeric mixtures, the derivatives were screened as such for antimalarial activities
together with artemisone, artesunate, and artemether against the NF54, K1 and W2 strains
of P. falciparum . The cytotoxicity was assessed using the HFLF WI-38 cell line. The majority
of derivatives were active, non-cytotoxic and conserved the high antiplasmodial activity of
the parent, artemisone against all strains despite the increased lipophilicity. In general, none
of these compounds, however, was able to outperform artemisone. In comparison with the
current clinically used drugs, artesunate and artemether, however, a different picture was
seen. Not only were the most promising derivatives, 6 featuring 3‟,5‟-dimethyl substituent
and 10 containing 3‟-(butan-1-one) chain, more active than both clinically drugs but also
possessed outstanding early gametocytocidal activity than these drugs. These two
derivatives may qualify as potential candidates for further investigation in the search for new
and effective antimalarials. A prospective study may entail separation of the diastereomers
by chiral HPLC chromatography and their full characterization/identification, and more
importantly, assessment of their transmission blocking ability through determination of
activities against late stage gametocytes, as well as liver stages.
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5.

Materials and methods

5.1.

Materials

The reagents; n-butyllithium, diisopropylamine, 2,2‟-bipyridyl, butoyl chloride, benzoyl
chloride,

propionyl

chloride,

methylthiophene-2-carbonyl

acetyl

chloride,

chloride,

4-morpholinecabonyl

methoxylbenzoyl

chloride,

chloride,

3-

2-thiophenecarbonyl

chloride, adamantanecarbonyl chloride, 2- furoyl chloride, biphenyl-4-carbonyl chloride,
benzofuran-2- carbonyl chloride, octanoyl chloride palmitoyl chloride, lauroyl chloride,
octanoyl chloride, hexanoyl chloride and iodopropane were bought from Sigma-Aldrich and
used without further purifications. Other reagents including; methyl iodide, acetyl chloride,
and propionyl chloride were obtained from Unilab, Acros-Organics and Fluka Chemica,
respectively, and were used without further purification. Artemisone (batch no: VRD-753-0249) generously donated by Cipla (India) was recrystallized from ethyl acetate/hexane mixture
prior to use. Analytical grade solvents, THF and DCM purified by distillation according to
standard procedures were used.
5.2.

General procedures

All 1H, and 13C NMR spectra of synthesized compounds were obtained on a 600 MHz Bruker
Avance™ III spectrometers as solutions in deuterated solvents (CDCl3). All chemical shifts
(δ) are reported in parts per million (ppm) values. 1H chemical shifts are reported downfield
of tetramethylsilane (TMS), and were internally referenced to the residual proton in CDCl 3
(7.26 ppm), or DMSO-d6 (2.50 ppm). 13C chemical shifts were internally referenced to
resonances in CDCl3 (δ 77.16 ppm). Peak multiplicities are abbreviated as follows: s
(singlet), d (doublet), dd (doublet of doublet), t (triplet), q (quartet), p (pentet), and m
(multiplet). Coupling constant (J) are reported in Hz. NMR data were analysed using
MestReNova Software, version 5.3.2-4936. Exact mass measurements were recorded on
Bruker MicroTOFQII mass spectrometer with an APCI and ESI source set at 300 °C and 180
°C respectively, using Bruker Compass data analysis 4.0 software. A full scan, ranging
between 50–3000 m/z, was generated at a capillary voltage of 4500 V, an end plate offset
voltage of -500 V and a collision cell RF voltage of 100 Vpp for APCI and 150.0 Vpp for ESI.
Infrared (IR) spectra were recorded on a Bruker Alpha-P FTIR instrument and, melting points
(mp) were determined with a BÜCHI melting point B-545 instrument and were uncorrected.
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Thin layer chromatography (TLC) was performed using silica gel plates (60F254), acquired
from Merck, and components were visualized by ultraviolet light (254 nm). Silica gel 230-400
(particle size 40-63μm) mesh was used for all flash column chromatography.
5.3.

5.3.1.

Biological evaluation

In vitro antimalarial assay

Malaria parasite proliferation can be directly monitored in their intra-erythrocytic environment
through detecting and monitoring DNA replication (without background forthcoming from
erythrocytes, which lack DNA) [31]. SYBR Green I is a fluorescent dye that interacts with
DNA, therefore a correlation between DNA content (SYBR Green I signal) and parasitaemia
can be used to monitor decrease in parasitaemia as a measurement of inhibition of parasite
proliferation [31, 32].
5.3.1.1. Anti-plasmodial assay against erythrocyte stages of P. falciparum parasites
(asexual parasites)
P. falciparum parasites were maintained at 37°C in human erythrocytes (O+) suspended in
complete culture medium [RPMI 1640 medium (Sigma-Aldrich) supplemented with 25 mM
HEPES (Sigma-Aldrich), 20 mM D-glucose (Sigma-Aldrich), 200 μM hypoxanthine (SigmaAldrich), 0.2% sodium bicarbonate, 24 μg/ml Gentamycin (Sigma-Aldrich) and 0.5%
AlbuMAX II] in a gaseous environment of 90% N2, 5% O2, and 5% CO2 as described by
Verlinden et al.[33] In vitro ring-stage intra-erythrocytic P. falciparum parasite cultures
(genotyped drug sensitive/resistant strains; K1 (chloroquine, pyrimethamine, mefloquine and
cycloguanil resistant) and NF54 (drug sensitive)) (200 μl at 1% haematocrit, 1%
parasitaemia) were treated with the compounds.
The controls for this assay included chloroquine disulphate (1 μM, as positive control) and
complete RPMI media (as negative control) and grown for 96 h at 37°C under the 90% N2,
5% O2, and 5% CO2 gas mixture in 96-well plates. At the conclusion of the 96 h growth
period, equal volumes (100 μl each) of the P. falciparum parasite cultures were combined
with SYBR Green I lysis buffer (0.2 μl/ml 10 000xSYBR Green I, Invitrogen; 20 mM Tris, pH
7.5; 5 mM EDTA; 0.008% (w/v) saponin; 0.08% (v/v) Triton X-100). The samples were
incubated at 37°C for 1 h after which the fluorescence was measured using a Fluoroskan
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Ascent FL microplate fluorometer (Thermo Scientific, excitation at 485 nm and emission at
538 nm).
The „background‟ fluorescence (i.e. that measured in the samples derived from chloroquinetreated iRBC samples in which parasite proliferation was completely inhibited) was
subtracted from the total fluorescence measured for each sample to provide a measure of
parasite proliferation. Data obtained were analysed in Excel 2007 and sigmoidal doseresponse curves were plotted using GraphPad 5.0. Experiments were performed in triplicate,
and repeated mainly n=3 times.
The compounds were screened at 5 μM and 1 μM against the NF54 strain of asexual P.
falciparum parasites to determine their % inhibition. Compounds showing near complete
inhibition at these concentrations were further screened at 500 and 100 nM against NF54
parasites to determine the most active compounds in the series.
Compounds were weighed (1 mg) and dissolved in 100% DMSO and made up to a 10 mM
stock and stored at 4°C; which were then incubated at room temperature (~1 hrs) prior to an
assay to prepare working solutions. Compounds 12, 14, 15, 16 and 22 precipitated out of
solution after being stored at 4°C, and were incubated at 37°C for ~1 h prior to the assay.
The final starting concentrations (5, 1 μM and 500, 100 nM) were prepared in complete
RPMI-1640 media and aliquoted in triplicate into a 96-well plate. The %DMSO in the starting
concentration was 0.05% for the 5 μM, 0.000125% for the 1 μM, 0.05% for the 500 nM and
0.00000125% for the 100 nM drug concentrations, below the parasite inhibition threshold as
previously determined in the laboratory. Compounds in solution were only used for up to 3
weeks, as a marked decrease in compound activity was observed following longer periods of
storage.
Following dual point assays, compounds were subjected to in vitro IC50 determinations
against asexual P. falciparum NF54, K1 and W2 parasites. All compounds in the series
showed activity >100 nM and therefore, the respective IC50 values for the whole series was
determined. The same compound dissolving and storage conditions were applied as
described for the dual point assays.
All assays were performed in triplicate for at least three independent biological repeats.
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5.3.1.2. Antiplasmodial activity determination against early stage P. falciparum
gametocytes
The compounds were also screened for in vitro gametocytocidal activity against early stage
P. falciparum gametocytes using dual point assays and dose-response curves for IC50
determination. The compounds were weighed, prepared and screened at three
concentrations; 5 µM, 1 µM, 100 nM and 10 nM to determine their % inhibition as a decrease
in P. falciparum gametocyte viability. Based on the % inhibition activities derived from dual
point assay the starting concentrations for each independent compound was calculated to
produce a 9-point dose-response curve in order to obtain the IC50 for each compound.
Gametocytes were produced as per Reader et al.[34] Inhibition of gametocyte cell viability
was assayed with a Luciferase reporter gene assay, using the luciferase reporter cell lines,
early [NF54-PfS-GFP-Luc (EG16)] stage promoter, which accurately quantifies and
distinguishes the early (Stage I/II) gametocidal activity of a compound. The working
concentrations of the compounds were prepared in complete RPMI-1640 medium and
transferred into a 96-well plate. Early stage (>85% stage I and II distribution, no stages later
than III was detected) gametocytes at 2% parasitaemia and 2% haematocrit were
transferred into a 96-well plate. An untreated gametocyte control was included and a 5 µM
Methylene Blue positive control was included. Plates were incubated for 48 h in a gaseous
environment of 90% N2, 5% O2, and 5% CO2 at 37ºC. Following incubation cells were lysed
at room temperature using 3x luciferin lysis buffer (15 M DTT, 0.6 mM CoA, 0.45 mM ATP,
0.42 mg/ml luciferin, 10 mM MgCl2, 10 mM Tris Base, 10 mM Tris-HCl and 0.03% Triton X100). Luciferase activity was measured at 560 nm in a Glomax luminescence plate reader
(Promega). Following subtraction of the background readings luciferase counts for the
untreated controls were normalised against the average of the triplicate values to indicate %
cell viability. Data obtained were analysed in Excel 2007 and sigmoidal dose-response
curves were plotted using GraphPad 5.0. Experiments were performed in triplicate, and
repeated for three independent gametocyte populations n=3 times.
5.3.2.

In vitro cytotoxicity assay

The cytotoxic effects of the compounds were tested by sulforhodamine B (SRB) assay on
the WI-38 cell line. The SRB assay was developed by Skehan and colleagues to measure
drug-induced cytotoxicity and cell proliferation. Its principle is based on the ability of the
protein dye sulforhodamine B (Acid Red 52) to bind electrostatically in a pH-dependent
manner to protein basic amino acid residues of trichloroacetic acid-fixed cells. Under mild
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acidic conditions it binds to the fixed cellular protein, while under mild basic conditions it can
be extracted from cells and solubilized for measurement.[35] The SRB Assay was performed
at CSIR in accordance with the protocol of the Drug Evaluation Branch and NCI, the assay
was adopted for this screen.
The WI-38 cell line - normal human fetal lung fibroblast from ECACC was routinely
maintained as a monolayer cell culture at 37ºC, 5% CO2, 95% air and 100% relative humidity
in minimum essential medium (EMEM) containing 10% fetal bovine serum, 2 mM Lglutamine and 50 µg/mL gentamicin. For screening experiment, the cells (21-50 passages)
were inoculated in a 96-well microtiter plates at plating densities of 10 000 cells/well and
were incubated for 24 h. After 24 h the cells were treated with the experimental drugs which
were previously dissolved in DMSO and diluted in medium to produce 5 concentrations.
Cells without drug additions served as control. The blank contained complete medium
without cells. Emetine was used as a standard. The plates were incubated for 48 h after
addition of the compounds. Viable cells were fixed to the bottom of each well with cold 50%
trichloroacetic acid, washed, dried and dyed by SRB. Unbound dye was removed and
protein-bound dye was extracted with 10mM Tris base for optical density determination at
the wavelength 540 nm using a multiwell spectrophotometer.
Data analysis was performed using GraphPad Prism software. 50% of cell growth inhibition
(IC50) was determined by non-linear regression.
5.4.

5.4.1.

Synthesis

General procedure

In nitrogen supplied reaction flask containing 10 ml of THF, was successively added
diisopropylamine (701 µl, 5 mmol, 2 eq.), n-butyllithium (2.5 ml, 5 mmol, 2 eq.) and 2,2‟
bipyridyl (4 mg, 0.025 mmol, 0.01eq.) and the resulting mixture stirred at -78 ºC for 30 min.
Artemisone (1 g, 2.5 mmol, 1 eq.) was dissolved in 5 ml of THF and introduced in the
reaction flask. , The reaction mixture allowed to stir at -78ºC for another 90 min or more until
the mixture turned red (indicative of total deprotonation of artemisone).
The acyl or alkyl chloride (1.5 eq.) was added into the above reaction mixture then stirring
was continued for another for 20 h whilst allowing the temperature to rise from -78 °C to
room temperature. The reaction mixture was then quenched with a saturated solution of
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ammonium chloride (40 mL), washed twice with saturated NaHCO3 solution (40 mL) and
water (40 mL). The combined extracts were dried over MgSO4, filtered and the filtrate
evaporated under reduced pressure to give a crude pale yellow oil, which was then purified
by column chromatography with ethyl acetate:hexane (3:7, v/v) as eluent.

Scheme 1:

Multi-stage single step synthesis of compounds 6 - 22.

Reagents and conditions: (i). n-Bu-Li, diisopropylamine, 2,2‟-bipyridyl, dry THF, -78 C, 30
min, (ii) artemisone in THF, -78 C, 90 min, (iii) Acyl or alkyl chloride, -78 C - rt, 20 h.
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5.4.1.
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3’,5’-dimethyl-4-((3R,5aS,6R,9R,10R,12R,12aR)-3,6,9-trimethyldecahydro-3H-3,12-

epoxy[1,2]dioxepino[4,3-i]isochromen-10-yl)thiomorpholine 1,1-dioxide, 6. Yield: 12%; mp:
165.1°C; 1H NMR (600 MHz, CDCl3) δ (ppm): 5.26 (s, 1H, H-12), 4.14 (d, J = 10.2 Hz, 1H, H10), 3.54 (m, 2H, H-3‟, H-5‟), 3.19 – 3.03 (m, 4H, H-2‟, H-6‟), 2.59 – 2.48 (m, 1H, H-9), 2.38 –
2.26 (m, 1H, H-5a), 1.98 (ddd, J = 14.6, 5.0, 3.0 Hz, 1H, H-8a), 1.69 (dddd, J = 14.4, 9.9,
7.8, 4.1 Hz, 2H, H-4), 1.54 (m, 6H, H-5, H-7, H-8), 1.49 – 1.16 (m, 10H, H-1'‟, H-2‟', H-14, H6), 1.08 (d, J =11.5 3H, H-16), 0.74 (m,3H, H-15);

13

C NMR (151 MHz, CDCl3) δ (ppm):

104.19 (C-3), 91.82 (C-10), 91.07 (C-12), 80.12 (C-12a), 76.99 (C-5a), 76.78 (C-2‟), 55.81
(C-3‟), 51.42 (C-5‟), 45.61 (C-6‟), 37.42 (C-8a), 36.15 (C-4), 34.17 (C-9), 31.55 (C-7), 28.95
(C-6), 25.89 (C-14), 24.76 (C-8), 21.57 (C-15), 20.21 (C-5), 13.49 (C-16), 7.86 (C-2'‟), 7.68
(C-1'‟); IR (ATR) max/cm-1: 2928, 1452, 1376, 1308, 1256, 1127, 1036, 976; HRMS- APCI
m/z [M+H]+430.2300 (calcd for C21H35NO6S: 430.2385).
5.4.2.

3’-propyl-4-((3R,5aS,6R,9R,10R,12R,12aR)-3,6,9-trimethyldecahydro-3H-3,12-

epoxy[1,2]dioxepino[4,3-i]isochromen-10-yl)thiomorpholine 1,1-dioxide, 7. Yield: 20%; mp:
139.4°C; 1H NMR (600 MHz, CDCl3) δ ppm 5.26 (s, 1H, H-12), 4.17 (d, J = 10.3 Hz, 1H, H10), 3.46 – 3.28 (m, 6H, H-2‟, H-5‟, H-6‟), 2.91 – 2.85 (m, 1H, H-3‟), 2.54 (dqd, J = 14.4, 7.1,
4.4 Hz, 1H, H-9), 2.38 – 2.28 (m, 1H, H-8a), 2.04 – 1.93 (m, 2H, H-4), 1.85 (ddt, J = 13.8,
6.8, 3.6 Hz, 1H, H-5a), 1.70 (ddq, J = 13.0, 9.8, 3.5 Hz, 2H, H-5), 1.61 – 1.15 (m, 12H, H-6,
H-7, H-8, H-14, H-1'‟, H-2'‟), 1.06 – 0.82 (m, 6H, H-15, and H-3‟'), 0.77 (d, J = 7.1 Hz, 3H, H16);

13

C NMR (151 MHz, CDCl3) δ ppm 105 (C-3), 91.91 (C-12), 91.03 (C-10), 80.09 (C-

12a), 76.78 (C-3‟), 60.40 (C-5a), 51.71 (C-5‟), 51.44 (C-2‟), 45.62 (C-8a), 37.43 (C-6‟), 36.15
(C-4) , 34.17 (C-9), 29.02 (C-7), 25.88 (C-1‟'), 25.38 (C-6), 24.78 (C-14), 21.59 (C-8), 20.16
(C-15), 17.96 (C-2‟'), 15.71 (C-5), 14.00 (C-16), 13.45 (C-3‟'); IR (ATR) max/cm-1: 2929,
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1450, 1390, 1376, 1308, 1250, 1207, 1187, 1011, 976; HRMS-ESI m/z [M+H]+444.2404
(calcd for C22H37NO6S: 444.2398).
5.4.3.

1-(1,1-dioxido-4-((3R,5aS,6R,9R,10R,12R,12aR)-3,6,9-trimethyldecahydro-3H-3,12-

epoxy[1,2]dioxepino[4,3-i]isochromen-10-yl)thiomorpholin-3’-yl)ethanone, 8. Yield: 28.5%;
mp 146.8-174.5°C; 1H NMR (600 MHz, CDCl3) δ ppm 5.28 (s, 1H, H-12), 4.97 (d, J = 10.7
Hz, 1H, H-10), 4.25 (t, J = 10.4 Hz, 1H, H-3‟), 3.78 – 3.65 (m, 2H, H-2‟), 3.63 – 3.50 (m, 2H,
H-5‟), 3.41 – 3.32 (m, 2H, H-6‟), 2.57 – 2.44 (m, 1H, H-9), 2.43 (s, 3H, H-2'‟), 2.37 – 2.29 (m,
1H, H-5a), 2.00 (ddd, J = 14.5, 5.0, 2.8 Hz, 1H,H-8a), 1.86 (ddt, J = 13.8, 6.9, 3.6 Hz, 1H, H8), 1.70 (tt, J = 9.0, 3.6 Hz, 2H, H-4), 1.49 – 1.38 (m, 2H, H-7), 1.30 (s, 3H, H-14), 1.25 – 1.0
(m, 4H, H-5, H-6), 0.91 (d, 3H, H-15) 0.76 (d, J = 7.1 Hz, 3H, H-16);

13

C NMR (151 MHz,

CDCl3) δ ppm 198.17 (C-1‟'), 104.37 (C-3), 92.16 (C-10), 90.66 (C-12), 80.26 (C-12a), 77.00
(C-3‟), 76.78 (C-5a), 69.91 (C-5‟), 52.80 (C-2‟), 51.19 (C-8a), 45.45 (C-6‟), 37.48 (C-4), 36.06
(C-9), 34.11 (C-7), 32.99 (C-2'‟), 28.81 (C-6), 25.85 (C-14), 24.81 (C-8), 21.52 (C-15), 20.17
(C-5), 13.24 (C-16); IR (ATR) max/cm-1: 2926, 1712, 1360, 1313, 1126, 1036, 979, 934,875.
HRMS-ESI m/z [M+H]+ 444. 2020 (calcd for C21H33NO7S: 444.1977).
5.4.4.

1-(1,1-dioxido-4-((3R,5aS,6R,9R,10R,12R,12aR)-3,6,9-trimethyldecahydro-3H-3,12-

epoxy[1,2]dioxepino[4,3-i]isochromen-10-yl)thiomorpholin-3’-yl)propan-1-one, 9. Yield: 26%;
mp: 144.2-168.1°C; 1H NMR (600 MHz, CDCl3) δ ppm 5.26 (s, 1H, H-12), 4.95 (d, J = 12.1,
1H, H-10), 4.22 (dd, J = 25.2, 10.4 Hz, 1H, H-3‟), 3.81 – 3.73 (m, 2H, H-2‟), 3.58 (dddd, J =
19.1, 15.6, 9.2, 6.4 Hz, 4H, H-5‟,H-6‟), 3.45 – 3.32 (m, 4H, H-2‟', H-9, H-5a), 2.97 – 2.80 (m,
5H, H-4,H-5,H-8a), 2.69 (ddq, J = 53.2, 19.1, 7.1 Hz, 2H, H-8), 2.59 – 2.46 (m, 2H, H-7),
2.23 (s, 3H, H-14), 2.03 – 1.95 (m, 4H, H-6, H-3'‟), 1.86 (d, J = 13.7 Hz, 3H, H-16), 1.12 (d,
3H, H-15);

13

C NMR (151 MHz, CDCl3) δ ppm 200.82 (C-1'‟), 104.36 (C-3), 92.17 (C-10),

90.67 (C-12), 80.28 (C-12a), 76.78 (C-3‟), 69.07 (C-5a), 52.66 (C-5‟), 51.25 (C-2‟), 45.49 (C8a), 39.34 (C-6‟), 37.49 (C-4), 36.07 (C-9), 34.11 (C-7), 28.92 (C-2'‟), 25.89 (C-6), 24.81 (C14), 21.54 (C-8), 20.16 (C-15), 13.27 (C-5), 7.21 (C-16), 4.9 (C-3‟); IR (ATR) max/cm-1: 2934,
1716, 1444, 1356, 1308, 1272, 1212, 1126, 1021, 956; HRMS-ESI m/z [M+H]+ 458.2192
(calcd for C22H35NO7S: 458.2134).
5.4.5.

1-(1,1-dioxido-4-((3R,5aS,6R,9R,10R,12R,12aR)-3,6,9-trimethyldecahydro-3H-3,12-

epoxy[1,2]dioxepino[4,3-i]isochromen-10-yl)thiomorpholin-3’-yl)butan-1-one, 10. Yield: 22%;
mp: 132.3-147.6°C; 1H NMR (600 MHz, CDCl3) δ ppm 5.28 (s, 1H, H-12), 4.24 (d, J = 10.4
Hz, 1H, H-10), 3.76 (d, J = 13.9 Hz, 1H,H-3‟), 3.55 (ddd, J = 15.5, 12.4, 2.9 Hz, 2H, H-2‟),
3.45 – 3.32 (m, 2H, H-5‟), 2.92 – 2.78 (m, 2H, H-6‟), 2.64 (ddd, J = 18.1, 8.1, 6.2 Hz, 1H, H-
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9), 2.51 (dqd, J = 14.4, 7.1, 4.4 Hz, 1H, H-6), 2.34 (ddd, J = 14.7, 13.5, 4.0 Hz, 1H, H-8a),
2.00 (ddd, J = 14.6, 4.9, 2.7 Hz, 1H, H-5a), 1.75 (s, 3H, H-14), 1.50 – 1.36 (m, 4H, H-4,H-5),
1.36 – 1.18 (m, 4H,H-2'‟,H-3'‟), 1.04 – 0.98 (m, 7H, H-7,H-8,H-4'‟), 0.85 (d, J =10.5 3H, H15), 0.76 (d, J = 7.1 Hz, 3H, H-16);

13

C NMR (151 MHz, CDCl3) δ ppm 200.43 (C-1‟'),104.38

(C-3), 92.16 (C-10), 90.74 (C-12), 80.27 (C-12a), 76.78 (C-3‟), 69.23 (C-5a), 52.69 (C-5‟),
51.24 (C-2‟), 47.81 (C-8a), 45.49 (C-6‟), 37.50 (C-2‟'), 36.09 (C-4), 34.12 (C-9), 28.88 (C-7),
25.91 (C-6), 24.82 (C-14), 21.56 (C-8), 20.18 (C-5), 16.60 (C-15), 13.46 (C-3‟'), 13.30 (C-4‟'),
13.26 (C-16); IR (ATR) max/cm-1: 2934, 1713, 1444, 1307, 1269, 1207, 1042, 1022, 981;
HRMS- APCI m/z [M+H]+ 472.2275 (calcd for C23H37NO7S: 472.2290).
5.4.6.

1-(1,1-dioxido-4-((3R,5aS,6R,9R,10R,12R,12aR)-3,6,9-trimethyldecahydro-3H-3,12-

epoxy[1,2]dioxepino[4,3-i]isochromen-10-yl)thiomorpholin-3’-yl)hexan-1-one, 11. Yield: 44%;
mp:117°C; 1H NMR (600 MHz, CDCl3) δ ppm 5.28 (s, 1H, H-12), 4.24 (d, J = 10.4 Hz, 1H, H10), 3.75 (m, 1H, H-3‟), 3.44 – 3.31 (m, 6H, H-2‟, H-5‟, H-6‟), 2.91 – 2.78 (m, 2H, H-2‟'), 2.38
– 2.29 (m, 1H, H-5a), 2.04 – 1.96 (m, 12H, H-4, H-5, H-6, H-7, H-8, H-9, H-3'‟), 1.70 (s, 3H,
H-14), 1.64 – 1.50 (m, 4H, H-4‟', H-5'‟), 1.02 – 0.95 (m, 1H, H-8a), 0.93 (d, J = 6.3 Hz, 3H, H16), 0.85 (t, J = 6.9 Hz, 3H, H-6'‟), 0.76 (d, J = 7.1 Hz, 3H, H-15);

13

C NMR (151 MHz,

CDCl3) δ ppm 104.38 (C-3), 92.19 (C-10), 90.72 (C-12), 80.26 (C-12a), 76.78 (C-3‟), 69.24
(C-5a), 52.72 (C-5‟), 51.24 (C-2‟), 46.03 (C-8a), 45.49 (C-6‟), 37.50 (C-2‟'), 36.09 (C-4),
34.13 (C-9), 33.87 (C-7), 31.88 (C-6), 29.50 (C-5‟'), 25.93 (C-3‟'), 24.83 (C-14), 23.07 (C-8),
22.66 (C-5), 21.56 (C-15), 20.18 (C-4‟'), 14.10 (C-16), 13.26 (C-6‟'); IR (ATR) max/cm-1:
2928, 1713, 1451, 1375, 1308, 1131, 1041,978, 940, 876; HRMS-ESI m/z [M+H]+ 500.2661
(calcd for C25H42NO7S 500.2635).
5.4.7.

1-(1,1-dioxido-4-((3R,5aS,6R,9R,10R,12R,12aR)-3,6,9-trimethyldecahydro-3H-3,12-

epoxy[1,2]dioxepino[4,3-i]isochromen-10-yl)thiomorpholin-3’-yl)octan-1-one, 12. Yield: 50%;
mp: 129.1°C; 1H NMR (600 MHz, CDCl3) δ ppm 5.28 (s, 1H, H-12), 4.24 (d, J = 10.4 Hz, 1H,
H-10), 3.75 (m, 1H, H-3‟), 3.44 – 3.31 (m, 6H, H-2, H-5, H-6), 2.91 – 2.78 (m, 2H, H-2‟'), 2.38
– 2.29 (m, 1H, H-5a), 2.04 – 1.96 (m, 15H, H-4, H-5, H-6, H-7, H-8, H-9, H-3‟'), 1.70 (s, 1H,
H-14), 1.64 – 1.50 (m, 8H, H-4‟', H-7‟', H-5‟', H-6'‟), 1.02 – 0.95 (m, 1H, H-8a), 0.93 (d, J =
6.3 Hz, 3H, H-16), 0.85 (t, J = 6.9 Hz, 3H, H-8‟'), 0.76 (d, J = 7.1 Hz, 3H, H-15);

13

C NMR

(151 MHz, CDCl3) δ ppm 104.38 (C-3), 92.17 (C-10), 90.72 (C-12), 80.26 (C-12a), 76.78 (C3‟), 69.24 (C-5a), 52.72 (C-5‟), 51.24 (C-2‟), 46.03 (C-8a), 45.49 (C-6‟), 37.50 (C-2'‟), 36.09
(C-4), 34.13 (C-9), 33.87 (C-7), 31.88 (C-6), 29.50 (C-5'‟), 29.41 (C-6‟'), 29.10 (C-7‟'), 25.93
(C-3‟'), 24.83 (C-14), 23.07 (C-8), 22.66 (C-5), 21.56 (C-15), 20.18 (C-4‟'), 14.10 (C-16),
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13.26 (C-8‟'); IR (ATR) max/cm-1: 2927, 1715, 1447, 1377, 1309, 1132, 1039,938, 874;
HRMS-ESI m/z [M+H]+ 528.2999 (calcd for C27H45NO7S: 528. 2987).
5.4.8.

1-(1,1-dioxido-4-((3R,5aS,6R,9R,10R,12R,12aR)-3,6,9-trimethyldecahydro-3H-3,12-

epoxy[1,2]dioxepino[4,3-i]isochromen-10-yl)thiomorpholin-3’-yl)dodecan-1-one,

13.

Yield:

55%; mp: 122.8°C; 1H NMR (600 MHz, CDCl3) δ ppm 5.28 (s, 1H, H-12), 4.24 (d, J = 10.4
Hz, 1H, H-10), 3.75 (m, 1H, H-3‟), 3.44 – 3.31 (m, 6H, H-2‟, H-5‟, H-6‟), 2.91 – 2.78 (m, 2H,
H-2'‟), 2.38 – 2.29 (m, 1H, H-5a), 2.04 – 1.96 (m, 12H, H-4, H-5, H-6, H-7, H-8, H-9, H-3'‟),
1.70 (s, 3H, H-14), 1.64 – 1.50 (m, 16H, H-10‟', H-4‟', H-11‟', H-8‟', H-7‟', H-5‟', H-6‟', H-9‟'),
1.02 – 0.95 (m, 1H, H-8a), 0.93 (d, J = 6.3 Hz, 3H, H-16), 0.85 (t, J = 6.9 Hz, 3H, H-12‟'),
0.76 (d, J = 7.1 Hz, 3H, H-15); 13C NMR (151 MHz, CDCl3) δ ppm 200.08 (C-1‟'), 104.38 (C3), 92.17 (C-10), 90.72 (C-12), 80.26 (C-12a), 76.78 (C-3‟), 69.24 (C-5a), 52.72 (C-5‟), 51.24
(C-2‟), 46.03 (C-8a), 45.49 (C-6‟), 37.50 (C-2'‟), 36.09 (C-4), 34.13 (C-9), 33.87 (C-7), 31.88
(C-6), 29.58 (C-10'‟), 29.50 (C-5‟'), 29.41 (C-6‟'), 29.15 (C-9'‟), 29.10 (C-7'‟), 28.81 (C-8‟'),
25.93 (C-3‟'), 24.83 (C-14), 24.67 (C-11‟'), 23.07 (C-8), 22.66 (C-5), 21.56 (C-15), 20.18 (C4‟'), 14.10 (C-16), 13.26 (C-12‟'); IR (ATR) max/cm-1: 2918, 2850, 1713, 1446, 1375, 1306,
1132, 1040, 938, 874; HRMS-ESI m/z [M+H]+ 584.3610 (calcd for C31H53NO7S 584.3601).
5.4.9.

1-(1,1-dioxido-4-((3R,5aS,6R,9R,10R,12R,12aR)-3,6,9-trimethyldecahydro-3H-3,12-

epoxy[1,2]dioxepino[4,3-i]isochromen-10-yl)thiomorpholin-3’-yl)hexadecan-1-one, 14. Yield:
40%; mp: 119.7°C; 1H NMR (600 MHz, CDCl3) δ ppm 5.28 (s, 1H, H-12), 4.24 (d, J = 10.4
Hz, 1H, H-10), 3.75 (m, 1H, H-3‟), 3.44 – 3.31 (m, 6H, H-2, H-5‟, H-6‟), 2.91 – 2.78 (m, 2H,
H-2‟'), 2.38 – 2.29 (m, 1H, H-5a), 2.04 – 1.96 (m, 15H, H-4, H-5, H-6, H-7, H-8, H-9, H-3‟'),
1.70 (s, 1H, H-14), 1.64 – 1.50 (m, 24H, H-10‟', H-4‟', H-11‟', H-8‟', H-7‟', H-5‟', H-6‟', H-9‟',H12‟', H-13‟', H-14‟', H-15‟'), 1.02 – 0.95 (m, 1H, H-8a), 0.93 (d, J = 6.3 Hz, 3H, H-16), 0.85 (d,
J = 6.9 Hz, 3H, H-16‟'), 0.76 (d, J = 7.1 Hz, 3H, H-15);

13

C NMR (151 MHz, CDCl3) δ ppm

178.68 (C-1‟'), 104.38 (C-3), 92.17 (C-10), 90.72 (C-12), 80.26 (C-12a), 76.78 (C-3‟), 69.24
(C-5a), 52.72 (C-5‟), 51.24 (C-2‟), 46.03 (C-8a), 45.49 (C-6‟), 37.50 (C-2‟'), 36.09 (C-4),
34.13 (C-9), 33.87 (C-7), 31.88 (C-6), 29.58 (C-4‟'), 29.50 (C-5‟'), 29.41 (C-6‟'), 29.15 (C-9‟'),
29.10 (C-7‟'), 28.81 (C-8‟'), 25.93 (C-3‟'), 24.83 (C-14), 24.67 (C-11‟'), 23.07 (C-8), 22.66 (C5), 21.56 (C-15), 21.32 (C-12‟'), 21.22 (C-13‟'), 20.90 (C-14‟'), 20.19 (C-15‟'), 20.18 (C-10‟'),
14.10 (C-16), 13.26 (C-16‟'); IR (ATR) max/cm-1: 2917, 2849, 1713, 1469, 1307, 1271, 1132,
1039, 939, 875,845; HRMS-ESI m/z [M+H]+ 650.4219 (calcd for C35H61NO7S 650.4215).
5.4.10.

(1s,3S)-adamantan-1-yl(1,1-dioxido-4-((3R,5aS,6R,9R,10R,12R,12aR)-3,6,9-

trimethyldecahydro-3H-3,12-epoxy[1,2]dioxepino[4,3-i]isochromen-10-yl)thiomorpholin-3’-
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yl)methanone, 15. Yield: 26%; mp: 165.6°C; 1H NMR (600 MHz, CDCl3) δ ppm 5.66 (s, 1H,
H-12), 5.12 (d, J = 11.6 Hz, 1H, H-10), 4.27 (m, 1H, H-3‟), 3.93 (dd, J = 14.8, 11.1 Hz, 2H,
H-2‟), 3.40 (dt, J = 15.6, 2.9 Hz, 2H, H-5‟), 3.13 (dt, J = 14.8, 2.9 Hz, 2H, H-7‟'), 2.22 – 2.16
(m, 1H, H-5a), 2.54 – 2.40 (m, 2H, H-3‟'), 2.13 – 2.05 (m, 7H, H-4, H-10‟', H-5, H-9‟'), 2.04 –
1.82 (m, 13H, H-8, H-8a, H-8‟', H-7, H-11‟', H-6‟', H-4‟', H-5‟', H-9), 1.81 (s, 3H, H-14), 1.46
(m, 1H, H-6), 0.99 (d, 3H, H-16), 0.79 (m, 3H, H-15);

13

C NMR (151 MHz, CDCl3) δ ppm

204.30 (C-1‟'), 104.42 (C-3), 91.94 (C-10), 91.38 (C-12), 77.00 (C-12a), 80.52 (C-3‟), 76.78
(C-2‟'), 63.44 (C-5a), 63.15 (C-5‟), 56.52 (C-2‟), 51.32 (C-8a), 48.20 (C-6‟), 48.18 (C-11‟'),
47.76 (C-9‟'), 45.56 (C-4), 37.46 (C-6‟'), 37.00 (C-8‟'), 36.54 (C-9), 36.27 (C-7), 36.34 (C-7‟'),
36.17 (C-10‟'), 36.02 (C-6), 34.09 (C-5‟'), 29.60 (C-4‟'), 27.69 (C-3‟'), 26.17 (C-14), 24.82 (C8), 21.89 (C-5), 20.22 (C-15), 13.02 (C-16); IR (ATR) max/cm-1: 2907, 1700, 1450, 1331,
1243, 1135, 1039, 972, 931, 874; HRMS-ESI m/z [M+H]+ 564.3147 (calcd C30H45NO7S:
564.2917).
5.4.11.

(1,1-dioxido-4-((3R,5aS,6R,9R,10R,12R,12aR)-3,6,9-trimethyldecahydro-3H-3,12-

epoxy[1,2]dioxepino[4,3-i]isochromen-10-yl)thiomorpholin-3’-yl)(morpholino)methanone, 16.
Yield: 14.5%; mp: 157.2-169.1°C; 1H NMR (600 MHz, CDCl3) δ ppm 5.27 (s, 1H, H-12), 4.93
(dd, J = 10.4, 3.7 Hz, 1H, H-3‟), 4.27 (d, J = 10.2 Hz, 1H, H-10), 3.92 – 3.76 (m, 4H,, H-3‟',
H-7‟'), 3.75 – 3.32 (m, 10H, H-2‟, H-5‟, H-6‟, H-4‟', H-6‟'), 2.90 (dt, J = 13.4, 2.6 Hz, 1H, H5a), 2.54 – 2.45 (m, 1H, H-9), 2.34 (td, J = 14.0, 4.0 Hz, 1H, H-6), 2.03 – 1.95 (m, 1H, H-8a),
1.87 (ddt, J = 13.7, 6.9, 3.6 Hz, 2H, H-8), 1.71 (dddd, J = 22.7, 13.4, 7.1, 3.5 Hz, 2H, H-4),
1.51 – 1.38 (m, 4H, H-5, H-7), 1.27(s, 3H, H-14), 0.96 (d, 3H, H-15), 0.75 (d, 3H, H-16);

13

C

NMR (151 MHz, CDCl3) δ ppm 161.09 (C-1‟'), 104.35 (C-3), 91.88 (C-10), 91.12 (C-12),
80.77 (C-12a), 76.79 (C-3‟), 66.82 (C-4‟'), 66.56 (C-6‟'), 59.51 (C-5a), 52.62 (C-5‟), 51.35 (C2‟), 47.05 (C-6‟), 45.46 (C-8a), 42.81 (C-4), 37.53 (C-3‟'), 37.63 (C-7‟'), 36.13 (C-9), 34.05
(C-7), 29.41 (C-6), 26.13 (C-14), 24.76 (C-8), 21.85 (C-5), 20.23 (C-15), 13.16 (C-16); IR
(ATR) max/cm-1: 2927,1654 , 1436, 1374, 1307, 1225, 1114, 1042, 941; HRMS-ESI m/z
[M+H]+ 515.2373 (calcd for C24H38N2O8S: 515.2348).
5.4.12.

(1,1-dioxido-4-((3R,5aS,6R,9R,10R,12R,12aR)-3,6,9-trimethyldecahydro-3H-3,12-

epoxy[1,2]dioxepino[4,3-i]isochromen-10-yl)thiomorpholin-2-yl)(thiophen-3’-yl)methanone,
17. Yield: 21%; mp: 137.9°C; 1H NMR (600 MHz, CDCl3) δ ppm 7.99 (d, J = 4.1 Hz, 1H, H5‟'), 7.75 (d, J = 4.6, 1H, H-3‟'), 7.14 – 7.06 (m, 1H, H-4‟'), 5.32 (s, 1H, H-12), 5.29 (m, 1H, H10), 4.29 (m, 1H, H-3‟), 3.84 (dtd, J = 31.5, 13.5, 13.0, 3.8 Hz, 2H, H-2‟), 3.76 – 3.59 (m, 2H,
H-5‟), 3.52 – 3.31 (m, 2H, H-6‟), 3.22 – 3.14 (m, 1H, H-5a), 3.01 (dt, J = 13.5, 3.0 Hz, 2H, H4), 2.65 – 2.43 (m, 1H, H-9), 2.42 – 2.22 (m, 2H, H-5), 2.14 (s, 3H, H-14), 2.07 – 1.94 (m,
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1H, H-8a), 1.87 (qdq, J = 10.2, 6.9, 3.6 Hz, 2H, H-7), 1.70 (ddq, J = 20.0, 13.1, 3.5 Hz, 1H,
H-6), 1.31 (m, 2H, H-8), 0.97 (m, 3H, H-15), 0.80 (m, 3H, H-16); 13C NMR (151 MHz, CDCl3)
δ ppm 182 (C-1‟'), 136.00 (C-2‟'), 135.73 (C-3‟'), 128.29 (C-5‟'), 104.40 (C-4‟'), 91.89 (C-3),
91.22 (C-10), 77.00 (C-12), 76.78 (C-12a), 66.23 (C-3‟), 52.51 (C-5a), 51.79 (C-5‟), 51.39
(C-2‟), 45.52 (C-8a), 37.56 (C-6‟), 36.13 (C-4), 34.09 (C-9), 29.34 (C-7), 26.27 (C-6), 24.76
(C-14), 21.76 (C-8), 21.58 (C-5), 20.20 (C-15), 13.17 (C-16); IR (ATR) max/cm-1: 2926, 1644,
1410, 1311, 1125, 1025, 1041, 978, 940, 843, 826, 726; HRMS-ESI m/z [M+H]+ 512.1771
(calcd for C24H33NO7S2: 512.1698).
5.4.13.

(1,1-dioxido-4-((3R,5aS,6R,9R,10R,12R,12aR)-3,6,9-trimethyldecahydro-3H-3,12-

epoxy[1,2]dioxepino[4,3-i]isochromen-10-yl)thiomorpholin-3’-yl)(furan-2-yl)methanone,

18.

1

Yield: 20%; mp: 137.6°C; H NMR (600 MHz, CDCl3) δ ppm 7.65 (d, J = 1.9 Hz, 1H, H-5‟'),
7.48 (d, J = 3.7 Hz, 1H, H-3‟'), 7.29 (m, 1H, H-4‟'), 6.63 – 6.57 (s, 1H, H-12), 5.38 (m, 1H, H10), 4.31 – 4.20 (m, 1H, H-3‟), 3.78 (ddd, J = 25.8, 15.6, 11.5 Hz, 6H, H-2‟, H-5‟, H-6‟), 3.65
(m, 10H, H-5a, H-4, H-5, H-7, H-8, H-9), 3.55 – 3.38 (m, 1H, H-6), 3.07 (s, 3H, H-14), 2.52
(m, 1H, H-8a), 1.08 (d, J = 13.7, 3H, H-16), 0.76 (d, J = 10.3 Hz, 3H, H-15);

13

C NMR (151

MHz, CDCl3) δ ppm 177.81 (C-1‟'), 152.37 (C-2‟'), 147.86 (C-5‟'), 120.94 (C-3‟'), 112.81 (C4‟'), 104.35 (C-3), 91.90 (C-10), 91.15 (C-12), 80.39 (C-12a), 77.00 (C-3‟), 76.78 (C-5a),
65.68 (C-5‟), 52.38 (C-2‟), 51.38 (C-8a), 45.52 (C-6‟), 37.46 (C-4), 36.12 (C-9), 34.09 (C-7),
29.21 (C-6), 26.05 (C-14), 24.76 (C-8), 21.69 (C-5), 20.21 (C-15), 13.15 (C-16);IR (ATR)
max/cm-1: 2929, 1662, 1462, 1392, 1310, 1127, 1041, 940, 872, 844, 770; HRMS-ESI m/z
[M+H]+ 496. 59 (calcd for C24H33NO8S: 496.59).
5.4.14.

(1,1-dioxido-4-((3R,5aS,6R,9R,10R,12R,12aR)-3,6,9-trimethyldecahydro-3H-3,12-

epoxy[1,2]dioxepino[4,3-i]isochromen-10-yl)thiomorpholin-2-yl)(3-methylthiophen-3’yl)methanone, 19. Yield: 20%; mp: 141.5-162.3°C; 1H NMR (600 MHz, CDCl3) δ ppm 7.50
(d, J = 9.5, Hz, 1H, H-5'‟), 6.94 (d, J = 4.9, Hz, 1H, H-4‟'), 5.54 (s, 1H, H-12), 5.28 (d, J =
24.1 Hz, 1H, H-10), 4.22 (dd, J = 29.0, 10.3 Hz, 1H, H-3‟), 3.94 (dd, J = 14.8, 10.4 Hz, 2H,
H-2‟), 3.81 – 3.70 (m, 2H, H-5‟), 3.67 – 3.51 (m, 2H, H-6‟), 3.33 (s, 3H, H-7‟'), 2.96 – 2.90 (m,
2H, H-4), 2.58 (m, J = 22.5 Hz, 8H, H-5, H-7, H-8, H-9, H-6,), 2.49 – 2.06 (m, 1H, H-5a),
1.82 (s, 3H, H-14), 1.79 – 1.58 (m, 1H, H-8a), 0.99 (d, J = 13.2 Hz, 3H, H-15), 0.93 (d, J =
12.3 Hz, 3H, H-16);

13

C NMR (151 MHz, CDCl3) δ ppm 182.61 (C-1‟'), 147.62 (C-2‟'), 133.08

(C-3‟'), 132.40 (C-4‟'), 104.41 (C-5‟'), 92.23 (C-3), 91.41 (C-10), 90.90 (C-12), 80.20 (C-12a),
77.00 (C-3‟), 76.78 (C-5a), 68.46 (C-5‟), 51.79 (C-2‟), 45.56 (C-8a), 51.28 (C-6‟), 37.48 (C-4),
36.17 (C-9), 34.12 (C-7), 29.08 (C-6), 25.97 (C-14), 24.82 (C-8), 21.62 (C-15), 20.21 (C-5),
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13.27 (C-7''), 13.09 (C-16); IR (ATR) max/cm-1: 2966, 1616, 1445, 1369, 1326, 1208, 1153,
1095, 1028, 837 HRMS-ESI m/z [M+H]+ 526.1867 (calcd for C25H35NO7S2: 526.1854).
5.4.15.

(1,1-dioxido-4-((3R,5aS,6R,9R,10R,12R,12aR)-3,6,9-trimethyldecahydro-3H-3,12-

epoxy[1,2]dioxepino[4,3-i]isochromen-10-yl)thiomorpholin-3’-yl)(phenyl)methanone,

20.

Yield: 20%; mp: 153.1-156.1°C; 1H NMR (600 MHz, CDCl3) δ ppm 8.13 – 8.02 (m, 2H, H3‟',H-7‟'), 7.61 – 7.52 (m, 1H, H-5‟'), 7.52 – 7.38 (m, 2H, H-4‟', H-6‟'), 5.64 – 5.58 (s, 1H, H12), 5.30 (d, 1H, H-10), 4.30 – 4.16 (m, 1H, H-3‟), 3.82 (td, J = 12.8, 3.9 Hz, 2H, H-2‟), 3.76 –
3.60 (m, 2H, H-6‟), 3.44 (dq, J = 14.8, 3.3 Hz, 2H, H-5‟), 2.98 (dqd, J = 14.5, 7.1, 4.3 Hz, 1H,
H-5a), 2.35 (td, J = 14.0, 4.0 Hz, 1H, H-9), 2.07 – 1.97 (m, 2H, H-4), 1.87 (m, 2H, H-5), 1.69
(tp, J = 14.1, 3.8 Hz, 2H, H-7), 1.57 – 1.40 (m, 2H, H-8), 1.37 (s, 3H, H-14), 1.28 (m, 2H, H6, H-8a), 0.90 (d, 3H, H-16), 0.72 (d, 3H, H-15);

13

C NMR (151 MHz, CDCl3) δ ppm 190.67

(C-1‟'), 136.73 (C-2‟'), 134.03 (C-5‟'), 129.53 (C-3‟'), 128.50 (C-7‟'), 104.41 (C-4‟'), 92.02 (C6‟'), 91.31 (C-3), 80.47 (C-10), 76.78 (C-12), 65.17 (C-12a), 60.35 (C-3‟), 52.52 (C-5a),
51.80 (C-5‟),51.43 (C-2‟), 45.56 (C-8a), 45.50 (C-6‟), 37.45 (C-4), 36.17 (C-9), 34.07 (C-7),
29.38 (C-6), 26.15 (C-14), 24.75 (C-8), 21.77 (C-5), 20.22 (C-15), 13.20 (C-16); IR (ATR)
max/cm-1: 2935, 1676, 1448, 1317, 1279, 1193, 1132, 1039, 973; HRMS-ESI m/z [M+H]+
506.2185 (calcd for C26H35NO7S: 506.2134).
5.4.16.

(1,1-dioxido-4-((3R,5aS,6R,9R,10R,12R,12aR)-3,6,9-trimethyldecahydro-3H-3,12-

epoxy[1,2]dioxepino[4,3-i]isochromen-10-yl)thiomorpholin-3’-yl)(4methoxyphenyl)methanone, 21. Yield: 24%; mp: 160.1°C; 1H NMR (600 MHz, CDCl3) δ ppm
8.11 – 8.03 (m, 2H, H-3‟', H-7‟'), 6.91 – 6.84 (m, 2H, H-4‟', H-6‟'), 5.56 (s, 1H, H-12), 5.30 (d,
J = 10.2 1H, H-10), 4.27 (m, 1H, H-3‟), 4.09 (q, J = 7.2 Hz, 2H, H-2‟), 3.84 (s, 3H, H-8'‟), 3.76
– 3.58 (m, 6H, H-6‟, H-5‟, H-4), 3.43 (dq, J = 14.6, 3.4 Hz, 3H, H-5, H-5a), 3.35 (m, J = 14.4
Hz, 1H, H-9), 2.97 (dt, J = 13.3, 3.0 Hz, 2H, H-8), 2.48 (dqd, J = 14.3, 7.1, 4.4 Hz, 2H, H-7),
2.40 – 2.29 (m, 1H, H-6), 2.07 – 1.97 (m, 4H, H-14, H-8a), 1.18 (d, J = 8.0 Hz 3H, H-16),
0.76 (d, J = 7.1 Hz, 3H, H-15);

13

C NMR (151 MHz, CDCl3) δ ppm 188.61 (C-1‟'), 164.32 (C-

5‟'), 132.06 (C-3‟'), 129.93 (C-2‟'), 113.70 (C-7‟'), 104.37 (C-4‟'), 91.99 (C-6‟'), 91.30 (C-3),
80.49 (C-10), 76.78 (C-12), 64.80 (C-12a), 60.35 (C-3‟), 55.50 (C-8‟'), 52.52 (C-5a), 51.43
(C-5‟), 45.50 (C-2‟), 37.45 (C-8a), 36.14 (C-6‟), 34.07 (C-4), 29.37 (C-9), 26.17 (C-7), 24.75
(C-6), 21.77 (C-14), 20.22 (C-8), 14.16 (C-15), 13.41 (C-5), 13.21 (C-16); IR (ATR) max/cm-1:
2950, 1667, 1597, 1515, 1315, 1270, 1172, 1129, 1036, 969; HRMS-ESI m/z [M+H]+
536.2267 (calcd for C27H37NO8S: 536.2239).
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5.4.17.

benzofuran-2-yl(1,1-dioxido-4-((3R,5aS,6R,9R,10R,12R,12aR)-3,6,9-

trimethyldecahydro-3H-3,12-epoxy[1,2]dioxepino[4,3-i]isochromen-10-yl)thiomorpholin-3’yl)methanone, 22. Yield: 15%; mp: 158.8°C; 1H NMR (600 MHz, CDCl3) δ ppm 7.82 (s, 1H,
H-3‟'), 7.67 (dd, J = 7.8, 0.9 Hz, 1H, H-5‟'), 7.63 – 7.53 (m, 1H, H-6‟'), 7.47 (ddd, J = 8.5, 7.1,
1.4 Hz, 1H, H-4‟'), 7.31 – 7.23 (d, J = 9.3, 1H, H-7‟'), 5.31 (s, 1H, H-12), 4.27 (d, J = 10.2 Hz,
1H, H-10), 4.19 - 4.17 (m, 1H, H-3‟), 3.83 – 3.72 (m, 4H, H-5‟, H-2‟), 3.72 – 3.60 (m, 2H, H6‟), 3.47 (dq, J = 14.7, 3.5 Hz, 1H, 5a), 3.36 (dt, J =14.2, 5.5 Hz, 2H, H-4), 3.06 (dt, J = 13.0,
3.2 Hz, 1H, H-9), 2.34 (dtd, J = 18.8, 14.0, 4.0 Hz, 1H, H-6), 2.15 (s, 3H, H-14), 2.08 – 1.93
(m, 2H, H-5), 1.87 (dddt, J = 14.1, 10.5, 6.5, 3.4 Hz, 1H, H-8a), 1.70 (tdd, J = 13.5, 7.0, 3.6
Hz, 2H, H-8), 1.38 – 1.18 (m, 2H, H-7), 0.90 (d, J = 10.1, 3H, H-16), 0.76 (dd, J = 7.1 Hz, 3H,
H-15);

13

C NMR (151 MHz, CDCl3) δ ppm 171.15 (C-1'‟), 156.25 (C-2‟'), 152.13 (C-7a'‟),

129.12 (C-3a'‟), 126.97 (C-6‟'), 124.02 (C-5‟'), 123.72 (C-4‟'), 117.40 (C-3‟'), 112.66 (C-7‟'),
104.40 (C-3), 91.97 (C-10), 91.25 (C-12), 80.46 (C-12a), 76.78 (C-3‟), 66.17 (C-5a), 60.37
(C-5‟), 52.47 (C-2‟), 51.40 (C-8a), 45.49 (C-6‟), 37.48 (C-4), 36.16 (C-9), 34.09 (C-7), 29.27
(C-6), 26.32 (C-14), 21.74 (C-8), 20.22 (C-5), 14.17 (C-15), 13.19 (C-16); IR (ATR) max/cm-1:
2935, 1675, 1549, 1319, 1129, 1037, 972, 938, 876, 840; HRMS-ESI m/z [M+H]+ 546.2162
(calcd for C28H35NO8S: 546.2083).
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Table 2: Percentage abundance of isomers A and B, calculated from the ratio of H-12 integral heights
of each isomer.

Compound
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
a

H-12 integral heights
(cm)
a
A
Bb
4.8
0.3
4.8
0
4.3
0.3
4.9
1.1
5
0.3
5
2.6
5
2.4
3
0.3
1.3
0.1
5.1
0.1
5.6
1
4.8
1.1
5.8
0.3
4
1.9
5.6
0.4
3.7
0.4
4.8
0.7

Diastereomic
ratio: Aa/Bb

A%

B%

16
14.3
4.5
16.7
1.9
2.1
10
13
51
5.6
4.4
19
2.1
14
9.3
6.9

94.1
100
93.5
81.8
94.3
66.2
67.7
90.9
93.1
98.1
84.8
81.5
95
67.7
93.3
90.3
87.3

5.9
0
6.5
18.2
5.7
33.8
32.3
9.1
6.9
1.9
15.2
18.5
5
32.3
6.7
9.7
12.7

b

A height of the highest integral, B height of the lowest integral, A% -abundance of the highest integral isomer,
B% –abundance of the lowest integral isomer.
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CHAPTER 5
SUMMARY AND CONCLUSION

In 2013 alone, a total of 198 million malaria cases and over 580 000 deaths were reported
worldwide, with 82% of the cases and 90% of the deaths occurring in Africa (WHO, 2014).
The disease remains endemic in most sub-Saharan African countries, the Middle East, Latin
America and in South-East Asia, where communities are exposed to the highest risks
associated with malaria and yet, have the least access to effective services for prevention
and treatment of the disease (WHO, 2013).
With no licenced vaccine in the armoury against malaria to date, the treatment of this
disease has remained dependent on antimalarial chemotherapeutic agents (WHO, 2014).
Since their introduction in the early 1970s, artemisinins have continued to be the most active
antimalarial agents and have thus remained to be the basis for the current malaria treatment
regimens (Woodrow et al., 2005, WHO, 2013). They are highly potent, well tolerated in all
phases of the disease and reduce parasitaemia more rapidly than any other antimalarial
drug (Gautam et al., 2009, O'Neill and Posner, 2004). However, they suffer from drawbacks
such as low solubility, thermal instability, short pharmacological half-lives, and neurotoxicity
a character associated with their principal metabolite, dihydroartemisinin (DHA) (Woodrow et
al., 2005, WHO, 2013).
In the late 1990s, the Medicines for Malaria Venture (MMV) placed priority on the
development of new derivatives that do not metabolize to DHA and therefore are nonneurotoxic in screens and in vivo. Artemisone, a second generation semi-synthetic derivative
of artemisinin, was thereby prepared, and did not show any measurable neurotoxicity in both
in vitro and in vivo assays (Haynes et al., 2006). The drug has substantially greater in vivo
activity in rodent P. berghei and P. falciparum in primate model (Nagelschmitz et al., 2008),
making it a drug-like compound. Although artemisone has a good aqueous solubility suitable
for permeation across a biological membrane, its measured Log P value of 2.49 marks
artemisone as a polar compound. Thus it is of considerable interest to prepare more
lipophilic derivatives and to evaluate their efficacies with respect to artemisone itself (Haynes
et al., 2006).
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The aim of this study was to prepare a series of substituted artemisone derivatives with
enhanced lipid solubility profiles and metabolic stability as compared to artemisone, as well
as to assess their in vitro antimalarial activity against both CQS and CQR strains of P.
falciparum and cytotoxicity profiles against mammalian cells. The target compounds were
designed to be less polar than artemisone in order to facilitate permeation across biological
membranes
To achieve the stated aim of the study, the following objectives were set:


To prepare and characterize a series of lipophilic derivatives of artemisone



To assess the in vitro antimalarial activity of the compounds against both CQR and
CQS strains of P. falciparum.



To assess the cytotoxicity profiles of the compounds on ex vivo animal and human
cells

The compounds 6-22 were prepared in in low to moderate yields (12-38%) via nucleophilic
acylation or alkylation of the -sulfonyl carbanion derived by deprotonation of artemisone
with lithium N,N-diisopropylamine in anhydrous THF under nitrogen. All compounds were
characterized 1H and

13

C NMR and IR spectroscopies and mass spectrometry. The cLog P

values (Chemsketch computer software) of the compounds were in the range of 3.39–11,
above that of artemisone with cLog P of 3.37.
The compounds 6-22 were screened together with artesunate, artemether, and artemisone
against the asexual erythrocytic stages of NF54, K1 and W2 strains of P. falciparum
parasites, and against early gametocyte stages of the NF54 strain. Cytotoxicities of the
target compounds were evaluated against the normal human fetal lung fibroblast WI-38 cell
line.
With the exception of the highly lipophilic compounds, viz., 13 (cLog P = 8.87) and 14 (cLog
P = 11), all the remaining compounds in the series were active at low nanomolar
concentrations namely, IC50<10 nM and IC50<30 nM against the asexual parasites and early
stage gametocytes, respectively. All the target compounds except 13, 14 and 15 were even
more potent against both NF54 (sensitive) and K1 (resistant) P. falciparum strains than the
clinically used drugs artesunate and artemether.
Compounds 6-10, 12 and 17-22 with cLog P values in the range of 3.56–6.75, were
approximately 2-4 and 3-6 times more potent than the clinically used drugs artemether and
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artesunate against early stage gametocytes, respectively. At 1 µM concentration, the
compounds showed improved potency against gametocytes and asexual parasites in
comparison to the parent artemisone.
The compounds had resistance indices (RIs) (IC50 K1 or W2/ IC50 NF54) in the range of 0.4–
3.8 across the three parasite strains. Most compounds, however, had impressive RIs (IC50
K1/IC50 NF54) of less than 1.5, making them almost equally active between the CQ sensitive
and resistant parasites. In particular, compounds 6 and 16 had RIs (IC50 K1/ IC50 NF54) of
less than 1 suggesting that they were more active against the resistant K1 than the sensitive
NF54 strains. Compound 6 was the only artemisone derivative with RI (IC50 W2/IC50 NF54)
of less than 1.5 and therefore the only compound that showed no cross resistance between
W2 and NF54 in the series.
Short chain acyl and alkyl mono-substituted derivatives 7, 8, and 9 displayed overall higher
activities (IC50<0.5 nM) than compounds with longer chains while all the aromatic substituted
derivatives 17 - 22 were active with IC50 values of less than 2.7 nM. In particular, compounds
17 and 19 bearing the thienylcarbonyl substituent and compound 21 with the
methoxybenzoyl substituent were the most potent (IC50<0.9 nM) among the aromatic
substituted compounds. Generally, none of the compounds was found to be cytotoxic
meaning they are likely to display selective activity against parasites cells in the presence of
mammalian cells. It comes as a surprise that compound 15 bearing the highly lipid soluble
adamantane ring, famous for enhancing activity of synthetic trioxolanes and tetraoxanes
which incorporate that group, was among the least active compounds in the series (IC50>5
nM). This however could be explained by the general trend in the series that a marked
increase in lipophilicity tends to translate into lower activity.
Overall compounds 6 and 10 with impressive resistance index across all the parasite lines
and high selective toxicity towards the malaria parasites were identified as the best
candidates for further investigation as potential antimalarial drugs.
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APPENDIX A: SPECTRA
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