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ABSTRACT

Plasmodium falciparums respasible for ninety percent of malaria infections in sub
Saharan Africa, and the majority of malaredated deaths, with antimalarial drugs failing at
an alarming rate. To combat this deadly disease, not only are novel ispgetfic
antimalarial drugs nes#ed, but also a higthroughput method for the screening of
compounds to replace standard methodologies.
A total of 112 novel compounds from three chemical classes were assessed for antimalarial
activity against the chloroquinsensitive 3D7 strain oP. flciparum using the fHJ-
hypoxanthine incorporation assay, and their haemolytic activity against healthy red blood
cells determined. Lead compounds were examined for their effects on parasite morphology
and parasitic development; as well as their pharmagalal interactions when combined
with standard antimalarial drugs. Antimalarial mechanisms of aatiere examined using
i K S-haematin inhibitory activity, 2,2-diphenyk1-picrylnydrazyl (DPPK) freeradical
scavenging, and ferrous iron chelating activity assaysing the DNA probe
dihydroethidium, flow cytometry as a highroughput drug screening metld was
validated against the®H]-hypoxanthine incorporation assay and assessed for its ability to
determine the stagespecific activity of the compounds.
Of the three classes of compounds, the metronidazblesemicarbazone analogues were
the most active 75% of the compounds inhibited parasite growth aj Malues below 10
MM, whilst also exhibiting no haemolytic activity. The most active of whik(2-
Chlorobenzyl1-(4-(2-(1-(2-hydroxyethyl)5-nitro-1H-imidazot2-yl)vinyl)benzylidenejhio-
semicarbaide (compound Y3) (IGo value: 2.83 + 0.20 uM) was also a potent inhibitor of
i -haematin formation (16 value: 19.08+ 2.37 uM), proving to be more active than
chloroquine (I6 value: 29.64+ 3.35 uM). Similarly, metronidazolhiosemicarbazones
analogies were potent scavengers of the fresdical of DPPHwith the activity ofl-(4-(2-
(1-(2-Hydroxyethyl}5-nitro-1H-imidazot2-yl)vinyl)benzylidene}-benzyt4-methykthio-
semicarbazide(compound ¥8) (IGo value: 21.98 = 0.56 uM), comparable to thattbé
standard, ascorbic acid gfvalue: 19.31 + 2.62 pMWhen combined with quinine and
dihydroartemisinincompound ¥3 produced an additive pharmacological interaction.
Seventy one percent of the chloroquinolhsbalcones tested had 4€values below @0
UM, with (E}3-(2-chloro-7-methylquinoline3yl}-1-(pyridine-2yl)prop-2-en-1-one

\%



(compound FL3) the most active (I value: 31.31 = 0.87 uM). None of the compounds
displayed any notable activity in the antimalarial mechanisms of action tested foistwhil
also resulting in no red blood cell toxicity. When combined with quintoeppound F13
exhibited an additive interaction.

The nucleoside phosphonates, phosphonic acids and purine/pyrimidine derivatives
exhibited disappointing antimalarial activity, witonly 21% of the compounds inhibiting
parasite growth with 1§ values below 100 uM, witctompound DRI850 (currently under
patent) the most potent (I value: 13.35+ 0.38 uM). None of the compounds resulted in
any red blood cell lysis, with the exceptiof compound DRI914B(currently under patent)
(50.20+ 3.35% haemolysis at 1QM). Some nucleoside derivatives were potent inhibitors

of 1-haematin formation, with Hexadecyloxypropyl uridip €1 2-([3R4R-3,4-
dihydroxypyrrolidinl-N-yl)ethylphosphonatgcompound DRI137)(IG value: 8.29 + 1.11
puM) 3.6fold more active than chloroquine, although this did not appear to be the primary
antimalarial mechanism of action of this class of compounds. Combination studies with
qguinine produced an additive interaction, whilst combination studies with the nucleoside
transporter inhibitor dipyridamole produced addithantagonistic interactions.

In @nclusion, this study examined a wide variety of compounds and identified lead
compounds, which following structural modifications may produce potent antimalarial

drugs.
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CHAPTER 1: INTRODUCTION

1.1The global distribution and impact of malaria

Malaria continues to be oneof the greatest infectious diseasemver known placing
approximatelyhalf 2 ¥ (i K S popuiabidh Rzowr 100 countriesat risk of infetion
(Figure 1.1jwww.rollbackmalaria.org2011 WHO, 2011
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Figure 1.1: The global distribution and disease control statusof malaria

(www.rollbackmalaria.org2009.

The World Health Organisation (WHO) estimated thenier of malaria cases to be 216
million in 2010(WHQ 2011J). Africa bearghe greatest burden of malaria infectionwith
transmissionreported in all subSaharanAfrican countries (exceptLesothg (National
Department of Health 2010) Preventative programmes have proven to be highly
successfulin reducing transmissiom South AfricaOnce endemic to eastern and lowihg
northern districtsof the country malariais now limited to areas of Limpopo, Mpumalanga

and northern Kwazulu Natal, with occasional cases reported along the Molop@®eange

rivers in the NorthWest and Northern Cape provincgdlational Department oHealth

2009. In spite ofcontrol methodsbeing instituted a generalupward trend in mortality

and morbidityon the African continenhas beerobserved sine the 197@ a ® goksblg A a

due to the increasel resistance of the mosquito vector to insecticides, as well a&s th



widespread and improper use of antimalarials (Sanatesd., 2010;WHQ 2010b) Coupled
with the enormous humanitarian burden of the diseas® the economic cost of alaria
which hasresulted in aloss of appoximately 12 billion dollars, orl.3% ofthe gross

domestic producbf the Africancontinent per yeafwww.rollbackmalaria.org, 2008
1.2 Malaria life cyde and transmission
1.2.1The mosquitovector and liver stages

Malaria isan infectious diseaseaused by four species of tidasmodiunparasite, namely:
Plasmodium falcipam, P.malariag P.ovaleand P.vivax(National Department of Health,
2009) Of the four speciesR.falciparumaccouns for over 90% of infections in sit8aharan
Africaand the majority of deathsWhite, 2004 Kauret al., 2009. Malaria istransmitted to
the human host via the bite of an infected female of teophelesmosquita The
Anophelinefamily contains all specseknown totransmit malaria, with at least three
speciesresponsible for malariaransmission in Southern Africhlgtional Depament of
Health, 2009 The parasite has a complex life cycle which takes place in trsgunto
vector and both the liver anded blood cells of the human hofigure 1.2]Bozdectet al.,
2003 WHO, 2018).

1.2.1.1 The mosquito vector

¢tKS &SEdzrtf LKI &S gckis inkiaed idenNte FgmalSAndphelesh T S
mosquito ingests a blood meal from an infedtperson, duringvhichthe mosquito ingests
both female and male gametytes (nacrogametocytes and microgametocytes
respectively) (Figure 1A (Khanet al., 2005;National Department of Health, 2009 the
midgut of the mosquito the microgametocyte emerges from thel relood cell and
produces flagella, allowing each microgametocyte to seekut and fertilise a
macrogametocyte forming a zygote or ookinete (Figure 1.2EKhanet al, 2005) Once
attached to the midgut, the oocyst produces thousands of daughter cellsywiknas
sporozoites, which when releasedigrate to thesalivary glands of the mosquit@igure
1.2C)(Greenwoodet al., 2008;National Department of Health, 2009WHO, 2010p The
sexual phase within the mosquito takes betweet8 veeks and is dependent aihe

species oPlasmodiacarried by the mosquitoas well as the humidity and temperature of
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the external environmen{Greenwoodet al., 2008;National Department of Health, 2009
WHO, 2010p
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Figure1.2: The developmental stages of the malaria pargséed potentialtargets for
immune system attack (adapted fro@reenwoocdet al., 2008).

Abbreviation interferon- .

1.2.1.2 The liver stage

The sporozoites, housed within the salivary glands of the mosquito, are released into the

human host by the infecet mosquito during its next blood meal (Figure 1.2C). Upon
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entering the host the sporozoites migrate to the liver, where they invade hepatocytes
(Figure 1.2D)National Department of Health, 2009; WHO, 20)L0a the hepatocyte, the
parasite multiplies ove8-21 days, whereupon the ruptured hepatocytes release thousands
of merozoites into the blood stream, ending the asymptomatic stage of the disease known

as exeerythrocytic schizogonyNational Department of Health, 2009; WHO, 201L0a
1.2.1.3Theasexual eythrocytic stageof P. falciparum

Antimalarial drugs target all stages of parasitic depatent; however the majority of the
antimalarialsin existencetarget the intraerythrocyticstages, thereby reducinte clinical

symptoms of the diseag®lliaro, 2001)

The asexual stage begins with merozoite invasibrthe red blood ell (Figure 1.E).
Merozoites, althoughsmall in size, containllathe organellemeeded to exitthe ruptured

host red blood cell, attacto and invadea healthy red blood cellandresumethe asexual

life cycle (Bannisteret al, 2000; Hanssert al, 2010) Invasion occurs rapidly (within
approximatelyc n  aSO0O2yRavx (2 RSONBIFIaAS (GKS Nmnai 2
(Cowman et al, 2006. Following invasion dense granuleseleased from merozoite
organellesre-locate to the membrane of the parasitophorous vacualed release their
contens, therebyincreasing he surface area of the membraraad possibly initiating the
progression of the life cyclato the ringstage(Figurel.2F)(Bannisteret al., 2000; Hanssen

et al,, 2010)

Thereafter the parasite appears in the red blood cell as a-shgped form with a nucleus,
apicoplast mitochondrion, endofasmic reticulum golgi apparatusand ribosomes
contained in its cytoplasnBannisteret al., 200Q van Dooreret al, 2005 Hansseret al.,
2010. The ringstage lasts for approximately 2@ours post invasion, witlittle change in
parasitemorphology andow metabolic activityobservedduring this time $pielmanret al.,
2006) However,survival of the parasite and progression into the later stageegendat
on modificationscarried out in thisstage.In a screening afing-stage specific genaswas
found that mostgenescode forexported proteinsinvolved in host cell moddation. One
such protein the ring-infected elthrocyte surface antigens insertedinto the red blood
cell membraneallowing it to maintain its biconcave shape and wiate through peripheral

blood vesselsMills et al., 2007).0Other proteins encodednclude: membrane proteins
4



which localise to the parasitophous vacuole membranand may play a role in parasite
and host cell interactionsas well agroteinstransported to the red blood cell membrane
which affecthost cellpermeability (Spielmannret a., 2003 2006. Facilitating the sorting
storageand transportof the variousparasite proteirs to the red blood celnembrane are
a4 0 NHzO G dzNB & | ¢ QefisyCodkekt ala 2002NEpixtkeet al, 2006 Tilleyet al,
2011). Transition from the ing- to trophozoite-stage is markedby the appearance of new
permeation pathwaysproteins responsible fothe cytoadherenceof infected red blood
cells to microvasculatures well ashhaemoglobin ingestioand breakdownSpycheret al.,

2006 Coppenst d., 2019 Hansseret al., 2010Q.

In contrast to the low metaboliactivity of the ringstage, parasitic metabolic processes
peak in the trophozoitestage (Figure 1.2G), one of which hest cell haemoglobin

degradation(Figure 1.3)Bozdectlet al., 2003 Hansseret al., 2010)

Red blood cell
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membrane
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Y/ Parasite cytosol \

pH=74
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() Y TP
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Figure 1.3Haemoglobin digestion within the food vacuole of the malaria pargSikenner
Adamset al., 2009) Where: Hb = haemoglobiPMM1AAP andPM17LAP =
Plasmodium falciparumM1-family alanyl aminopeptidase and Mi&mily

leucyl aminopeptidase, respectively.

5



During the blood phase the parasite digests up to 80% of all haemoglobin present in the red
blood cell(Egan 2008) The process of haemoglobin digestion occurs when portions of
haemoglobincontaining erythrocyte cytosanter the parasite via cytostomgslansseret

al.,, 2010; Tilleyet al., 2011), whichare doublemembraned invaginations of the parasite
plasma and pargitophorous vacuolar membranesgzaruset al, 2008; Hanssemet al.,

2010) Following internalisation fahe haemoglobin, haemoglobicontaining vesicles bud

off from the cytostome and fuse to the food vacudgkgure 1.3ifSullivan, 2002; Lazare$

al., 2008 Tilleyet al., 2011) The food vacuole is a highly acidic compartment with a pH of
approximatey 5, and contains various parasitic proteases responsible for haemoglobin
degradation(Figure 1.3tiv) Banerjeeet al.,, 2002; Egan, 2008kinnerAdamset al., 2009).

The products of the digestion process include haem Fefll)-protoporphyriniX and
peptides Chemalyet al., 2007 Egan, 2008)The lost derived peptiesare brolen down
further into small dipeptides (Figure 1.3iv) and then transported into the parasite cytosol,
possibly by an AT&ependant membrane transporter (Figure 1.3v). Whereupon they
further digested into amino acids (Figure 1.3whd used for parasite protein synthesis
(SkinnerAdamset al., 2009)

The haem rekased by haemoglobin catabolisshighly toxic to the parasite and may move
from the food vacuole into the parasite toplasm where it undegoes redox reactions to
form reactive oxygen species (RO3)e Tron present in haem ialso capable of reacting

with oxygen to form ROS via the Fenton reactiigyre 1.4. Intracellular ROS attack
parasitic macromolecules such abl® and proteinsand cause lipid peroxidation {(Mer,

2004; Zharet al., 2006) The toxic haem must, therefore, be detoxified by the parasite via
biomineralisation to form the inert polymer, haemozoin, or daded by glutathiond GSH)
(Figure 1.4) (Mller, 2004; Garavitet al., 2007) In addition, he parasite isalso under
constant oxidative stressdm ROSINE2 RdzOSR o6& (KS KMided, 2004) A Y Y dz
In this manner, ntracellular ROS levels are controlled via enzymatic andemagnatic
parasitc defence systems (liller, 2004; Rasolosoet al., 2004) The first line of enzymatic
defence is a family of copper/zinc, iron and manganese metalloproteins, known as the
supenxide dismutases (SODSs) i{lMr, 2004; Rasolosoet al, 2009. SODs catalyse ¢h
reaction which forms hydrogen peroxide and oxygen from superoxide aifibgare 1.4)

The reduction of hydrogen peroxide to water and oxygen is catalysed by the second
6



enzymatic defence system, the peroxidases. Hier includehaemperoxidase catalas

GSHdependant peroxidises and thriedoxindependant peroxidises (Mler, 2004)

2
Polymerization into HbO-Fe O
haemozoin Digestion by
\ Proteases
/ FP IX(Fe"/Fe")#—— MetHb-Fe™ O—— > H.O, + O,
Release into cytosol - Y
Membrane damage/Redox active 0, +'OH + OH
Lipid peroxidation
Fenton reaction ROOH \ /‘ RH
O; + Fe"—* 0, + Fe" . Chain reachon v
Fe“ + H,0,—* Fe"+"0H + OH~ ROD‘ H:0

Figure 1.4 Sources of reactive oxygen species and-ariilant systems irP. falciparum
(adapted from Muller, 2004). AbbreviationsFP IXferriprotoporphyrinIX
(haem) HbOFE', oxyhaemoglobin containing haem; MetHEe™,

methaemoglobin containingdem; SOD, superoxide dismutase.

In order b cope with theincreasedprotein synthesis and metabolic processes the
trophozoite- and schizonsstages, various internachanges occur in the parasit®otably an
increase in the number of ribomes, enlargement of the endoplasmic reticulland Golgi
apparatusand lengthening of the mitochondrion and apicoplagBannister et al., 200Q
Hanssenet al., 201Q. The apicoplastan important target in drug development, houses
various metabolic processes such as isoprenoid and a type Il fatty acidyntheic
pathway, which utiliseproducts of glycolysis impted from the parasite cytosolQoppens
et al, 201Q Lim and McFadden, 201L0Ehzymes involved in the haem biosynthesis
pathway and ron-sulphur cluster biosynthesi©iave also ben localised to the apicoplast
(Beckeret al., 2004;Limet al, 201Q. The close association betwedne mitochondrion

and apicoplast during asexual\ddopmentfacilitatesthe transfer of metaboles between
7



the two organellesan Doorenet al., 2005 Limet al., 201Q. The mitochondrion ofP.
falciparumcontains enzymes involved in electron transport, theiciacid cycle as well as
ubiquinone biosyithesis Beckeret al., 2004 Hyde, 200% Another key enzyme of the
folate pathway dihydropteroate synthase (DHPS), has been hypothesised to be located in
the mitochondrion,apicoplastand nucleus(Hyde, 2005Mdiller et al., 2010Q.

The folate pathwayis crucial for parasite growth. tl involves the conversioof D ¢ t X
aminobenzoic acid' { . ! 0 -glutaRate'into cofactors necessary for various metabolic
pathways, such as DNA syatliis and amino acid catabolislyde, 2005; Changand
AbdennebiNajar, 2011) P. falciparums incapable ofle novopurine synthesisnd requires
specialised purine transporterdecated on the parasite plasma membrane, as well as a
unique set of purine salvage grmes to scavengthe host-derived purinegSection 5.1§El
Bissatiet al., 2006; Downieet al., 2008) In contrast to pume salvage, the parasite relies

on de novosalvage of pyrimiding(Section 5.1JHyde, 2007Janaand Paliwal2007).

As the parasite moves from tHate trophozoite into the schizontstage(Figure 1.2H)the
rate of DNA synthesis becomes exponentiaénticipation for nuclear divisiofde Rojaset

al.,, 1985) Ingestion of hostlerived haemoglobinantinues well into the schizordtage,
until virtually allof the available haemoglobin has been digested, formingrgel compact
haemozoin crystalBanniste et al., 200Q Hansseret al., 201Q. Similarly the expression
and export of parasite proias continues into the schizorstage Poteins exported to the
red blood cell membrane distort the membrane so tlaatincrease i | y@ 60laNE @A a dzl
at the surface(Figure 1.5) Sme proteins such aghe ring-infected eythrocyte surface
antigen are produced in he late scizont-stage and stored in apical organelliedlowing
merozoite formation Bannister et al., 2000; Marti et al, 2005) The nucleus ofP.
falciparumcompletes approximately 4 divisionsjth the peak in DNA synthesis between
33-45 hours indicating that each newly synthesised DNA moleculees as a template for
the next fle Rojast al., 1985; Bannisteet al., 2000) From the 4 divisits, approximately
16-20 individual nuclei may be forme@|though as many as 32 may be formdh(nister

et al., 2000; Hansseat al, 2010) Accompanying nuclear division is multiplication of the
mitochondrion and apicoplasts well asproliferation of the endoplasmic reticulunand

ribosomes. As the maturation of the merozoites proceeds, the apical organelles are



assembled and a nucleus, mitochondrion and apicoplast move into each merozoite from

the schizont cytoplasm (Figure 1(Bannisteret al., 200Q Hansseret al., 2010)

Pigment crystal

RBC membrane

Nucleus
Knobs

Apical organell

Mitotic spindle
Mitochondrion

Apicoplast
Merozoitebuds

Figure 1.5 Internal structure of aP. falciparumlate schizont, depicting parasitand red

blood cell structureBannisteret al., 2000)

The merozoites are then separatéy a constriction ring andripnary rupture ofred blood
cell membrane occurs, releasing parasitophorouscuole membraneassociated
merozoites Following which a secondary rupture of the parasitophorous vacuolar
membrane probablydue to protease activityreleaseshe invasive merozoite@-igure 1.2I)
which willinfect new red blood cell]gherebyrepeating thelife cycle(Figure 1.2E{Matrti et

al., 2005 Soniet al., 2005;Hansseret al., 2010)

1.2.1.4Thesexual erythrocytic stage dP. falciparum

Someasexuaistaged parasitesmay also differentiate o gametocytes(Figure 1.2), a
process takingbout 12 dagin P. falciparumA number of conditions are known to induce
gametocytogenesis; certain antimalarial drugs, sashchloroquine and young red blood
cells in circulation. Commitment to gametocytegesis appears to occur in the late
schizont or early ringstagein the generation preeeding gametocyte formatigindicating

some form of signalling pathway must be involved in gametocytogeri@sisdineret al.,
9



2005) Gametocytes do not contributeo the symptoms of the diseasépowever they do
persist in the blood strearfor weeks contributing to the spread of the disease as well as
antimalarial drug resistanc@Virth, 2002; National Department of Health, 2009%VHO,
20100).

1.3 Antimalarial prophylaxs and treatment

The WHO aims to reduce the numberroélaria casedy 75% by 2019WVHO, 201} The
control of malaria falls into two classes, prevention and treatm@WHO, 201} The
prevention of malaria has a further two divisions, personal protectmathods and
prophylaxis. Personal protection methods include reducing exposoréhe mosquito
vector, such asnosquito repellents applied to the skin, insecticide impregnated bed nets
and the sprayingf dwellings with insecticideslowever, insecticidescome with their own
health risks and the mosquito has rapidly developedsistance to insecticides, as is the
case with pyrethroidand dichlorodiphenyltrichloroethane (DDTgsistance in parts of
Western and EasterAfrica (Abdallaet al., 2008;WHO, 201). Insecticide resistance was
Ffaz2 20aSNIBSR Ay {2dziK ! TNRAOI Ay (GKS 4GS
malaria inSouth Africa irb0 years attributed to the resistance of tfnopheles fenestus
vector to pyrethroid insecticidessed to spay dwellinggCoetzee & Fontenille, 2004)he
addition of prophylaxis to personal protection methods is usually recommended in high risk
populations such as pregnant women, children, the elderly as well as immune
compromised individuald\ational Departrent of Health 2009) The choice of prophylaxis
must be tailored to the geographical regioas well as to theindividual (National
Department of Health2009)

Subsequent tdhe failure of preventative measurgthe correctand timeoustreatment of
malara is vital The symptoms of malaria generally present within2Ddays followingn
infection and are often nonspecific and easily confused with other diseases such as
influenza,hepatitis and tick bite feverNational Department of Healti2010) Diagnais of
malaria can therefore not only rely on a clinical assessment, a blood test should be carried
out to confirm the diagnosis and percentagarasitaemia as well the speciesf malarig

so that an appropriatéherapeutic regimen can be implementégNational Department of

Health, 2010) Rapid diagnostitests are also availabléor P. falciparumand P. wwvax
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detection, and are based on their ability to detect parasite antigens such adimgstich

protein 2or parasitic lactate dehydrogenagdationalDepartment of Health2010)

If promptly detected and appropriately treatethtality due to uncomplicated. falciparum
infection is low However, if not, there is a rapid progression into severe ara and at this
stage the risk of mortality approacke 100% (WHO, 2010p Progression from
uncomplicated into evere malaria is characterised by a high parasitaem#&43or higher),
respiratory distress, lactic acidosis, haemoglobinuria, anaemia, convulsions andaitbma
resultant organ failurg¢National partment of Health, 2010; WHO, 200)0bThe cause of
the clinical fatures of severe malaria appeato be partly mediated by the release of
inflammatory cytoknes by the immune system thawhen uncontrolledinduce pathology
in both the host and parast & well as the sequeste of parasites in vital orgassich as
the brain, resulting inhe obstruction of blood flowElarkand Cowden2003 Alonso, 2006;
Sauerwein, 2009)

The treatment of P. falciparummalaria relieson the use of two or more amhalarial
agents, with differing modes of action, in order to combat the risk of treatment failure and
drug resistance (WHO, 2010uurrently artemetherlumefantrine is the firstine and
most widely used treatment for uncomplicateel. falcparum malariain most countries,
including South Afrigawith a combination of quinine and eitr doxycycline or clindamycin
recommended as a second line treatme(Rosenthal,2009; National Department of
Health, 2010; Vinetet al.,, 2011) In the case of pregnant womequinine and clindamycin

is used as the first line treatment, with artemethlermefantrine recommended only in the
second and third trimesters due to insufficient safety informatidRogenthal,2009;

National Department of Health, 2010; Vinetizal., 2011).

For severeP. falciparummalaria, intravenous quining the treatment of choice in South
Africa Parenteral artesunate is recommended by the WHO as the treatment of choice for
severe P. falciparummalaria, partially due to the fact that it does no¢quire cardiac
monitoring or a slow infusion like quinine, but is currently the seclmel treatment in
South AfricaNational Department of Health, 2010VHO, 2010b). Both treatmenshould

be administered for a minimum of 24 hours, following whiehfull course of quinine plus

doxycycline/clindamycin or artemethdumefantrine should be givento ensure total

11



parasite clearance (National Department of Health, 2010; WHO, 20Fair) mixedP.
falciparuminfections, treatment follows that oP. falciparuminfections with the addition

of primaquine to clear tissue schizontocides (National Department of Health,.2010)

Compounds used for the prophylaxis and treatment of malaaa be classifiednto 5
groups basedon similar mechanisms of acticand include the quinolines, antifolates,
napthoquinones, antibacterials and artemisistype compounds (Olliaro, 2001Yhese
compoundgtarget various siges of the parasitic life cyckich as: the asexual blood stage
(blood schizontodes), the liver or exerythrocyticstage (tissue schizontocides), the sexual
blood stage (gametocytocides) and the developmental stages within theqoito vector
(sporontocides) Yangapanduet al., 2007 Rosenthal,2009. With blood schizontocides
actingto combat the clinical sympins of malaria,tissue schizontocides acting to combat
development of infection past the liver stagggmetocytocides inhibitingfansmission from
the host to the mosquitoand sporontocides acting to inhibiransmissionfrom the

mosquito to the hostVangpanduet al., 2007)
1.3.1Quinolines

Chloroquine, amodiaquine, quinine, mefloquine and lumefantriRgure 1.6)are blood
schizontocides and exhibit no gametocytocidal effts against mature gametocytes.
Chloroquine may even increase infectivity mature gametocytes Butcher, 1997 WHQ
201M). Primaqune exhibits little blood schizontocidal activiand is used primarily as a
tissue schizontocide, sporontocidend gametocytocidal agentt lis reportedly adive
against mature gametocytesshilst al® accelerating gamecyte clearance (Butcher, 1997,

Vangapadu et al., 2007;WHO, 2010p

The quinolines are a large family of antimalarial drugs comprising dum@idoquinolines;
chloroquine and amodiaquine, the aryl amino alcohols; quinine, mefloquamel
lumefantrine and theB-aminoquinoline primaquine (Figure 1.®)l(iaro, 2001; Biagirat al.,
2003; Vangapandet al., 2007).The 4aminoquinolinesand aryl amino alcohols are both
weak bases; howevethe 4-aminoquinolines are hydrophilic at neutraHpwhereas the
aryl amino alcohols are lipophilic at neutral pHhey exhibit similar antimalarial
mechanisms of action, albeit differemteractions with their targets@lliaro, 200). The

predominant antimalarial mechanism of action for these two growgppears to be
12



interference in the haem detoxificatioprocess resulting in inibition of haemozoin

formation Qlliaro, 2001; Biagimt al., 2003; Vangapandet al., 2007)
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Figure 1.6Chemical structures of the quinoline family of antimalar{®&0, 2010b)

Other mechanisms of actiomhich have been proposddclude: intercalation in to parasitic
DNAtherebyinhibiting DNA replication, inhibition of protein synthesas well as inhibition

of lipase and aspartic pteases within the food vacuolélowever, these effects may only

be achieved at high drug condeations (Olliaro, 2001)t has been shown that chloroquine

is also capable of depleting GSH major antoxidant defere system of the parasite,
resultingin parasitedeath due to oxidativestress (Miller, 2004) The 8aminoquinoline,
primaquine, does not appear to play a role in inhibiting the formation of haemozoin, as is
the case with the other quinolines. In contrags mechanism ofction appears to lie in its
ability to act as a preoxidant, generating reactive oxygenespes within the red blood cell

which attack parasite macromoleculégangapandet al,, 2007; Basset al., 2011)
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1.3.1.1Efficay and side effects

Chloroquine has been rendered virtually obsolete agakhdtalcipaum due towidespread
resisance White, 2004; Jana and Paliwal,2007; Vangapanduet al, 2007%. Whilst
amodiaquineusagewas initially discouraged due to sidéexts such as hepatoxicity and
agranulocytosisit has beerreconsidered as a possilkdatimalarialsince the emergence of
chloroquine resistanceHowever, crossresistance in chloroquineesistant P. falciparum

strains may occur (Biagiet al., 2003; Kerlet al., 2009; WHO, 2010b).

Mefloquine remainsmostly effective against. falciparum induding strains resistant to
chloroquine and sulpddoxinepyrimethamineg and is used as a prophgtac agent in South
Africa. It should béaken weekly, starting one week before exposure, during exposure, and
for four weeks afterwards (National Department Health, 2009) However, mefloquine
resistance has emerged areaswhere it is widely usedsuch as Soutkast Asia, and in
such areas it is no longer recommended for prophylaxis or in treatment regimens

(Rosenthal2009; WHO, 2010b).

Mefloquine usagemay result in various adverse effects such amseuropsychiatric
disturbances and is also known to interfere with the metabolism afti-epileptics. 1 is
therefore contraindicated for use in persons suffering from central nervous system
disorders or epileps (Rosenthal2009; Rossiter, 2010The concomitant use of mefloquine
and chloroquine is contraindicatedvith chloroquinenot only used as an antimalarial
agent, but alsoto manage conditions such as rheumatoid arthritis and systemic lupus
erythematosus(Rosenthal 2009; Rossiter, 2010l addition, quinine and mefloquine are
also contraindicated. In both cases,serious adverse effectsuch as cardio and
neurotoxicity are observed, with quinine also possiblgibiting mefloquine metabolism
(National partment of Health, Q09; Rossiter, 2010)

Quinine remaingffective againsP.falciparum however, cases ajuinine resistance have
been reportedin SouthEast AsigRosenthal2009 National Department of Health, 2010
A common side effecbf quining affecting up to 70% of patientss cinchonism (tinnitus,
hearing impairment, headach@ausea giddinessblurred visiof; whilstless commorbut

seriousside effects include hypoglycaemia and cardiac arrhythrfhegional Department

of Health, 2010;Rassiter, 2010; WHO, 2010b).Due to its preoxidant properties
14



primaquine can cause haemolysis éd SY2t @ GA O Fy I SYALF Ay - LI (A

6-phosphate dehydrogenase (Kezbal., 2009; WHO, 2010b).
1.3.2 Antifolates

Antifolates (Figuire 1.7)act asblood and tissue schizontocidesd are active against all
asexual and early intrahepatic stages of the parasitebut appear to hae no
gametocytocidal activity Butcher, 1997; Vangapandet al, 2007. Pyrimethamine,
proguanil and chlorgrguanil act as sporontocidesy lreducing oocyst numbers in the
mosquito vector, either through direct damage toetloocyst or inhibition otlevelopmern
(Butcher, 1997; WHX01M).
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Figure 1.7Chemical structures of the antifolats Q b SA f £ | y\RHQ, 2080i)S NI

The antifolateshave comprisal of some of the most extensively usedtanalarial drugs
(Olliaro 2001). ey can be classified into two classes, depending on which enzyne of t

folate pathway they inhibit (Olliaro, 2001)

The typel antifolates; dapsoneand sulpladoxine inhibit dihydropteroate synthase
(DHPS)thereby preventingde novofolate synthesis Rosenthal,2009; WHO, 2010h
Whereas the type-2 antifolates, pyrimethamine, proguanil and chlorpregil are
competitive inhibitors of dihydrofolate ductase (DHFR), a key enzyme involved in folate
salvage,as well asnucleotide and methionine biosynthesisvangapanduet al., 2007;

Rosenthal, 2009) Type 1 and 2 antifolates are used in combination thergpies
15
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predominantly with each othemyith one inhibtor synergisticicallpotentiating the activity
of another, resulting in a sequential blockade of the folate pathwilygila, 2006Rosenthal
2009)

1.3.2.1 Combination therapies

Sulpladoxinein combination with pyrimethamine (S®jas one ofthe most wicly used
antimalarial therapiesfollowing the emergence ofchloroquineresistance However
resistanceo SPhasrapidlyemerged, such that the combination is no longexcommended
for use inmanycountries, includingouth AfricdRosenthal2009 Nationd Department of
Health, 2010. In addition, sde effects of SR Stevenslohnson syndrome, epidermal
necrolysis ad erythema multiformehave curatailedts useasa chemoprophlactic agent
even in areas where resistance has not yet develofitmsenthal 2009). The combination
of dapsone and ldorproguanil(Lapday®), metabolised in the liver to its active comporten
chlorcycloguanilyas fornulated as an alternative to SRZila, 2006fanelloet al., 2008
Rosenthal,2009). Hwever, SP cross resistanas wdl as concerns about drug safety,
particularly in glucosé&-phosphate dehydrogenasedeficient patientshas resulted in this
combination no longr being usedKremsnerand Krishna2004; Rosenthal 2009; WHO,
2010b).

Prophylaxis with a single folate antagst is no longer recommended due to antimalarial
drug resistance, such thatrgguaniland its acive metabolite, cycloguanifre no longer
used as monotherapgr in combination with chloroquineRosenthal2009; WHO, 2010b)
Proguanil is now used in cdmmation with atovajuone inboth prophylaxis and treatment
regimens,and is higly effective and well tolerated. dwever, the regima is very costly
(Kremsnerand Krishna2004;Rosenthal2009; WHO, 2010bTurrently the regimen is only
registered for prophylactic usein South Arica, with adaily dosetaken one day prior to
exposure, during exposey and for seven days after returning from a malaria giéational
Department of Health, 2009; Rossiter, 201Dhis regimerhas the best safety profile of all
antimalarial prophylactics, together with improved compliance due to the shorter dose
regimen (National Department of Health, 2009; Rossiter, 20I8)acyclines, opids,

paracetamol, laxativesifampicin and antidiarrhoeal agents are contraindicated fase
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with atovaquoneproguanil as they decrease the plasma concentration of atovaquone
(Rossiter, 2010).

1.3.3 Napthoquinones

Atovaquone(Figure 1.8)s a tissue schizontocide, sporontocide and blood schizontocide
(Rosenthal2009; WHO, 2010blt is abroad spectrum antiplasmodial drug acting to inhibit
the electron transport chaiof P.falciparum resulting in the disruption of the regeneration

of ubiquonone which is the electron acceptor for dihydroorotate dehydrogenase, a key
enzyme of pyrimidine bsynthesifWHO, 2010b; Hughex al., 2011 Vinetzet al., 201). It

is notused as monotherapy due to the rapid spread of resistance, and astssalised in
combination with proguani{Rosenthal2009; WHO, 2010b)Atovaquone igenerally well
tolerated and is also used to treat pneumonia caused Rneumocystis jirovée an
opportunistic infection commonly seen in human immunodeficiency virus (HIV) positive
persons, as well afoxoplasma gondiithe causative agent of toxoplasmogRosenthal

2009; Higheset al., 2011)

Atovaquone

Figure 1.8Chemical structure of atovaquone, a napthoquingWeHO, 2010b)

1.3.4 Antibacterials

Doxycycline and clindamycifrigure 1.9)are slowacting blood sclziontocides, with no
gameocytocidal activity Dahlet al., 2006 Rosenthal,2009) Doxycycline belongs to the
tetracycline group of antibiotics arild commonly used with a fast acting antimalagalts
antimalarial activity only occurafter one asexualycle or approximately & hours Dahlet

al., 2006; Greenwooet al., 2008; Vinetzt al., 201). Its mechanism of action appears to
17



lie in its ability to inhibitprotein translation in the apicoplast, thereby inhibiting protein
synthesis Rosenthal2009; Vinetzt al., 201). Gindamycin acts as a translation blocker in
bacteria and appears to target rRNA of the apicoplasPl@smodiumand, in a manner
similar to doxycycline, results in parasite death only in the second asexual cycle of blood

stages of the parasitésoodmanet al., 2007 Vinetzet al., 2011).
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Figure 1.9Chemical structures of doxycycline and clindamy@itiO, 2010b)

1.3.4.1 hdications and side effects

Doxycycline iseconmended by the centres for disease control and prevention as a
prophylactic agent and is currently used as a chemoprophylactic agent in Strigh It is

the recommended prophylactic agent for Hbdsitive persons oantiretrovirals as no drug
interactions with antiretroviral regimens have been noteédational Department of Health,
2009 Vinetzet al, 201). Doxycyclineshould betaken daily, starting one day before
exposure, during exposure, and for fomeeks afterwards (National Dagment of Health,
2009). In addition, its also used in combination with quininerfthe treatment of P.
falciparum malaria Rosenthal,2009; National Department of Health, 200%lowever,
doxycyclineas contraindicated in pregnant or lactating women and childterder the age

of eight as it interferes with bone growth and may cause raised intracranial pressure

(National Department of Health, 200®%/HO, 2010bVinetzet al., 201J.

Clindamycin is safe for use in pregnant women and children, and in these cases is combined
with quinine to treatP. falciparummalaria. Side effects of clindamycin include mainl
gastrointestinal disturbancedhowever, some fatalcases of pseudomembrans colitis
have been reported (WHO, 2010b)
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1.3.5 Artemisinin and its derivatives (endoperales)

The artemisiningFigure 1.10) act as blood schizontocides against all asexual stades
also exhibit gametocytocidal aetiy against young gametocytesyaking them invaluable

antimalarial druggRosenthal2009;WHO, 2010h
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Figure 1.10Chemical structures of artemisinin and its seayithetic derivatives

(WHO, 2010b)

Artemisinin is an extract dkrtemisia annugsweet wormwood) andhas been used in China
as an antpyretic agentfor over a thousand years, andas first available for commercial
useA Y (i K §Mashhigkn20GR)Since the discovery of the potent antlarial effects of
artemisinin, various sensiynthetic derivatives have been made available for use namely;
dihydroartemisinin, artemether and artesunate (Olliaro, 200The originatheoriesof the
antimalarial mechanism of action of artemisinin anddesivativeswere that cleavage of
the endoperoxide bridge by free intraparasitic haess a result ohaemoglobin digestion,
generated free-radicals which alkylate proteins and damagk membranes and that
artemisinininhibited haemozoin formation via théormation of adducts with haem (Pandey

et al, 1999;Meshnick, 2002; Biagiet al., 2003).

However,these mechanisns of action werequestioned when localisation studies showed
that artemisinin accumulatedutside of the food vacuole. In additioartemisnin and its
derivatives are active againghe early ringstageof the parasite, where no haemoglobin
digeston occurs Krishnaet al, 2008) The mostrecent hypothesis is that artemisinin
inhibits a calciumdependant ATPase &f. falciparum(PfATPH which has beerocalisal to

the endoplasmic reticulumKtishnaet al, 2010; Vangapandet al, 2007) Calcium
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signalling is vital in all stages of the parasitic life cycle and is involved in regulation of

invasionof the red blood cell, motility and intraflular developmentKrishnaet al., 2010Q.

Artemisinin has now largely been replaced by its derivatives dihydroartemisinin,
artemether and artesunatdWHO, 2010b The WHO states thatrtemisinin derivatives
shodd never be used as monotherapyn order to reduce the risk of widespread
antimalarial drug resistanc@VHO, 2010b), withimited cases of resistance to ansinin
and its derivatives recentlyeported on the Thailan€Cambodia borderand in Myanmar
and Vietham(WHO, 2010bWHO, 201)1 The choie of ACT depends on the tolerability of
the combination, as well as levels oésistance to the partner drugW(HO, 2010
However, as is the caswith all ACS, the short haHife of the artemisinin derivative leaves
the partner drug and its metabolitesulnerable to the development of resistance
(Kremsrer and Krishna2004; Kerket al., 2009)

1.3.5.1 Combination therapies andde effects

Artemisinin and its derivatives appear to be generally well tolergteerb et al., 2009)
Some Type | hypersensitivreactions have been reporteds well as someeurotoxicity in
animal trials;however neurotoxicity was not noted in humarals Kerbet al., 2009;WHO,
2010b. In patients ceinfected with HIVthere is an increased risk that artemisinin may
decreasethe efficacy of HIV medicationyhilst alsoincreasng the risk of drug reactions
(Kerb et al., 2009) Four combination therapies are currently in wiggead useand

recommended by the WHQRosenthal, 2009WHO, 2010b)

Artemether is commonly used in comlation with lumefantrine, the short half life of
artemisinin derivatives leave residual parasites which are then cleared by a slowly
eliminated drug such as lumefantrine, which readalflife of three daygKremsnerand
Krishna,2004; WHO, 2010b)This ombination is higly effective and well tolerated
(Kremsnerand Krishna2004;Rosenthal2009).

Artesunate isalsocommonly used in combination withnaodiaquine or mefloquine or SP
(WHO, 2010b)However combination regimens of artesunate plusnodiaqune have
shown to caus@eutropenia,a side effect attributed to amodiaquinghich is worsened in

HI\tinfected persons (Kremsnemd Krishna2004; National Department of Hetd, 2010;
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WHO, 2010b). Additionally, hepatotoxicity has been reportedhen artesunate plus
amodiaquineand efavirenzwere taken concomitantlf\WWHO, 2010b)Clinical tials of
artesunate plusSP have shown the combination to be maféective than SP alone and
well tolerated; however, it is nb recommended in most countriedue to widespread SP
resistance Rosenthal,2009; Kremsneiand Krishna,2004). Artesunate plusnefloquine
appears to be safe and highly effare, however as with most A€T is costly Kremsner

and Krishna2004)
1.4 Antimalarial drug resistance

Owing to stringentmalaria control campaigns the disease was virtually eradicated by the
SFNI & mMopcnQazr K2gSOSNI YIEFNARI KFa adl 3SR
one of the biggest Killers in the tropi@®¥angapanduet al, 2007) Antimalarial drug
resistances particularly worrying due to the massive distition of malaria worldwidethe
degree of mortality attributed to the diseasas well as the time and associated costs of
developing replacements drugg/HO, 2010h Resistance has been reportea all widely

used antimalarials, such as: chloroquine, amodiaquine, mefloquine, quininen&mPnore
recently, artemisinin derivativegWWHO, 2010b WHO, 2011 Drug resistance may be
geographically localised, as is the case with mefloquine, amodiaganemisinn and
quinine, or more widespread as with chloroquine and (8O, 2010p It appears as if
drug resistance is perpetuated in two waydrstly,by the use of an antimalarial to which
partial resistage has already occurred, ascibnfers an advantage togpasiteswhich are
resistant to the drug, with these parasites also shotenproduce higher gametocyte
numbers This is compounded by antimalarials which induce gametocytogenesis, such as
the antifolates,which further promoteghe transmission oflrug resstant parasies (Vinetz

et al,, 201). S=condly, gametocytes which carry drug resistant genes are shown to be more
infectious, by producing more oocytes within the mosquds well ady infecting a higher
percentage of mosquitoefButcher, 1997 WHO, 2Q0b). Genetic mutations on parasitic
chromosomes confer antinh@ial drug resistance byaltering drug transport and
accumulation within the parasite, as is the case with chloroquine, amodiaquine, quinine
and mefloquine O by reducing the affinity of therdimalarial drug to theparasitic target,

as is the case with pyrimethamine, cycloguanil, sulphonamadesatovaquoneKerbet al.,

2009 Rosenthal 2009;Vinetzet al, 201). Antimalarial drug resistance provides a major
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challenge to the treatment of mlaria, with treatment failure resulting in a rapid disease
progression and enormous increase in the risk of mort@Qif§H0, 2010b)This has initiated

the urgent development of novel compounds with unique mechanisms of action against
the parasite, that, wbn combined with current antimalarial treatments have a favourable

interaction.

1.5The future of mdarial prevention and treatment

Thus far malaria preventativanethods include personal protection methods and
chemoprophylaxis; a third possible ogb is an antimalarial vaccine. Owing to the massive
resurgence of malaria and the spread of drug resistance, the global fight against malaria
has increased to include development of an antimalarial vac€iihe RTS,Slinical trials
partnership 201]). Vacine developmenthas concentratedon targeting stagespecific
antigens present in the sporozoite, tissue and asexual stages, as well as the blockade of
transmission of gametocytes and gametéBigure 1.2) (Greenwoodet al, 2008;
Greenwood and Targett, 2@). In high malaria transmission areas of Africa, children who
surviveP. falciparuminfections in early life rarely develop ssre malaria in later infections
(Sauerwein, 2009). This clinisamunity appears to be as a result of a combination of both
naturally acquired immunity mediated by host antibodies targeting parasite projeass

well as the production of cytokinesuch as interferon, which act to inhibit parasite
growth mainly in the liver stag@-igure 1.2) (Greenwood and Targett, 2009; Sauerwein,
2009)

Attempts to develop a vaccine against malaria began over 50 yearsaghothe Spf66
experimental vaccine showing promising ults. Spf66 was a synthetic vaccine composed
of amino acid sequences derived from the falciparummerozoite circumsporozoite
protein and was designed to act against the asexual stage of the parasitic life cycle (Amador
et al.,, 1992). Spf66 was shown te I30% effective in providing immunity against the
disease; however, thisvas not validated in lateclinicaltrials (Greenwood and Targett,
2009) More recently, the RTS,S vaccine, a-salt vaccine composedf a polypeptide
segment of thecircumsporozoi proteinfused to the hepatitis B surface antigen, designed
to act againsthe liver stage of the disease, has displayed psimg results Greenwoodet
al., 2008; Vanderberg, 20p9Results from the RTS,S vaccine driebnducted inAfrica
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showed that tle vaccinewas approximately 506 effective in reducing the risk d.
falciparum infection, whilst also reducing the risk of developing severe malaria by
approximately 35%n children aged between-62 weeks and A7 months(The RTS,S
clinical trials prtnership, 2011)

Another vaccinetrial using the rodent malaria modelPl@smodiumberghei)examined the

ability of genetically modified wholeP. berghei sporozoies, viable sporozoites
administered together with a prophylactic agent such as azithromycinmpgyhamine,
primaquine or chloroquine andver-irradiated smrozoitesto provide protective immunity
(Friesen and Matuschewski, 2011). Friesen and Matuschewski (2011) found that genetically
modified P. berghei sporozoites and viable sporozoites adminisikrtogether with
azithomycin provided a high degree of protection (80%4)ereasover-irradiated P.berghei
sporozoites failed to elicany protection against the diseadeespite the promising results

of these trialsyaccine candidates have beenableto re-produce the samesffect as the

clinical immunity developed from multiple exposures (Vanderberg, 2009)

An alternativetherapeuticstrategyincludedintermittent preventative treatment, wherein
high-risk populatonssud as pregnant women and infanése intermittently treated with a
prophylactic agensuch as SFhas shown to reduce alaria infection by 60% in infants
(Alonso, 2006; Greenwood and Targett, 2009). However, a concern with this stistiegly

antimalarialdrug resistancéas limitedthe numberof medications available

The current lack of a eaine, as well as the increase antimalarial drug resistance, has
made itimperative to develop new effective antimalaridfugs that are target specific
Drug development may be achieved byeneamining existing antimalarials or by developing
new drugs which act on previously expéal or novel parasitic targetgFigure 1.11)
(Vangapandtwet al., 2007 Greenwoodet al., 2008) The efficacy of existing antimalarials
could be improved upon by syregkising derivatives with various side chains substitutions;
or by combating drug resistance by the inclusiofi a resistance reversal agent
(Vangapandwet al., 2007) An exampleof an exploited parasitic taget includes the folate
pathway.The addition ofa third drug,capable of inhibiting other pr@sses in the pathway
and acting synergistically with available antifolate combination therapiesay be a

possibiity to kerb folate resistanceBfaginiet al., 2003; Greenwooét al., 2008).
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Figure 1.11:Drug targets withinP. falciparum(adapted from Greenwoockt al., 2008)
Where: DHODH =dihydroorotate dehydrogenaseDHFR = dihydrofolate

reductase ER = endoplasmic reticulum.

Novel parasitic targets include: new permeation pathways, transporters, proseag@in

the food vacuole, the mitochondrial siem, the apicoplast, as well as protein kinases
involved inDNA synthesis and rephtion pathways (Figure 1.11)ahaand Paliwal 2007,
Greenwoodet al., 2008; Solyakoet al., 2011) In a recent study bydb/akovet al. (2011)

36 protein kinases were identified and found to be involved in not only DNA replication
processes, but also cywmdherence and red blood cell invasion, thereby providing

additional targets for novel antimalarial drugs.
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The benefitsof exploiting specié parasitic targets would be toot only decrease the side
effect profile of the drug, but also to formulate drug combinations, wherein each drug acts
on a different parasitic target increasing the efficacy of the drugs in combinatsonell as

decreasing the risk of drug resistané@édmsnerand Krishna2004;Janaand Paliwal2007)

In this respect, e aim of this study was to investigate the exact nature of the effects of
three novel classes of compounds on previously etgidoand novel parasitic targetsas
well as to examine the interactions of select compounds from each class with standard

antimalarial drugs, with the goal of elucidating structaetivty relationships.
1.6 Study objectives

To determine the antimalarial actty of metronidazolethiosemicarbazone derivatives,
chloroquinolinechalcones, as well as nucleoside phosphonates, phosphonic acids and

purine/pyrimidine derivatives:

1 Atotal of 112 compounds frorhe three diverse groups of compoundsere tested
againstP. falciparun, using the H]-hypoxanthine incorporation assay, from which

lead compoundsvere identified and structureactivity relationships determined

1 A flow cytometric methodologyas a highthroughput means of testing the
antimalarial activity ofcompaunds againstP. falciparumwas establishedand

validated againsthe [*H]}-hypoxanthine incorporation assay.

1 Lead compounds were combined with standard antimalarials to assess

pharmacological interactions

1 Morphological and stagspecific effects of théead compounds were examined

order to elucidate antimalarial mechanisms of action.

1 Antimalarial mechanisms of action were further examined by use of assays to
examine the effects of the compounds on haemozoin formation, iron chelation and

free-radical scaenging.

1 The effectof the compounds on hedly red blood cells was examinéd give an

indication of cytotoxicity
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CHAPTER MATERIALS AND METHODS

2.1 Protocoffor the in vitro culturing of P. falciparum

The first successful attempt dhe continuousin vitro culturing of the malaria parasite
occurredin 1976, withthe culture derivedfrom a monkey infected wit the ViethamOak
Knoll chloroquineresistant strain ofP. falciparum(Trager and Jensen, 1976jollowing
which, Jensen and Trager (1978howed ttat parasite cultures derived from individuals
infected with P. falciparum could also be successfully cultdreThese parasite cultures
were maintained in RPMi1640 culture media supplemented with -(2
hydroxyethyl)piperazind-ethanesulfonic acid) (HEBEbuffer bicarbonateand 10 or 15%
human serm; to which human ABerythrocyteswere added(Jensen and Trager, 1978)
Thepetri dish/cande jar techniquewas used, wherein # parasite suspension was grown
in plastic petri dishes which were incubatedairtandle jar maintained at 3T (Jensen and
Trager, 1978)However, Freeset al. (1988) found the candle jar technique unsuitable for
the establishment of South AfricaR. falciparumisolates, with the survival time of the
cultures ranging from 2 to 4days Freeseet al. (1988) then modified the methodology of
Jensen and Trag€t978 so that parasite cultures could be maintained in a tissue culture
flask gassed with a mixture of 3%,@% C@and 93% B in addition, the culture media

wasfurther suppemented with glucose, hypoxanthinand gentamicin.
2.1.1Culture maintanence

The 3D7 (chloroquinsensitive) strain ofP. falciparum (Biosafety clearance/protml
number: 20090503, Appendix 1B was continuously maintained, according to the
methodology ofJensen and Trager (1978)d Freeseet al. (1988). On a daily basis thin
blood smears were prepared, fixed with methanahd stained with a rapid diagnostics kit
(Global diagnostics)vhich contained &emsa component for detection of the parasite
Fram the blood smear the % parasitaemia was calculated and the stage of the asexual life
cycle (Figure 2.1) determined. The culture was maintained at a 5% haematocrit and
parasitaemia below 10%, with nutriediepleted culture medigSection 2.1.6pspirated

and replaceddaily with fresh complete culture media. During the trophozeitand

schizontstages, uninfecteeythrocytes(Section 2.18) were added to the culture. Prior to

26



incubation, at 37°C the culture was gassed with a mixture of 92% 5% C@and 36 Q
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Figure 2.1:The various intraerythroytic developmental stages dP. falciparum With
number ldepictingan uninfected red blood celind numbers 210, 1318, 19
26, 2710 representative of the ringtrophozoite, schizont and sexual siges,

respectively(Centres for Disease Control and PreventiorQ®0
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2.1.2Synchronisation of the culture

P. falciparunmaintainedin vitroloses its natural synchronisity seanvivo(Lambroset al.,
1979. In order b establish a synchronised autle, for experimental purposedhe culture
was treated with5% (w/v)D-sorbitol (Section 2.1.4yvhen predominantly in thesarly ring-
stage (Figure 2,1numbers 25). Sorbitol enters red blood cells via new permeation
pathways inserted into the red bloodelt membrane at the eth of the ring/early
trophozoitestage(Wagneret al., 2003. In this respectnegligible amounts of sorbitol will
enter a ringinfected red blood cell, whereas sorbitol readily enters trophozoite and

schizont infected red blood cellssulting in osmotic lysi@Vagneret al., 2003.

Culture synchronisation was carried out by transferring parasite suspension to a 50 ml
centrifuge tube and centrifugg it at 1500 rpm for 5 minutes, followingvhich the
supernatant was aspirated andeplaced with 20 ml of Borbitol (Section 2.%1).
Subsequent to a 20 minute incubation period at room temperature, the suspension was
centrifuged at 1500 rpm for 5 minutes and the supernatant aspira@omplete alture
media(Section 2.1.6\vas added, theulture transferred back to a culture flask, gassed, and

incubated at 37C
2.1.3 Preparation ofincomplete experimental and culture media

The incomplete experimental media was prepared as follovi€.4 g RPM1640 (Gibco),
5.9 g HEPE®uffer (Sigma), 4.g Dglucose (Merck) were dissolved in 1 litre of M#iQ
water and ster# filtered through &0.22pum Milliporex filter unit. The media was stored at
4 °Cuntil needed.Incomplete alture media was prepared as above, with the addition of

100l 50 mg/ml gentamicin sulphate (Sigma) and @ hypoxanthine (Sigma).

2.14 Preparation ofsodium bicarbonateand sorbitol solutions

The 5% (w/v}olutions of sodium bicarbonatend Dsorbitol wereprepared by dissolving
50 g sodium bicarbonate (Saarchem) an@ ¢gD-sorbitol (Sigma), respectively, in 1 litre
MilliQu. The solutions were then sterile filtered through a 08 Milliporex filter unit

and stored at £Cuntil needed.
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2.15 Preparation ofhuman plasma

Six bags of human plasm@auth African National Blood Services) were thawed & ahd
heat inactvated at 56°Cfor 2 hours. The plasma was then centrifuged at 3000 revolutions
per minute (rpm) for 10 minutesFollowing which, the supernatant was aliquoted into

sterile 50ml tubes and stored a0 °Cuntil required
2.16 Preparation of complete expemental and culture media

To prepare complete experimental and culture media, 10 ml of {eadtivated human
plasma and 4.2 ml dhe 5%(w/v) sodium bicarbonate stock solution were added to either

incomplete experimental or culture media (Section 3)Lp to a final volume of 10@l.
2.1.7 Preparation of phosphate buffered saline

To preparephosphate buffered saline (PBS, pH)78.0 g NaCl (Saarchem), O KCI
(Sigma), 0.78 NaHPQ.2H,0O (Merck) and 0. KHPQ (Fluka) were dissolved in 1 litre of
MilliQu water and autoclaved at 120Cfor 20 minutes. The solution was stored at°’@

until needed.
2.1.8 Preparation oferythrocytes

Whole blood collected from volunteersHthical clearance number: M090532ppendix
B2), was stored in anticoagulant tubes (BDjontaining acid citrate dextroseB and
centrifuged at 2000 rpnfior 5 minutes to separate into its components. The supernatant
and buffy coat were aspirated and tleeythrocyte-containing pelletre-suspended in sterile
PBYSection 2.1.7)this was repated a total of three timesFollowing this the pellet was
re-suspended in an equal volume of incomplete experimental media and storedGiftod

a maximum of a weekAlthough the pelletwould have contained a small percentage of
reticulocytes(0.51.4%)(R Q h y 2tFaNJA MY, reticulocytes mature into erythrocytes in
approximately 23 daysin vitro, with the reticulocyte population haing after only 12
hours in culture (Gronowiczet al, 1984; Kouryet al, 2004. In this respectthe term
WrythrogytesQ g At f 0SS dzZaSR Ay (GKA&a addzRReées gAGK
assay (Section 2.4.2) in which blood no oldert two days was utilised, #se term $&d

blood cell§encompasssboth erythrocytes and reticulocytes
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2.2 Antimalarial activity
2.2.1 Preparatiorof the test solutions

The novel test compounds werprepared to 10mM stock concentrationdn either
autoclaved MilliQx water or dimethyl sulfoxide PMSQ Merck), depending on thepolarity
of the compoundsasdetermined byexaminng the individualchemical structuresin the
case of compounds sollgin water, a small volume @MSQ(< 10% final concentration of
DMSO)was added to ensure sterility.In some instancesthe solutions wereheated for
approximately 30 seconda boiling waterand vortexedvigorouslyas they did not go into
solution initially.Positive controlsincludedquinine hydrochloride (Sigmand chloroquine
diphosphate(Sigma) solubilised in autoclaved MilliQwater and sterilised through a 0.22
um Acrodisz filter; as well asartemisinin (Sigmp and dihydroartemisinin (Sigma)
solubilised in DMSQll prepared to 10nM stock concentrationdBoth the test compounds

and positive controls were stored €20 °Cuntil needed.
2.2.2The PH]-hypoxanthine incorporation assay

P. falciparumis incapable ofle novopurine synthesisand through specialised transporters
and enzymeghe parasitescavenges and metabolises halgrived purines(Desjardinset

al., 1979 Smejsterset al., 1999 ElBissatiet al., 200§. The major route of purine salvage is
the conversion of adenosine into hypoxanthine, which is then incorporated into parasitic
DNA during the trophozoiteand schizonstages(Chulayet al, 1983 Smeijsterset al.,
1999 ElBissatiet al.,, 2006. Incorporation of the JH}-hypoxanthine isotope into parasitic
DNA provides a direct measure of the numbepafasitisedred blood cells in the culture,
thereby providing a way to quantify parasite growfDesjardinst al., 1979; Chulagt al.,
1983.

2.2.2.1Experimental protocol

For the initial drug screening$,mM and 10uM working solutionsof the test compounds
and positive controls, respectivelyyere preparedin incomplete experimental media.
Therafter, the verking solutions were serially diluted in a 1:10 ratia, incomplete
experimentalmedia to achieve final screening concentrations of 100, 10uM, 1uM, 0.1

MM and 0.01 uM for the test compoundsnd 1000nM, 100nM, 10nM, 1 nM and 0.1 nM
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for the positve controls (taking into accountthe 10 times dilution factor of the
experimen). All dilutionswere plated out in triplicate in a sterile 98vell microtitre plate
(Techno Plastic Produdtsso that each well contained 28 of the test compound/positive
control, with the exception of the parasite argrythrocyte control wells, to which 25l
incomplete experimental media was added:ollowing the initial screening, the
concentrations were adjusted so as to achieve an optisiginoid doseresponse curve.
Syrchronised ringstage parasitesadjusted to a final parasitaemia of 0.5% and haematocrit
of 1% in complete experimental medveere added (200 pl) to each well of the96-well
plate; with the exception of fourwells that received norparasitsed erythrocytes (1%
haematocrit) which servedas a negativesrythrocyte control (Figure 2.2)Desjardineset
al., 1979.

Test compound/positive control plated in triplicate

>
AN
v
¥
\ 4

Decreasing drug concentration

Parasite control Erythrocyte control

Figure 2.2 Microtitre plate layout used for 1§ value determination in the [*H]-

hypoxanthine incorporation assay.
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The plate was then incubatddr 24 hoursat 37°Cin ahumidifedglass dessicator, to which

a lit candle was added, in order to produce an oxydeficient (approximately 3% AD
environment (ensen and Trager, 1977Thereafter, 25> fof the radiolabeled JH}-
hypoxanthine isotope (1881Bqg/5 mCi, Amersham), diluted in incomplete experimental
media (10ul:2.7 ml), was added to each well, and the plate returned to the candle jar for a
further 24 hour incubation period. The parasifiel-DNA was then harvested onto glass
fibre filter mats (Wallar) using a Titertek® serautomatic cell harvester. The filter mats,
left to air dry overnight were transferred to sample bags to which 10 ml liquid beta
scintillation fluid (Wallae) was addedlncorporation of the {H}-hypoxanthine isotope into
the parasitic DNA was quantified using a Watldeta scintillation counter, and expressed

ascounts per minute (cpm).

The percentage parasite growth was calculated using the formula below

%Parasitegrowth = Compoundcpm) ¢ meanerythrocyte control (cpm) (x100%

Mean parasitecontrol (cpm) - meanerythrocyte control (cpm)

2.2.2.2Data analysis

Log ggmoid doseresponse curves were constructday plotting the % parasite growth
versus the log of the drug concentratiamsing the Enzfitte®(version 1.05) softwarefrom
which 1[Gy values (concentration required to inhibit parasite growtly 50%) were
determined.For compounds exhibiting little or no antimalarial actiyitye % inhibition of
parasite growth at 10QuM was calculated All experiments were repeated at least
triplicate to produce a mear standard deviationIn order to deéermine if therewas a
statistically significant difference between a test compound and positive control, an
unpaired Sudents T-test was executed using the Graphpad P@sfwersion5) software

with a p value of less than 0.05 considered statisticallpiognt In the case of some
compounds, a correlation between antimalarial activity and antimalarial mechanisms of

action (Section 2.3) was determined using linear regression, with a 95% confidence interval.
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2.2.2.3Combination studies

Theuse of combintaon therapiesto curb the emergence of resistant organisms and ensure
successful treatmenthas long been applied to the treatment of many diseases such as
tuberculosisand HIV/AIDS and hasalso become pivotal inantimalarial chemotherapy
(Nosten and Brsseur, 2002 Kremsner and Krishna, 2004An ideal antimalarial
combination would be one wherthere is a synergistic interaction between the two drugs,
so that the doses of the individual drugs needed to produce the saveealleffect may be
reduced Corversely, @ antagonistic interactions regarded asinfavourable as it would

result in treatment failurgNosten and Brasseur, 2002; Bell, 2D05

The most active compourts) from each drug class were combined wituinine or
dihydroartanisinin and by meas of the trtiated hypoxanthine incorporation assay
(Section 2.2.2)1 their pharmacologicalinteractions assessedSolutions of the test
compound andquinine/dihydroartemisinin wereprepared & concentratiors 20 times
higherthan thefinal concentratiorrequired in the experimentn orderto account for the
10 times dilution factorof the tritiated hypoxanthineassay (Section 2.2.3.And 2 times
dilution factor generated by combiningqual volumes ofthe test compound and

quinine/dihydroartemisinin.

Thetwo drugs were combined in various ratios (10:0, 9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8,
1:9, 0:10) and serially diluteseven times, from which logigmoid dose response curves
were constructed From the dose response curvesoMalues (Sectio.2.22) for the drug
alone and the drug in combination were obtaineshd relative ratios or fractional Kg

values (Fl§g) catulated using the formula belaw

FIG, value = IG,, value of compound isombination

IG,, value of compoundhlone

The FIg valueswere plotted, from which anisobologramwas generated. fle degree of
the interactian, which isequivalent to the sum of the RHED | f dzS &) fod theCtest
compound andyuinine/dihydroartemisininat each comination ratio, was then calculated
(Berenbaum, 1978 The cuwoff points used to define the possible interactions differ

amongst authors, therefore, for the purpose of thisdy | 1563 0.3 indicates synergism,
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a 0.5<1 Csb<2 indicates & additive relationshiz | Yy Rso>2 indi€ited antagonism
(Figure 2.3]Fidocket al., 2009.
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Figure 2.3: The cutoff points for possible drug interdons between

quinine/dihydroartemisinin and a test compound

2.2.3 The use diow cytometry to assessn vitro parasite growth

Widely-used techniques for the assessmentof parasite growthinclude microscopic
examiration of Gemsastained blood smears as well asthe tritiated hypoxanthine
incorporationand parasitelactate dehydrogenase assafcottet al., 2002 Bennettet al.,
2004 Grimberget al., 2008. There are limitations to all three methodologiéddicroscopic
examination of blood smearns time consuming angbrone to human error the tritiated
hypoxanthine incorporation assay requires the use of costly radioactive material and
provides no information on the staggpecific activity of drugsand lasly, the lactate
dehydrogenase assay requires uttiple processing steps andnly measures metabolic
activity in the atter half of the parasitic asexual litgcle(Bennettet al., 2004 Grimberg et

al., 2008. A rapid sensitiveand stagespecific echnique for thescreening of potential

antimalarialdrugs would be invaluable in antimalarial drug development.
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How cytometry technologywas developeduring the Second World War as a means to
detect anthrax sporeg¢Grimberg, 2011 Since then, there has beenrapid technological
progression to include avide range of applications such adrug screeningreceptor
pharmacology, protein expression sy1s and signalling pathways together with
improved instrument sensitivityNolanet al., 1999;Walleret al., 2004;Sklaret al., 2007%.
Themodern flow cytoneter is capable of analysing up to 50 000 cells per second, based on
size, morphology and fluorescencé the probe or dygNolanet al., 1999; Wallert al.,
2004; Sklaet al., 2007. Flow cytometric probes extend beyond conjugated ant®ddic
include dyes which sbw increased fluorescence upon interactianith a target, such as
DNA(Nolanet al., 1999; Walleet al., 2004; Sklaet al., 2007%.

The use of flow cytometry anfluorescent DNA dyes has been well documented in the
analysisof the cell cya@ of mammalian cellsand has since extended into the study of the
intra-erythrocytic growth of the malaria parasit¢Whaunet al, 1983;Hare and Bahler,
1986). The use of DNA dyes to study inegythrocytic parasite growth works on the
principle that unnfected erythrocytes do not contain DNAwhereas parasitised
erythrocytes doand upon additio of a DNA dyevill fluoresceupon exposured a certain
wavelength of light(Whaunet al, 1983; Wakiet al, 1986; Grimberget al, 2008) The
intensity of fluorescence equatet® the amount of DNA presentand therefore the stage of
the erythrocytic life cycl§Whaunet al., 1983; Waket al., 1986;Grimberget al., 2008. The
ratio of erythrocytesstainng positive for DNA to the total mober of erythrocytesin the
sampleprovidesa percentage parasitaemi@rimberg, 2011 Thereby providing a means

in which both quantitative and qualitative results may be obtaifédthaunet al., 1983.

Several DNA dyes have been examined for use in the detection of the anpaasite,
including: Hoechst 33258, acm& orange, thiazole orange,propidium iodide, and

hydroethidine(Wyatt et al., 1991; van Vianeat al.,, 1993;Grimberget al., 2011). Hoechst
33258 is a DNA binding dye with selectivity for AT regions, makithegit for the detection
of the AT richmalaria parasite(Grimberg, 2011 However, it requires excitation byna
ultraviolet laser(van Vianenret al., 1993; Grimberg, 20),lwhichis not standard in most
flow cytometers available for useAcridine orangas capable of binding tdooth DNA and
RNA, emitting green and red fluorescence, respectjvitgreby permitting twecolour

analysigWhaunet al., 1983; Hare and Bahler, 1986; Grimberg, J0ltlvas excluded as a
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potential fluorochrome on the basis thatit quenches upon nucleic acid binding and
accumulates in acidic compartments due to its weak base properties, forming aggregates
which fluoresce red thereby interfering with RNA detectiofWissing et al., 2002;
Grimberg, 2011 Furthermore,singlestranded and denatured DNAalso fluoresce red
following staining with acridine orangell of which provide difficulty in quantifying DNA
and RNAGrimberg, 2011

Asno flow cytometric protocolvas availablen the department amethod wasdeveloped
and validated to assess overall percentage parasinia, identify the various asexual

intraerythrocytic parasitic stages, as well as the percentage of parasites in each stage
2.2.3.1 Method development
2.2.3.1.1 Thiazole orange as a potential fluorochrome

Thiazoleorangeis a memitane-permeable nucleic acid dyehich primarily stains RNA, by
intercalating into Aldoublets,and has been el primarily to detect reticulocytes in blood
samples(Makler et al., 1987;Grimberg, 2011 A methodologyfor fixing the samplesprior
to staining withthiazole orange has been previously descril§8dhulzeet al., 1997. This
methodology was selected for this studiius allowing for samples to be analysed large

batchesand at amore convenient time, according to the availabyliof the flow cytometer.

In order to set up a protocol wherein the various stages of the parasitic life eyde
percentageparasibemia could be detected, samples of ringrophoaite- and schizont
staged parasites weraitially preparedto a stock cliure of a10% haematocrit and 8%
parasibemia Witha 10% haematocrit uninfecteerythrocyte solution alsdbeingprepared

to act as adiluent, as well asthe uninfected erythrocyte control. Both solutions were
prepared in complete xperimental media (Seicin 2.1.§. The stock culture was then
serially dilutedwith the uninfected erythrocyte suspension, in order to maintain thE%
haematocrit, and achieve parigsemias of4, 2 and % Duplicatesamples were prepared

so that the flow cytometry results coulae verifiedfrom Gemsastainedblood smeas and
parasite counts wherein the overall % parasitaemia was determined by counting 1000

erythrocytes or 10 microscope fields
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Thesamples werehen fixed in the following solutiara Trissaline bufferconsising of 10

mM (hydroxymethyl)aminomethan€TRIS Saarcher)) 150 mM NaCl (Saarchengnd 10

mM sodium azide Sigma); to which 37.23% formaldehyde (Calbiochem) amfuébse
(Saarchem) we added, in order to achieve H0% formaldehyde and 4%dbucose fixing
solution (Schulzeet al., 1997. The pH of the solution was then adjusted7.3, in order to
prevent lysis of the erythrocytes, before being filtered through.22 um Milliporex filter,

and stored at £Cuntil needed. Fixing solution (1Q0) was added to 10Q1l of the sample,

so that the final haematocrit was reduced to 5%, whilst the percentage parasitaemia of the
samples remained unchanged. The samples were then storedGfio4 18 hours or longer,

before being analysed.

The 10mM thiazole orange (Sigma) stock solution was prepared in DMSO and kept
wrapped in foilat -20 °Cuntil needed For the flow cytometric analysis, a working solution
of 1 uM thiazole orange irsterile PBS(Section 2.1.7jas prepared A 50 pl sample was
added to 1 ml working solution @nincubated at room temperaturén the dark, for an
hour. Thereafter, the samples were transferred toflow cytometric tubegBecton, Dickinson
and Companyand read on a Becton, Dickinson and Compa®D)FACSCalibur flow
cytometer, with argonlaser excitation at 488@m anddetection at 533nm, locatedin the
Department of Surgery,"™Floor of the University of the WitwatersrarMedical SchoolA
total of 50 000cellsper sample were countednd analysed using BD CellQuestPeamd
FlowJo software (Version 7.6.1,under licence from Tree Star Inserial numbers:
gQQ3Gy1i&8gZ0Ed5T@C1sMWM34tUOYalidity: 07/10/201607/10/2012) (Figure 24).

x  Troubleshooting

However, ypon analysis of the samples several problems were identified, with the following

steps taken to correct them:

A large amount of erythrocyte lysis was noted in the supernatant of the samples following a
24 hour incubation period in the fixative solution.héfefore, the percentage of
formaldehyde in the fixing solution was reduced to 5%, whereupon cell lysis, although to a
lesser degree, was still observed. To determine if the sodium azide present in the fixing
solution was the causative factor of the lydlse Trissaline buffer was replaced with sterile

PBS; however lysis was still observed. As an alternative, a fixing solution of 2%
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formaldehyde was preparedyhereupon no lysis was observedowkver, examination of

the blood smears showed that the parastin the sample had progressed into the next
stage of the life cycle, despite the samples being stored 4t 4To determine whether a
reduction in the amount of cells to fixing solution would decrease the amount of lysis,
samples were then prepared to #nal haematocrit of 1%, whilst the % parasitaemias
remained as previously described. The degree of lysis in a 5% formaldehyde fixing solution
decreased. However, upon flow cytometric analysis of the samples, a lack of discrimination
between the unparasised and parasitised erythrocyte populations was noted, exhibiting
similar results to samples prepared to a 5% haematocrit. Furthermore, the acquisition time
per sample was approximately three minutes, making a 1% haematocrit parasite solution

unsuitable br highthroughput screening.
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Figure 24: How cytometric analysisf a fixed sample of late rings/early trophozoites at a
5% haematocriind 8% parasitaemiastained with thiazole orangéVhere:a =
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The wide distribution of cells in the forward scatter axis (Figure 2.4a), indicated a range of
different sized cells, which could have been due to cell aggregation, as a result of

formaldehyde treatment (Deitchet al, 1982). The lackof discrimination between
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unparasitised and parasitised erythrocyte populations (Figure 2.4b), wherein the
parasitaemia as determined by flow cytometry and microscopic analysis were 51.5% (Figure
2.4c) and 7.57%, respectively, may be attributed to thesicrdiminate staining of cell debris

and parasitic DNA remnants or the induction of afltmrescence in fixed erythrocytes
(Deitch et al,, 1982; Grimberg, 2011). Furthermor®rmaldehydetreatment may have
interfered with the uptake of the thiazole oranger altered the emission spectra of the

dye, asobserved with the antibodyconjugated fluorochrome allophycocyanin(APQ
(Deitchet al., 1982; BD, 2011).

A study conducted by Aptet al. (2011) wherein Plasmodiurdnfected blood was fixed in
various conentrations of paraformaldehyde and stained with the DNA ,dpeQ3 ¢
diamidino-2-phenylindole(DAPI) found thatfixation resulted in aloss ofside and forward
scatter propertieof unparasitised red blood cellwhen compared to unfixed sampleand
attributed it to a loss of cytosolic components and haefhe study concluded that a
reliable method for parasite detection would require one-step fixation and lysis.
However, cell lysis was not an option in this stydgs it could result in inaccurate
determination of overalPbparasitaemia, with the calculation of % parasitaemia reliant on

the ratio of infected to uninfected etlirocytes.

As a result, he fixing step was then disregarded andfixed samples were stained with
thiazoleorange whereupon two sparate populations could be visualisddowever, the %
parasitaemiaas perflow cytometric analysis &s higher than tlose ascertained from
microscopic analysi®speciallyat low % parasitaemg& where the overall % parasitaemia
as determined by flow cytoetry and microscopic analysisias 2.95% and @&7%,
respectively Thiscould not be attributedto the costaining ofthe RNA inreticulocytes
which have beenshown todegradeafter approximately 20 houré cultured mammalian
reticulocytes(Kouryet al., 2005), or any whole bloodemnants present in the sampl&he
effect mayhavebeen attributed to theindiscriminate staining adther cellular components
containing DNAor RNA(Scottet al, 2009. Alternatively, it may have been due to the
staining of the erythrocyte membrane upon standing of the sample (S. Lauterbach
personal communication)With a sample of uninfectecrythrocytesexhibiting thiazole

orange fluorescencanderroneously reflecting a parasitaemia o71% (Figure &), which
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would result h over-estimated overall % parasitaemjagarticularly in large batches of

samples
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Figure 25: Histogram of the maximal fluorescence of thiazole orange {fL%ersus cell
count of an unfixed sample of uninfected erythrocytes adjusted to a 5%

haenmatocrit.

To compare instrument sensitivity, both fixetd unfixedsamples (Figure 26) were then
analysed on @8eckman Coulter IndBC)FC500 flow cytometer using CXP (version 2.2)
software, located in the Department of Molecular Medicine and Haematglo?" Floor,

University of the Witwatersrand Medical School.

Although two cell populations were visible in a g@dt of complexity versus size in the
samples fixed with a 5% formaldehyde solution (Figure 2.6a), the larger population
appeared to be céldebris, and gating of the smaller population (Figure 2.6, Region A)

produced no cells staining positive for thiazole orange (Figure 2.6b, Region E).

In contrast, the unfixed samples exhibited a uniform distribution of cells in gldbtof

complexityversus size (Figure 2.6c); as well as complete separation of the unparasitised
and parasitised erythrocyte populations (Figure 2.6d, Region E). Furthermore, the overall %
parasitaemia and % of parasites in each stage as determined by flow cytometric and
microscopic analysis were similar; 8.68%, composed of 53% rings and 47% trophozoites,

compared to 8.20%, composed of 46% rings and 54% trophozoites, respectively.
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Figure 26: Flow cytometric analysis of sampleonsistingof fixed trophozoites(a and b)
and unfixed rings and trophozoites (c and @}, a 5% haematocritand 8%
parasitaemia, stained with thiazole orangend read on a BC FC 500 flow
cytometer. Where: aand c are dot-plots of the granularity (side scattegersus
the size (forward scatter)of the erythrocytes b and d are histograns of
thiazole orangefluores@nce versus cell countwherein gate E= overall %
parasitaemia, Brring-stage parasites and €trophozoite- and schizonstage

parasites.

However, the availability of the BC FC 500vflytometer was highly limited, and due to
the fact that the fixing of samples was not a viable option, another nucleic acid dye was
identified for the assessment of parasite growth using the BD FACS@alibuF f 2 &

cytometer.
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2.2.3.1.2Propidium iodide as a potential fluorochrome

Propidium iodie& is a membranégmpermeable nucleic acidlye used primarily irflow
cytometric cell viabiity and apoptosisstudies to distinguish dead from liveells and
necroticfrom apoptotic cells, respectivelouinet al., 2009 and has been previously used

to asses#n vitrodrug sensitivity orP. falciparum(Pattanapanyasagt al., 1997.

Flow cytometric amples of a 5% lamatocrit and 8, 4, 2 and% ring, trophozoite and
schizontstaged parasites were preparg@ection 2.2.3.1.}, with a duplicate sample for
microscopic analysis. To ensure that the dye could penetirsfiected erythrocytes the
erythrocytemembrane was made permeable by fixing the samples ith% formadlehyde
sterile PBS solutionA 10mM stock solution of propidium iodidéSigma was prepared in
autoclaved MilliQx water, wrapped in foil and stored a0 °Cuntil required Thestaining
methodologyutilised was thatas describedby Pattanapanyasagt al. (1997), wkerein the
samples were washed witsterile PBS prior to the transfaf 50 ul of each sample to a thl
working solution of propidium iodide isterile PBS (144M). The samples were left to stand
in the dark & room temperature for an hoyrbefore beingtransferred toflow cytometric
tubes(BD. The samples were theread ona BD FACSCalibuflow cytometer, withargon
laser excitation at 488@m and detection at617 nm, with a total of 50 000 cells per sample
counted and analysed using BD CellQuesuRmod FlowJo (veion 7.6.1) software (Figure
2.7).

x  Troubleshooting

The wide range of cellsf different sizes observed in Figure 2.7a was similar to Figure 2.4a,
reflecting the effect of formaldehyde treatment on cells, even at a concentration as low as
1%. A slight separation between unparasitised and parasitised erythrocyte populations was
visible in Figure 2.7b, as opposed to Figure 2.4b. However, the % overall parasitaemia as
determined by flow cytometry (Figure 2.7c¢) and microscopic analysis was 10.4% and 6.68%,

respectively.
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Figure 27: Flow cytometric analysi®f a sample containing ing-, trophozoite and
schizontstage parasitesat a 5% haematocritand 8% parasitaemiastained
with propidium iodide. Where: & dot-plot of the sizgforward scatter)versus
the granularity(side scattey of the erythrocytes b = dot-plot of the maxima
fluorescence of propidium dide (FL3H) versusthe granularity of the
erythrocytes (side scatter) ¢ = histogram of maximal fluorescence of

propidium iodide versus cell count.

Discrepanciebetween % parasitaemias as determined by flow cytometric aratascopic
analysis have been previousigported, with flow cytometric analysis generally preing

an assessment that is ald higher than that determined microscopicallpte et al.,
2011). With this effect possibly duto haemolysis of uninfectedrythrocytes during flow
cytometric sample preparation or the loss of infected erythrocytes during blood smear

preparation(Apteet al., 201J.

However,the overall % parasitaemia as detmined by flow cytometric analysis was far
greater than 1.Zold as determinedmicroscopicallyand could not besolelyattributed to
these factorsYetit may be as a result dobrmaldehyde treatment in the permeabilisation
step. Propidium iodidehas shown tolack the fluorescent intensityneededto overcome
auto fluorescence induced by formaldehyde treatment resulting in a incomplete
separation of uninfected and infected populatigngarticularly in samples of rirgfage

parasiteswhich contain small amounts of DNA and at low parasitaeg@asnberg, 201
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The discepancymayalsohave been as a result ofdiscriminatestaining of cell debridue
to overstaining However, the same effect was observeden the incubation time was
reduced to 30 minutesand 5 minutes Furthermore, the methodologyproved to be

unreproducible, with parameters having to lbe-adjustedfor each experiment

Propdium iodide isuseful in the detection of dead versus live cells, in the absence of
fixatives or membrane permeabilisatioRlowever, in this context its useis hampered by
the fact that permeabilisation of membranedy fixatives such as formaldehyde,
glutaraldehyde, ethanolor methanol resuls in the induction ofauto fluorescenceand cell
aggregation(Grimberg, 201}, and also allovs for the indiscriminate staining of DNA of
both live and dead parasites, which may skew results when using this stainsdoal@

determination.
2.2.3.1.3Hydroethidine as a potential fluorochrome

Hydroethidine is a membrane permeable dyeat is oxidisedby dehydrogenase enzymes
into ethidium,only in viable cellsThecationic natureof ethidium results in it beingapped
intracellularly where iintercalates into DNAndfluorescesed upon excitatior(Figure 28)
(Olive, 1989Grimberg, 2011

Hydroethidine (blue) Ethidium (red)

Figure2.8: Theoxidation of hydoethidine by parasiticdehydrogenases to form ethidium

which, upon intercalation into parasitic DNAuoresces redOlive, 1989%.

The initial use of hydroethidinefo detect superoxide anionshas extended into the
assessment of then vitro growth of intraerythrocyic parasites, including. falciparum

(Wyatt et al., 1991; van der Heydet al, 1995; Grimberg, 2011). The selectivity of this
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fluorochrome for only viable parasites is highly beneficial in that erythrocytes containing
viable parasites can not only be tiigyuished from unparasitised erythrocytes, but also

from erythrocytes containing dead parasites (Wyettal., 1991).

Three separate suspensions containipgedominantly ring-, trophozoite, and schizont
staged parasites were preparé8ection 2.2.3.1.1)n duplicate to achieve samples of 26
haematocrit andparasitaemia of 8,4 and 24 A 1% parasitaemia sample was not
prepared as counting ofparasitisederythrocytes in blood smears proved to be time

consuming, making protocol based on a 1% para®taia impractical

The stock solution (1M) of dhydroethidium (Sigmayvas prepared in DMS@vrapped in

foil and storedat -20 °Cuntil needed. The staining methodology of Wyattal. (1991) was
followed. The samples were centrifuged at 1500 rpm for 5Snotes, the supernatant
removed andreplaced with 1 ml dihydroethidium in PBS (15@M), and the pellet
resuspended The samples were left to incubate in the dark, at °&for 20 minutes
thereafter the samples weravashed three times in sterile PBS anduspended in 1 ml
sterile PBS for analysi¥he samples wer&gansferredto flow cytometric tubes (BD and

read on a BD FACSCalilauflow cytometer, with argon laser excitation at 488n and
detection at 610m, a total of 50 000 cells per sample were counted and analysed using BD

CellQuest Pma and FlowJo (version 7.6.1) softwdFagure 2a-c).

For comparative purposes, fixed saepm were also prepared and stained with
dihydroethidium prior to fixation in a 5% formaldehyde Is&ine buffer solution (Section
2.2.3.1.1). Following a 24 hour incubation period atGlthe samples were washed and

resuspended in 1 ml sterile PBS faadysis (Figure 2.91.
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Figure 29: Flow cytometric analysisf an unfixedparasite sample ofarly rings (ec)anda

fixed parasite sample of late rings and early trophozoited),(cat a 5%
haematocritand 2% parasitaemiastained with dihydroethidion. Where: aand
d are dot-plots of the size(forward scatte} versughe granularity (side scatter)
of the erythrocytes b and e are dot-plots of the maxinal fluorescence of
dihydroethidium (FLH) versus side scattegnd cand f are histograns of

maximalfluorescence of dihydroethidiumersus cell count.

The dot-plot of forward versus side scatter of the fixed parasite sample (Figed) is

similar to those ofHgures 24a and 27a, indicating definitively thatformaldehyde

treatment results irthe changeof the scatter propertieof erythrocytes and is not a rast

of the fluorochrome usedThe dot-plot and histogram ofFHgures 2.9e andf, respectively,

showed two separate populationshowever this @l not correspond to uparasitisedand

parasitised populations, nor represent parasite stage. The ovefallparasitaemia as

determined by flow cytometric analysis, was 49.6% (Figu8® 2omposed of 28% rings

and 71% trophozoitesvhereas the overall % parasitaemia as determined by microscopic
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analysis s 1.95%, composed of 55% rings and 45% trophozdites massively inflated
parasitaemia, as determined by flow cytometric analysigssimilar to that noted in fixed
parasite samples stained with thiazole orange (Figude)2. ruling out fixation post

staining as a viable option.

In contrast, unfixed samples of early ringfsined with dihydroethidium shoed a higher
degree of uniformity in their forward st@r characteristics (Figure @), as well as
discriminationbetween unparasitisedand parasiised erythrocyte populations, as seen in

the dot-plot andhistogram(FHgures 2.9b and ¢. The overall % parasitaemia as determined
by flow cytometric and necroscopic analysis was 2.54%, composed of 89% rings and 9%
trophozoites (Figure 2c), and 2.20%, cmposed of 88% rings and 12% trophozoites,

respectively.

Samples oftrophozoite (Figure 210a) and trophozoite- and schizonstaged parasites
(Figure 210b) exhibited the same level of discrimination from the parasitised
erythrocyte population and, when compared to ringtage parasitesan increas in

dihydroethidiumfluorescerce (Figure 211).
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Figure 210: Histograms of the maximal fluorescence of dihydroethidium {f)_2ersus cell
countof sampleof trophozoites (a) and trophozoites and schizo(it) at a 5%

haematocrit and 2% parasitaemia, stained with dihydroethidium.
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Figure 2.1: An overlay of flow cytometric histograms depicting the increasing
fluorescent intensity of dihydroethidium (FEP in samples of ring
trophozoite, and trophozoie/ schizontstagel parasites, at a 5% haematocrit

and 2% parasitaemia.

The overall % parasitaemias as determined from flow cytometric analysis correlated with
those as determined from blood smears; 2.04%, 2.27%, and 1.98%, 1.93%, respectively.
Furthermore schizontstage parasites could be distinguished from trophozoites in a sample
of trophozoite and schizorstaged parasites based on increased dihydroethidium
fluorescence (Figure 2.11); wherein 28.9% an@%?9of the sample was composed of
schizonts as determined by flow cytometric and microscopic analysis, respectively. A
similar correlation between the overall % parasitaemia as determined by flow cytometric

and microscopic analysis was observed at parasitaemias prepared to 8% &hdbiéw2.1)

Tabk 2.1: A comparison of the overall % parasitaemia obtained from flow cytometric and
microscopic analysis of samples prepared to an 8, 4 and 2% parasitaamia a

stained with dihydroethidiungn =4).

Overallparasitaemia (%)
Prepared Flow cytometry Microscopic analysis
8 7.42 +0.81 7.96 £ 0.23
4 4.48 £ 0.55 4.71+0.33
2 2.30+0.38 2.03+0.17

48



2.2.3.2Method optimisation

After establishindghat dihydroethidium proedto be a viable fluorochromeand provideda
means in which total parasitaemia and parasite stages could be determined, the protocol

was tailored to decrease the amount of stock parasite cultecired

A 5% haematocrit parasite solutiomas deemedunfeasiblefor drug screening, as it not
only requiral a large amount of parasite stock, even at lower parasitaemias,aisd
affected parasite viability during a 48 hour incubation period in av@8l plate. A
haematocrit solution of 1%with a parasitaemia of 0.5% woulthve been ideal, as this
would havecorrelated with that used in thg*H}-hypoxanthine incorporatiomssay(Section
2.2.2.1).However, a 1% haematocrit solution was previously assessed inleastained

with thiazole orange (Section 2.2.3.1.1), and ruled out for ighughput screening on the
basis of the lengthy sample acquisition time (approximately 3 minutes per sample).
Furthermore, microsqoic analysis of 8.5% parasite solutiowould be an unviable option;

particularly with the decreased number of erythrocytes per field at a 1% haematocrit.

To overcome this, 2% haematocritand 2% parasitaemiauspension as used in the
methodology of Verhaeghet a. (2009, was thenassessedThisproved to be acceptable
in terms of sample acquisition timee. 30-45 seconds$o acquire 50 000 cellas well aghe
volume ofparasite stockrequired for the duplicate samplegor comparative analysis of
flow cytometric and microscopiesults Folbwing optimisation of the % haematocrit and
% parasitaemia 8spension suitable for analysis,three separate suspensions of
predominantlyring-, trophozoite and schizontstaged parasites were preparet@hering-,
trophozoite, and schizonstaged samplesrppared to a 2% parasitaemiexhibited overall
% parasitaemias of 1.66%, 2.83%, 2.14% and 1.68%, 223%%, in the two

methodologies, respectively.

Thereafter the parasite stageswere determined by optimal gating of each stage of the
parasitic lifecycle (Figure 22) and, finally, a protocol constructed wherei®o overall
parasitaemia parasite stageand % of parasites in each stageuld beassessedFigure
2.13).
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The fnal protocol usedor the determination of oveall % parasitaemia, as
well as parasite stagand % parasés present in each stagevhen stained

with dihydroethidium
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The overlap between the ringand trophozoitestagesmay havebeen due to the fact that
ring- and early trophozoitestage parasites have a single nucleus, and would exhibit similar
dihydroethidium fluorescence Whereas in the mid and late trophozoistage DNA
synthesis begins, resulting in increased dihydroethidium fluorescéhoet et al., 201)).
Similarly, the overlap between the trophozoit@nd schizonstages may have been
attributed to anoverlap between the late trophozoiteand early schizorstages, with this
transition being undetectable by blood smear analy@snot et al, 201). The overlap
between the stagesmade it imperative to prepare a duplicate sample for blood smear
analysisin orderto correlateit with the % of parasites present in each stageoasined

from flow cytometric analysis

Fdlowing method optimisation,te staining methodology was adapted for use in an@l
plate, so that paralle[*H]-hypoxanthine incoporation assays anflow cytometric analysis
of samples could be performed) orderto compare the results obtained from the two

methodologies.
2.2.33 Experimental protocol fothe assessment of total parasitaemia

Positive controls, chloroquine and quie, as well as ampoundsfrom each drug class
were selected for drug screening angdd@aluedetermination by flow cytometri@analysis
based on*H}-hypoxanthine incorporation assaperformed at a 1% haematocrit and 0.5%
parasitaemiaAs thepreviousdrug screenings and 4§valuedeterminations were carried
out at this lower % haematocrit and % parasitaemia, and the optimal haematocrit and
parasitaemia for flow cytometric analysis was determined to b2%for both haematocrit

and parasitaemia,the [*H}-hypoxanthine incorporation assay (Section 2.2.2.1asw
performed concurrently at this optimal higher % haematocrit and % parasitaemia, for

comparativepurposes.

Working solutions for Kg value determination \as calculatedfrom the previous JH}
hypoxanthine incorporation assaysvhilst compensatng for the higher haematocrit and
parasitaemia. Those compounds that showed little or no activity at a final drug
concentration of 100uM were re-screened at 10QuM to confirm lack of antimalarial

activity.
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The preparation of 9évell plates for flow cytometric analysis parallelecbsie prepared for
the [*H}-hypoxanthine incorporationassay (Section 2.2.2.1)with a few alterations in
methodology. Working solutions of the positive controlsn@ test compounds wer
preparedand serially diluted in incomplete experimental medmwever, dilutionswere
carried out in duplicateto allow for one sampléo be used for flow cytometric analysis and
one for blood smear analysi€ontrol wells included three wellene erythrocyte control
well and one parasite control well to be used for flow cytometric anglgsswvell as one
parasite control well to be used fdMood smear analysiIhe 2% haematocrirythrocyte
and 2% haematocriand 2% parasitaemia solutions weg@epared in complete culture
media as the interference of hypoxanthine present in culture media with isotope uptake
was not a concern.Duplicate plates were prepared simultaneously for th#}
hypoxanthine incorporation assay, according to the methodologgcdbed in Section
2.2.2.1, to which 2% haematocrit erythrocyte and 2féematocrit’2% parasitaemia

suspensions prepared in complete experimental media were added.

The plates were then incubated at 3Cin a humidified candle jafollowing a 24 hour
incubation period, 2511 of incomplete culture media was added to each vedlthe plates
for flow cytometric analysiswhereas the plategor the [PH}hypoxanthine incorporation
assayreceived 25ul of the PH}hypoxanthine isotope prepared Section 2.2.2)1 The
plates were then returned to the candle jar for a further 24 hour incubation period.
Thereafter,the parasitic {HF-DNA was harvested and quantified from the plates for the

[*H]-hypoxanthine incorporation assay (Section 2.2.2.1).

Whereas, from theplates for flow cytometric analysis, the wells reserved for blood smear
analysis were removed and thin blood smears prepared, from which the overall %
parasitaemia was obtained by counting 10 microscope fields, or the equivalent of 1000
erythrocytes. Theseplates were then centrifuged at 1500 rpm for 5 minutes, the
supernatant (20Qul) removed and replaced with dihydroethidium in sterile PBS (199,
before being gently shaken 4600 rpmfor 2 minutes, and incubated in a candle jar for 20

minutes at 37 °C

The plates were centrifuged at 1500 rpm for 5 minytésllowing the incubation period,

and the supernatant removed and replaced with the same volume of sterile PB$U§200
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this was repeated three times. The samples were then transferrdtbio cytometric tubes

(BD containingl ml of sterile PBSas suchthe final volume was 1.2 mThe samples were
acquired on a BD FACSCalibéiow cytometer, with argon laser excitation at 48& and
detection at 610m, a total of 50 000 cells per sample were counted and analysed using BD

CellQuest Pma and FlowJo (version 7.6.1) softwdFagure 214).

Increasing concentration of quinine

Cellcount

Erythrocytes

Decreasing %E

Figure 214: Flow cytometric histogmra overlaysof the cell count versusthe maximal
fluorescence of dihydroethidiunfA.2-H) of samples treated with vanyg

concentrations of quiningfollowinga 48 hour incubation periad

Thereafter, the overall % parasitaem(jgE) for each sample was ohtzed from the flow
cytometric protocol (Figure 23), and % parasite growth calculated using the following

equation:

%Parasiteggrowth = %pEof test sampleor positivecontrol (x100%9

% pEof parasitecontrol
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2.2.34 Final perimental protocol used for the assessment othe stagespecific and

morphological effectsof the compoundson P. falcparum

Working solutions ofa compoundfrom each drug class and a positive contplinine,
were prepared in incomplete experimental medsa that their final concentrations were
representative otheir 1Go, 1Go and 1Gs values(concentratiors required  inhibit parasite
growth by 90%50% and 25%, respectivelgs determined by construction ¢dg sigmoid
dose response curves of data generated by flow mgtysic analysis (Section 2.2.3.8Go,

IGo and IG5 values were chosen in order to assess ié tbompounds exhibited any
concentrationdependant effects, as well to ensure the optimal concentration was achieved

at which thar stagespecific and morphology efééswere most evident

The studywas carried out ir25 cm® culture flasks(BD) to provide an adequate voluméor
the frequent removal of sample®r flow cytometric and blood smear analysseparate
culture flasks were reserved for each drug concentration, as agibr erythrocyte and
parasite controlssuch that 600 ul of the test compoungpositive controlor incomplete
experimental media was placed in the flagb which 5.4 ml of gnchranised ringstage
parasites(2%haematocrit and 2% parasitaemjar, in the case of therythrocytecontrol,

a 2% haematocrit solution waslded

The fasks werghen gassed (Section 2.}, 5ealed, and incubad at 37°C Prior to removal

of the samples, the flasks were gently agitatedesuspend thesrythrocytes Samples (250
pl) for flow cytometric and blood smear analysis wéaken eight hourly dring the ring
stage, and five hourly during the trophozoitand schizonstages, with the last sample
taken approximately four hours pestvasion, or four hours into the next asexual cycle.
Following removal of the samples, the flasks were gassed, dseatel placed back in the
incubator. The samples were then centrifuged at 1500 rpm for 5 minuthereatfter, thin
blood smears werengpared(Section 2.1.1j0 determine theoverall% parasitaemiathe %

of parasites present in each stages, well aanychanges in parasite morpholgg

The staining procedurand flow cytometric acquisition andanalysis of the samples was
performed as described igection 2.2.31.3. Fom thefinal flow cytometricprotocol (Figure
2.13), the % overall parasitaemia as well the stageof parasites present in the sample

could be determinedand confirmed with the results of the blood smear analysis.
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2.2.35 Data analysis

A total of 50 000 cells per sample were acquiusthg a BD FACSCalibdlow cytometer,

with the following instrument settings: Forward Scatter (F§Cvoltage H, amp gain 2,
mode log; side scatter (S${), voltage 263, amp gain 1, mode log; fluorescence 2)FL
voltage 527, amp gain 1, mode lobhe % overall parasitaga was calculated using BD
CellQuest Pma and FlowJo (version 7.6.1) softwareased on gates constructed using
unparasitised andparasitised erythrocyte samples. Gates were constructed to be
representative of each stage of the parasitic life cycle, dasemaximum dihydroethidium
fluorescence (FLBR) levels, from which the % of parasites in each stage could be

determined, using the above software.

Log ggmoid dose response curves were constructed, from whickh @lues were
determined using the Enzter®(version 1.05) softwareFor compounds exhibiting little or
no antimalarial activity the % inhibition of parasite growth at 10 was obtained. All
experiments were repeated, at least, in triplicate to produce a meatandard deviation.
In order b determine if there were statistically significant differenckstween 1G, values
determined from flow cytometric analysis and tfi#H]-hypoxanthine incorporatiorassay
an unpairedStudentsT-test, with p <0.05constdered statistically significantasperformed

using Graphpad Pris®version5) software.
2.3 Antimalarial mechanisms of action

Elucidating antimalarial mechanisms of actions is imperatgdarget identification not
only provides a means in which structeaetivity relationships may bperformedandthe
activity ofthe drug optimisedbut also providesraindication as to howa novel compound
may interact with another antimalarial drugith a known mechanism of actiofOlliaro,

2001).
2.3.1 i -haematininhibitory activity assay

Inhibition of haemozoin formatioms a validatedantimalarialtarget, with antimalarial drugs
such as chloroquin&nown to act in this manne(Section 1.3.1)The &say works on the
principle that the synthetic molecule,-haematin retains the biological andhemical

properties of the native malaria pigment, haemozoitnereby providing a mean of
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quantifyingthe i -haematin inhibitory activitBHIA)of compounds(Basilicoet al., 1998;
Egaret al., 2000Q.

A modified BHIA assay was usédhemalyet al, 2007, whereini-haematin was

synthesised from haem under acidic conditions, similar to th#te parasitic food vacuole.
2.3.1.1.Preparation of the solutions

The testcompounds positive controls (chloroquine and quinirex)d antimalarial reference
agent (dihydroartemisinin) were prepared in either DMSO or MillQwater to a
concentration of 2 mM, in orderto account for the eight times dilution factor dhe
experiment.A freshly made Ing/ml (1.53mM) stock solution of haemin (Sigma) dissolved
in DMSO,was used for each experiment and stored in the dark until needéd0.5M
acetate buffer(pH 4.4)wasutilisedin order tomimicthe acidic conditions of thearasitic
food vacuole and to initiate the reactiofChemalyet al., 2007. The 0.5M acetate bufér
was prepared by adding 1918l of a 0.5M sodium acetate solution to 3011 of a0.5M
glacial acetic acid solution, and the pldterminedwith a Beckman pH meteithe 0.5M
stock solution®f sodium acetate and glacial acetic aaidre prepared as fows:41.015¢g

of anhydrous sodium acetate (Sigma) was dissolved in 1 litre of dMi&er and 14.3ml

of undiluted glacial acetic acidpgcific gravity 1.0%g/l; BDH was added to Milli@@ water
to achieve a final volume of 500I. Prior to each experient the buffer was diluted in a 1:1
ratio in MilliQu water. A 10M sodium hydroxidestocksolution was prepared by dissolving
40 g NaOH pellets (Merck) in 108 MilliQu water, 2M and 1M solutions were prepared
by diluting the stock solution in MillilQwater.

2.3.12 Experimental protocol

Non-sterile 96well plates (GreineBio-one) were prepared in a specifecder. 25 ul of the
test compound or positive contr@g400uM) were plaed in triplicate in the first row of the
test plate and serially dilutedhree times in a 1:2 ratioin either MilliQ« water or DMSQ
so that the final volume of drug in each well was 1j2.5The last row of the test plate was
set aside toact as the untreated -haematincontrol and contained12.5 pl of DMSO or
MilliQn water was added Thereafter, 12.5 yl haem (192 uM) was addedto each well
followed by 25ul MilliQu water and finally, 5qul 0.5M acetate buffer, to achieve a final pH
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of 4.64.8 (Chemalyet al., 2007. The plates were then incubated at 3Zin a humidfied
environment for 24 hoursThereafter, 100 pl of DMSOwas added to each well, and the
plate centrifuged at3000 rpm for 10 minutes. Following centrifugation, Q&0 ul was
removed and replaced with the same volume DM&Qrocess that was repeated three
times to ensure removal of any unreacted haenfifigure 215). The wells were then

washedtwice with MilliQu water.

- v—'\ g :
Unreactedhaemin —’ Q :

i -haematin crystals—'ﬁl__ ! i:

Figure 215: Formation of -haematin crystals from haemitunreacted haemin is solubie
DMSO, whereas-haematin crystaldo not dissolve in DMSO arrémain

intact.

Finally, 10Qul was removed and substituted with the same volume & ZlaCH in order to
dissolve the -haematin crystalsThe solution \&s then diluted in a 2: or 1:4 ratioin 1M
NaOH so that the absorbance waslsand the absorbancesad at 405nm in a Labsystems
IEMSmicroplateReader MFusing Ascent software (versiord2.

The inhibitory activties of the compounds relative to the untreated controlwere

calculated using the formulaelow:

%] nhibition of | -haematinformation = ABS ;G ABS ompouna (<1009

AB%ontrol

2.3.1.3Data analysis

This constituted the methoalogy for the initial screeningof compoundsFor compounds
exhibiting strong intbitory activity at 100uM, sevenl:2 serial dilutions were gpared and
log sgmoid dose response curves constructesing the Enzfitte®(version 1.05) software,
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from which 1G, values (concentration ragred to inhibit the formation ofi -haematin
formation by 50%) weredetermined. For empounds exhibiting little or no inhibitory
activity, 0 KS 22 A y Knkanatin fortngtion2af40QM was recordedAll experiments
were repeated at least in triplicate to produce a mearstandard de\ation. In order to
determine if therewas astatistically significant difference between a test compound and
positive control, an unpaired®udents T-test with p < 0.05 wasperformed using the

Graphpad Pris@(version5) software.
2.3.2.Anti-oxidant activities

The effects of ROS in malaria can be both harmful and beneficial depending on the amount
and site & ROS production. Proxidants acting directed against the parasite are highly
effective in combating the infectionHowever, excessive ROS productioatside of the
infected red blood celp S ND2 Y S a anii-kxBlanfdefende yBtems and results in
altered red blood cell deformability anipid peroxidationof both parasitisedand healthy

red blood cellscontributing towards anaemia and vascutlamageseen inP.falciparum
malaria (DelmasBeauvieuzet al, 1995;Postmaet al, 196; Griffithset al, 200). Anti-
oxidantssuch as ascorbic acid and tocophenmavebeenshown to have tective effects

by reinforcing the hosts defence systemscaenging ROS and maintaining redox
homeostasiseven in severe malari@ostmaet al., 1996 Glicin et al., 2004;Quaye, 2008

Iron chelators may also act as ankidans by chelating iron, thereby preventing the
formation of ROSPostmaet al., 1996 Gllcin et al., 2004. Iron chelators also act to
withhold iron from the parasite, thereby inhibiting the activity of enzymes to which iron is
essentialincluding enzymes involvechiDNA synthesis, pyrimidine synthesis, glycolysis and

haem synthesiamongst ¢hers (Postmaet al., 1996; Mabezat al., 1999.
2.3.2.1The2,2-dipheny}1-picrylhydrazyl free-radical scavenging assay

The 2,2-diphenytl-picrylhydrazyl (DPPH) free-radical scavengingassay measures the
ability of an antioxidant to scavenge théree-radical of DPP®{converting it tothe stable
molecule H Z-dipRenyl-1-picryhydrazine(DPPKH). A decrease in absorbance at 540
corresponds to the colour change from purple (DPP# yellow (DPPH), as thefree-
radical is scavengeg@Figure 216) (von Gadowet al.,, 1997 Jagetiaet al., 2003;Glulcinet al.,

2004).
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Figure 216: The conversion of DPPikb DPPHH by the donation of a hydrogen atom
(Jagetieet al., 2003)

2.3.2.1.1Preparation of the solutions

A 96.16 UM stock solution of DPPH (Sigma)was prepared in HPLC grade methanol

(Rochelle Chemicglsand stored in the dark at 4Cfor a maximunperiod of a week.

The test solutions, antimalarial eference agents (chloroquine, quinine and
dihydroartemsini); as well asthe positive coftrol, ascorbic acidRiedel deHaen), were
prepared in either DMSO or MilliQwater to a starting concentration of.2 mM, in order

to account for thefive timesdilution factor of the experiment.
2.3.2.1.2Experimental protocol

Test compoundsantimalaiial reference agentsand ascorbic acidere initially screenect
a concentration of 24QM or a 3:1 ratio of drug: DPP® This was achieved Ipipetting 25
pl of the 12 mM solution into triplicate wells of a nesterile 96well plate and adding
DPPH (100 pl) to the test wells, oHPLC grade methanol (100 to colour control wells in
order to negate the effects of colour interference by the compoundlls containing
5a{h 2NJ aAf fu) and DRPHIDGNIelernuluded as a 100% DFRbntrol;
whereaswells containing 25415 a{ h 2 NJ aAf t A vpd HRAC gr&8idlinethghBl
were includedas blanksThe plates were then incubated at room temperature, in tegk
for 30 minutes Thereafter, the absorbance was read &40 nm in a Labsystems iEMS

microplate Reader MFFusing Ascent software (version 2.4)he free-radical scavenging
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activities of the compounds were expressed as the percent decrease in the abserba

(scavenging activijywvhen compared to the DPPidontrol, using the formula below:

% Scavenging aCtivity(#‘B%PPlsPcontrol q AB%Ianl) - (AB%ompoundc AB%olourcontroI/Blanl) (XlOO%)

(AB%PPILPcontroI q AB%Ianl)

2.3.2.1.3 Data analysis

Compounds that exhibited over 50% DPRige-radical scavenging activity in the initial
screening were serially dilutegskven timesin eitherDMSO or Milli@ water. Followinghe
above protocol, 1Gg values(concentrated at which 50% of the freadical of DPPHwas
scavenged)were calculated using the Enzfittersoftware. In the case of compounds
exhibiting activity of less than 50% at 24®l, the %free-radicalscavenging activity at 240
MM was recordedAll experiments were repeated, at least, in triplicate to produce a mean
+ standard deviation. Inrder to determine if there was statistically significant difference
between a test compoundantimalarial reference agenand the positive controlan
unpaired Students-fest with p<0.05 wasperformed, usirg the Graphpad Prism® (version

5) software.
2.3.2.2Iron chelating activity

Theiron chelating activity assay works on the principle thia¢ test compoundvascapable
of binding ferrous ironthereby preventing ferrozineF&* complex formation, with a
resultant decreaseni the red colour of the complexorresponding to a decreased
absorbance at 55@m (Glilgin et al., 2004; Zharet al., 2006). The decrease in absorbance
thereby provides a manner in which theon chelating activity othe compound may be

determined.
2.3.2.21 Preparation ofthe solutions

The test solutions, antimalarial reference agents, chloroquine, quinine and
dihydroartamsinin, as well as the positive contrethylenediaminetetraacetic aci(EDP;
RochelleChemical3, were prepared in either DMSO or MithQvater to aconcentration of

1.5mM, in order to account for the 7.5 times dilution factor of the experiment.
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A 649 uM ammonium acetat€Flukg solutionwas preparedn MilliQ« water, and stored at
room temperature until needed. A 1.2nM ferrozine (3[2-pyridyl}-5,6-diphenytl,2,4
triazine Flukg solution was prepared in MilllQ water and stored in the dark, at room
temperature until neededA 0.48mM ferrous chloridesolution (FeGlL.4H0; Flukg was
freshly prepared in themmonium acetatesolution, for each experiment@nd stored in the

dark until just before use.
2.3.2.2.2Experimental protocol

Test compounds, antialarial reference agents, and EDTA were plated @ pl), in
triplicate wellsin a nonsterile 96well plate To whichferrous chloride (3Ql) and ferrozine

(100 pul) were added, providing drug concentration of 20QuM/well or a 2:1 ratio of drug:
ferrous chloride. In the case of compounds possessadpackground coloyradditional

wells wereplated, to which ferrous chlorid€30 pl) and MilliQu water (100pl) were added.
Experimental controléncluded eight 100%ferrozineF&* complex formationwells, which
contained5 a { h 2 NJ a A f fuR,ferrousschldri8eN3Q and ferrozine (10Ql); as

well asfour blank wellsg KA OK  O2y i Ay SR 5 a{ ), fezroub chlarided A v u
(30 pl) and MilliQt water (100ul). The test plate was left tancubate at room temperature

in the dark for 30 minutes. Thereaftghe absorbance was read at 54én in aLabsystems

IEMSmicroplateReader MRwith Ascent software (version 2.4).

The percentagéron chelatingactivity of the test compounds, antimalariatference agents

and EDTA were calculated using the following equation:

%lron ChelatingaCtiVity = (AB%ontrol - AB%Ianl) q (AB%ompoundC AB%olourcontrOI/BIanQ (Xlocp/o)

(AB%ontrol - AB%Ianl)
2.3.2.2.3Data analysis

Compounds exhibiting over 50% metal chelating activity in the initial screemiag0uM

were serially dilutedn a 1:2 ratio, seven time# either DMSO oMilliQu water, and the

IGo value (concentration at which 50% of Fe(ll) was chelated)culated using the
Enzfitte®software. In the case of compounds exhibiting activity of less than 50% at 200
UM, the % chelating activity at 2Q@M was recordedAll experiments were repeated, at

least, in triplicate to produce a mean + standard deviationoraer to determine if there
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was astatistically significant differenceetween a test compoundantimalarial reference
agentand the positive control, an unpaire®tudents ftest with p < 0.05 wasperformed

using the Graphpad Prism® (versionsbftware.
2.4Red blood celtoxicity assay

Distinct morphological changes in the red blood cell membrane, such as membrane
internalisation or externalisatiolmccur during tle process of haentgsis, wih compounds
exhibiting differingeffects on the rate and severity of the haemoly&@ski and Yamamoto,
1991). In this respect, theffectson the stabilityof the red blood cell membrane provida
indication of the ability of alrug to cause drugnduced haemolysigAki and Yamamoto,
1991; Sharma and Sharma, 200T'he haemolytic activity of compounds may be assessed
by an in vitro method, wherein healthy red blood cells are treated with differing
concentrations of a drugyith the amount ofhaemoglobin released by the red blood cell

indicating the degree of haemolygSharma and Sharma, 2001
2.4.1Preparation of the solutions

Solutions of thetest compoundsantimalarial reference agent&hloroquine, quinine and
dihydroartamisinin); as well aghe positive haemolytic controlritonu X-100(Sigm3a, were
all preparedin incomplete experimental medi@ concentrations 10 times higher than that
of the final concentration, in order to account for the dilution factor of the experimext
1% haematocribf red blood cel was prepared in @nplete experimental media (Section
2.2.2.0) with red blood cellsno older than two daysitilised to ensue that the red blood

cellmembrane was not compromised.
2.42 Experimental protocol

A modifiedin vitro haemolytic assay was followed, wherein the exmental set up was

that of the [°H}-hypoxanthine incorporation assagéction2.2.2.9).

Thel mM and 500uM solutions oftest compoundsandantimalarial reference agentsere
plated out (25ul) in duplicate in a sterile 96well plate, with extra welk plated for
compounds with a background colour. Expsgintal controls included: a positiveitont X-

100induced haemolysis controlas well asnegative haemolysisand media controls, to
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which incomplete experimental media (328) was addedComplete expemental media
(200ul) was added to the background anmiediacontrol wells whereas thered blood cell
suspension (20Qul) was added to the experiemtal wells, as well as the positive and

negativehaemolysis control wells.

The plate was then incubated a7 3Cin a humidified candle jar for 24 hours, thereafter, 25
> bf incomplete experimental media was added to each well, and the plate returned to the
candle jar for a further 24 hour incubation period. Following thend8r exposure period,
the plate wassealedwith a microplate sealefNung, andshaken atL500 rpm for 5 minutes
to disrupt the red blood cell pellefThereafter, the plate wascentrifuged at 1500 rpm for 5
minutes. The supernatar(ttO0 ul) was then removed and plated outto a nonsterile 96
well plate In the case of thepositive Tritorm X-100-induced haemolysis control and
compounds exhibiting haemolytic activity, the supernatant was diluted in(PBS.5)at a
1:2 or 1:4 ratig to a final volume of 10Ql, in orderto ensure the that absorbance wasl<
Finally the latter plate wasleft to stard at room temperature for 10 minutes, before being
gently shaken atl000 rpmfor 2 minutes, andthe absorbance read at 418m in a
Labsystems IEMSnicroplate Reader MF with Ascent software (version 2.4)The

percentagenaemolysisvas calculated using thermula below:

%HaemC’IySiS: (AB%Ompoundsc AB%C/M() C (AB§C' ABQIC) (XlOO)/o)
(ABSc ABRJ

Where:

ABSc/mc= meanabsorbance of the colour control or media control wells
ABSc= mean absorbance of the negative red blood lgsis control wells
AB%c= mean absorbance of the TritanX-100-inducedhaemolysis control
2.4.3Data aralysis

Foreach experimentiwo replicatesof each concentration (10QM and 50uM/well) were
obtained. Experiments were repeated, at least,gnadruplicateto produce a mean *
standard deviationFor compound®xhibitinghaemolytic activityof <50% at 00 pM, the

% haemolysis was recorded. For compounds exhibiting haemolytic activitp@¥o>at50
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UM, 1Go values(concentration at which 50%aemolysisoccurred) werecalculated using

the EnZzfitte®software.
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CHAPTER: THE ANTIMALARL PROPERTIES OF METRONIDAZOLE
THIOSEMICARBAZONE ANALOGUES

3.1Introduction
3.1.1Metronidazole

Metronidazole 1-(2-hydroxyethyB2-methyt5-nitroimidazole,(Figure 3.&) isused to treat
a variety of bacterial and protozoal infectionssuch asbacterial vaginosis, amoebic
dysentery, trichomoniasis and giardia@iRossitey2010) It exhibitsgood oral availabilityis
widely distributed in body fluids and tissuesd hasa favourable side effect profile;
exhibiting selective toxicity against microorganisohgse to a lack of conversion to its
cytotoxic form in mammalian cel{§enks and Edwards, 2002; Mendz anégkdud, 2002)
However, sensory disturbances and peripheral neuropathies have been reported at high
doses and following prolonged administrati¢hthar et al., 2005. Metronidazoleexerts its
effects via the inhibition of nucleic acid synthestsy causing DNA oxidation resulting in
strand breakages and cell deatkEdwards, 1993Mendz and Mgraud, 2002 Following
diffusion into the cellthe 5-nitro group of metronidazole is reducedia interactions with
redox systemsuch as ferrodoxins or flavodoxjrt® form the cytotoxic nitro radical and
other reduction productswhich causesingle and doublstrand DNAbreakage and DNA
helix destabilisatiofEdwards, 1993Hoffmanet al., 1996;Mendz and Mgraud, 2002

HOH,CH,C
AL RY) R2 R4

|

ch\('\' NO, le\\N/NH\H/N\Rs

94
N / S

a) b)

Figure 3.1:The chemical structure of metronidazofa) and the basic thiosemicarbazone
structure (b). Were: R = aryl, alkyl or heterocycligroup, R = H, aryl, alkyl
group; R and R=H, alll, aryl or heterocyclic grougChellaret al., 2010)
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3.1.2Thiosemicarbazones

Thiosemicarbazone@=igure 3.1bjare of considerable clinicatterest, with compounds of
the thiosemicarbazone structure possessargidepressant, pgchoanaleptic and hypnotic
properties whilst also displaying antibacterial, anticancer, aiftingal and antimalarial
activity (Greenbaumet al., 2004 Khanet al., 2008 Chellanet al., 201Q. It appears as if
they exert their biological activity througtheir thiourea moiety, which contains donor
atoms that are capable of forming complexes with transition mesaish as iron, copper
and zinc Dilovd et al., 2008 Chellanet al., 201Q Hancocket al., 2011) The presence of
iron in the active sites of enmes involved in a wide variety of metabolic processes has
propelled the search for compounds capatf acting as iron chelator®¢driguezZ_ucena

et al, 2011)

Triapine®) 3-aminopyridine2-carboxaldehyde thiosemicarbazonis, one such compound
currentlyin Phase Il clinical trials as an anticancer agent, itstlefficacyattributed to its
strong binding affinity for F& (Mackenzieet al., 2007;Rodrigued_ucenaet al., 201). One

such metabolic process relying heavily on #mmtaining enzymes is cellivision.
Ribonucleotide reductase is an enzyme involved in DNA synthesis, with the inhibition of this
enzyme resulting in the depletion of necitides needed for cell divisioand DNArepair
(Mackenzieet al., 2007;Dilovibet al., 2008)

Another possille mechanism of the anticancer properties of thiosemicarbazones is the
alkylation of thiol residues of topoisomeraeDNA complexes, leading to stabiligatiof
these cleavage complexeBilovD et al., 2008) Recent evidence has also pointed to the
redox effects of the Triapine®e" complex Sudies with copperchelated
thiosemicarbazones hawhown that these complexes were capable of depletdfgHand

forming reactive oxygen speeaiethereby inducing cell deatMéncoclet al., 2011)

Nitroaromatic @mpounds have shown activity agairgt falciparumvia the formationof

ROS$ mediated by flavoenzyme redox cyclingsrellier et al, 2001) The parasite is
particularly vulnerald to attack by fregadicalsandis under canstantoxidative stresgrom
ther2aGa4Q AYYdzyS aeaidSyY I biRpoksksSehnditedfaioxidsint 6 NB |
capabilities(Mdller, 2004) In this manneya compound such as metronidazole, which may

be activated within themicroaerobic environment of thearasiteand capable offorming
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DNA damaging intermediategth an affinity forAT rich regiongEdwards,1993)may be an
effective antimalarial ageniThe purpose of synthesisingetnonidazolethiosemicarbazone
analogueswas to examine ifhybridisation of metronidazole with the thi@nicarbazone
scaffold couldoroduce compoundsacting in a synergistic manner to inhipiarasitegrowth
by inducingDNA damageas well asnhibit other crugal metabolic processes such lasem

degradation and biosynttsspathways.
The objectives of thishapter were to:

1 Determine theantimalarial properties of metronidazokhiosemicarbazones

analogues

1 Determinethe pharmacological interactionsf lead compound when combined

with quinine or dihydroartemisinin

1 Examine tle stagespecific and morphologicaffects of a lead compound on

parasite development.
1 Elucidate possible antimalarial mechanisms of action of the compounds.
1 Test for haemolytic activity as an indication of toxicity.
3.2Materials and methods
3.2.1Chemical synthesis and structural verifiton

The compounds were acquired froRrofessorA. Azam, Department of Chemistry, Jamia
Millia Islamia, New Delhi, India. The analogue8)(were synthesised as depictedkigure
3.2 Intermediate A was formed by the reaction of metronidazole with
terepthaldialdehydemonodiethylacetal following which it was dissolved in
tetrahydrofuran and recrystallised in ethandd form intermediateB (Figure 3.2)Abid et

al., 2008. Theeafter, intermediateB was condensed with various*Nyclic and aromatic
substtuted thiosemicarbazides to produce themetronidazolethiosemicabazone

analoguegTable 3.1JAbidet al., 2008)

The compounds were found to be stable both in solution as well as in their solid form, with

structural analysis carried out binfrared, ekctronic, *H and *C nuclear magnetic
67



resonanceand purity determired by thin layer chromatographgnd elemental analysis
(Abidet al., 2008)

OC,Hg
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CH,CH,OH

| CH,CH,OH

B

Figure 3.2: The synthesis ofmetronidazolethiosemicarbazone analoguegi) Sodium
methoxide, DMSO, methanol, room temperature; (i) H&kahydrofuran 50
°G (iii) ethanol, 8C0C reflux(Abidet al., 2008)

3.2.2Pharmacological evaluation

Thein vitro antimalarial activity of the analogues (Table 3.1), metronidazole and positive
controls were assessed using the tritiated hypoxanthimerporation(Section 2.2.2.1) and

flow cytometry (Section 2.2.3.3) methodologies. The most active compounds were selected
for combination studies with quinine and dihydroartemisinin (Section 2.p.28well as for
air3sS aSyaruAagraide |yR LI NFaaasS Y-Rabddn2t 2 38
inhibitory activity (Section 2.3.1.2), DPPfree-radical scavenging (Section 2.3.2) and

iron chelation assays (Section 2.3.2.2.2) were carried oudleatify possible antimalarial
mechanisms of action of the analogues. The red blood cell toxicity assay was performed to
give an indication of the toxicity of the analogues (Section 2.8 to the fact that only

small amounts of the analogues werecetved and no more could be made available, some
studies could not be completed on all analogues and, in some cases, lead compounds had

to be substituted with the next most active analogue available.

68



Table 3.1: The metronidazolethiosemicarbazone analogs evaluated for antimalarial

activity.
Chemical name Chemical N*(R-group)
code substitution
(Figure 3.2)
1-(4-(2-(1-(2-HydroxyethyB5-nitro-1H-imidazot2- Y-1 Cyclooctyl amine
ylvinyl) benzylidene}-cyclooctylthiosemicarbazide
1-(4-(2-(1-(2-Hydroxyehyl)-5-nitro-1H-imidazot2- Y-2 p-Toluidine
yhvinyl) benzylidene}-p-tolylthiosemicarbazide
4-(2-ChlorobenzyHl-(4-(2-(1-(2-hydroxyethyy5- Y-3 2-Chlorebenzyl
nitro-1H-imidazot2-yl)vinyl)benzylidene)hiosemt amine
carbazide
1-(4-(2-(1-(2-Hydroxyethy)-5-nitro-1H-imidazot2- Y-4 Cyclohexyl amine
yl)vinyl) benzylidened-cyclohexylthiosemicarbazidg
b @4-(2-(1-(2-Hydroxyethyh5-nitro-1H-imidazot2- Y-5 Pyrrolidine
ylvinyl) benzylidene)pyrrolidingé-carbothio-
hydrazide
b @-(2-(1-(2-Hydroxyethyh5-nitro-1H-imidazot2- Y-6 4-Methyl
ylvinyl) benzylidene}-methylpiperidinel-carbo piperidine
thio-hydrazide
b @-(2-(1-(2-Hydroxyethyh5-nitro-1H-imidazot2- Y-7 1,2,3,4Tetra
ylvinyl) benzylidene},4-dihydroquinolinel(2H)- hydroqunoline
carbothiohydrazide
1-(4-(2-(1-(2-HydroxyethyB5-nitro-1H-imidazot2- Y-8 N-Methyl benzyl
yl)vinyl) benzylidened-benzyt4-methylthiosemt amine
carbazide
3.3Results

3.3.1In vitro antimalarial and haemolytic activity

The criteria for the classification of a compml as being active again$t. falciparum
dependon the study design and the class of compour@merally compounds exhibiting
activity in the order of less than8 uM in initial drug screenings necessitate further study,
with compounds exhibiting actiyi similar to existing antimalarial drugs such as quinine, or
compounds active in the low namolar range considered potenEidocket al., 2004) For

the purpose of this studycompounds withan IGo value >)K5 UM were consideredactive,
compounds withan 1Gy value of between 5 and 1M were considered promising,

compounds withan 1G; value of between 10 an&0 uM considered moderately active,
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compoundswith an G value of between 50 and00 uM considered to have low activity,

andfinally,compoundswith an1Gvaluex100uM were considered to benactive.

As seen inTable 3.2 the compoundsexhibited promising antimalarial activity agairi3t
falciparum with six compounds inhibihg parasite growthin a dosedependant manner,
with 1G, values below 1QuM (Figure 33). Compounds X and ¥3 were the most active
(IGp values:2.99+ 0.16 uM and 2.83% 0.20 uM, respectively) however they were 199

and 18.9fold less active than quiningGy value:0.15+0.012uM). Compounds ¥ and ¥6
showed weak antimalarial aetty, with parasitic growth inhibition of 51.9% 6.03% at
100puM andan 1Gy value of 71.07+ 8.97 uM, respectively(Table 3.2 Metronidazole
showed very little antimalarial activity, and was only capable of inhibiting parasite growth
by 22.94+5.61% atlO0O uM.

®  Dihydroartemisinir
® Quinine
A Compound Y-3

% Parasite growth

6 5 -4 -3 -2
Log concentrationrgM)

Figure 3.3:Log sigmoid doseesponse curves afompoundY-3 compared to quinine and

dihydroartemisinin

The haemolytic activity of the derivatives were negligilable 3.2, ranging from 0.55
0.18% to 1.9& 0.56% at 100uM and were comparable to that of quinine (1.22.98% at
100uM). Dihydroartemisin provetb be highly haemolytiat 100 uM (100.00 + 5.29%),
however, at 50uM only 1.13 + 0.51% haemolysis was observed. Furthernare,to its
potent antimalarial activity (IGo value: 0.0014 + 0.00020 uM), the dosage at which
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haemolysis would be observed would be well in excess of that required to inhibit parasite

growth.

Table 3.2 The in vitro antimalarial activity, as determined by the>H]-hypoxanthine
incorparation assay(1% haematocriand 0.5% parasitaemiajnd haemaytic

effectsof metronidazolethiosemicarbazone analoguesd reference agents

(n=5).
Antimalarial activity %Haemolytic activity
Compound |G value % inhibition

(UM £ s.d.) (100uM + s.d.) (100puM + s.d.)

Y-1 2.99+0.16 1.12 +0.97

Y-2 7.55 +0.49 1.15 + 0.60

Y-3 2.83+£0.20 1.49+1.13

Y-4 6.92 + 0.68 1.97 £ 0.56

Y-5 > 100 51.91 £ 6.03 0.72 +0.92

Y-6 71.07 + 8.97 0.99 + 0.63

Y-7 3.79+0.72 0.80 +0.79

Y-8 8.74 + 0.30 0.55+0.18

Metronidazole > 100 22.94 £+ 5.61 0.78 +£0.32

Chloroquine 0.0064 + 0.00019 0.72£0.32

Quinine 0.15+0.012 1.22 +£0.98
Dihydroartemisinin| 0.0014 + 0.00020 100.00 +5.29

In order to confirm ifantimalarial activity as determined bffow cytometric analysis
produced results similar to that of théHJ-hypoxanthine incorporation assagompounds
Y-3, ¥7 and Y5 as well as reference agents were selected for comparison, wherein the %
haematocrit and % parasitaemia werefdd and 4fold, regectively, higher than that
utilised © obtain the values in Table 3.2ncomparison of the 1§ values obtainedy the
two methodologiegTable 3.3)all showstatisticallysignificant differences (g 0.05), with
the exception of chloroquinelhe greatst discrepancyccurredbetween the 1G valuesof
quinineas determined by flow cytometric analysissgl@alue:0.058 + 0.0026uM) and the
[*H]-hypoxanthineincorporationassay (16 value:0.15+ 0.0014 uM) (Table 3.3 The G
values forcompoundsY-3 and ¥7 as obtained by flow cytometry @{d§values:12.35+ 0.84
MM and 10.35+ 0.41 pM, respectively) were 1-7and 1.4fold higher than those obtained
from the tritiated hypoxanthine assay §{Crvalues:7.46 + 0.41uM and 7.45+ 0.21 uM,

respectively).The % growth inhibition of compoundY-5 in the two methodologies was
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similar, 36.10 £ 5.28% and 39.6G: 3.39% (Table 3.3) The % growth inhibition of
metronidazole showed a slight difference, exhibiting 6200.21% inhibition in thg>H]-
hypoxanthine incquoration assay and 12.74 4.53% inhibition in the flow cytometric

analysis.

Table 3.3 Comparison of the kg values and% inhibition of parasite growth at a 2%
haematocrit and 2% parasitaemiaas determined by thg*H]-hypoxanthine
incorporationassayand flow cytometric analysisvValues in parenthesis indicate

the % inhibition of parasite growth at 1Q0M (n=7).

Antimalarial activity
[°H]-hypoxanthine Flow cytometric analysis
Compound incorporation assay
G value uM = s.d. G value uM = s.d.
(% inhibition at 100> a ¥ 2 AYKAOAGR?2
Y-3 746 +£0.41 12.35+0.84
Y-7 7.45+0.21 10.35+£0.41
Y-5 > 100(36.10 + 5.2%) > 100(39.60 + 3.3%)
Metronidazole > 100(6.00 + 2.2%) >100(12.74 + 4.5%)
Chloroquine 0.012+ 0.001 0.014 + 000068
Quinine 0.15+0.004 0.058 = 0.0026

3.3.2Combination studies

The isobolograms ofgure 3.4 depict the additive interactionsof Y-3 and ¥7 in
combiration with quinine and dihydroartemisinThe 1 FIC for each experiment was
calculated fromFIC vluesgenerated for each data poirfAppendixC) The) FICvaluesfor
compoundY-3 and quinine (1.14 0.09),compoundY-3 and dihydroartemisinin (1.29
0.075, compoundY-7 and quinine (1.2% 0.14) andcompoundY-7 and dihydroartemisinin
(1.14+ 0.057) were calculated over three experiments. THEIC values confirm the additive
interaction depicted in the isobolograms, falling well within the guidelinearofadditive

interaction, wherein the, Cshrange lies between 0.5 and 2e(&ion2.2.2.3.
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Figure 3.4 The additive pharmacological interactionsetween compoundsY-3 and Y7

when combinedwith quinine and dihydroartemisini(n =3).

3.3.3Morphologicaland stagespecificeffects of compoundY-3

Themorphologicaland stagespecificeffects of conpound ¥3 were assessed at itsgfG30

uM), 1Go (12 uM) and 1Gs (7 pM) values and compared to that of quinin@Vhen treated

with compound Y3 at its 1@y valug parasites showed no progression past the late -ring
stage, appeared to be smallgoyknotic)than the untreated control, and exhibited intense
staining similar to seOF f f SR YONA &KA OR2N¥& 0S omafin AYRA

condensation and cell shrinkagieeponte and Becker, 20Qlopezet al., 2010.

GCompound ¥3 at its 1G5 value produed little stagespecific or morphological effects.
However, aslight lag inparasite developmentwas noted with most of the treated

parasites appearing as late trophozoites when the untreated control was in theteariid
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schizontstage and mosttreated parasites appearing as eaityid schizonts when the
parasite control was in the late schizeand early ringstages An examination of the blood
smears four hours poshvasion or four hours into the next parasiihowed that the early

mid schizonts ha progressed through the cycle, with early rings evident.

The stagespecific and morphological effects ampound ¥3 at its 1G, valuewere similar

to those of its 1g value,and are depicted in Figures 3.5 and.3.6

Control Compound ¥3  Quinine
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Figure 3.5Theeffects ofcompaund Y-3 and quinine at theitGg (12 uM) and 1@, (200 nM)
values, respectivelypn parasite morphology and developmenindicating
morphological changesHaemozoin (recarrows),Q O NRA & A(BlackfafoWsy & Q
possible DNA fragmentation (green arroWs ) 1).
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Figure 36: The effects of compound-¥ (black line) and quinine (blue line) at theigd(12
uM; left) and IGo values (200 nM; right), respectively, on parasite development

compared to the untreated control (red line) &l).

No notable chages in parasite morphologyccurredduring the ringstage. However, upon
progression from the late rindo trophozoite-stage, a distinct lack of haemozoin formation
was visible when copared to the control (Figure 3&. When compared to parasite
controls of mid to late trophozoites, early to mid schizonts, and late schizonts and early
rings, the treated parasites appeared smaller (pyknqi®ponte and Becker, 200lppez
et al, 2010) and exhibited intense staining. A parasite count revealed that whiea
untreated control was in the earlyp mid schizontstage, 82% of the compound3vtreated
parasites remained in the early trophoze#tage (Figure 3¢, and when the untreated
control proceeded into the late schizon{29%) and early ringtages (71% 28% of
compound Y3 treated parasites were in the rirgjage, 56% were halted in the early
trophozoitestage, and 16% were present as mid to late schizongui@ 3.5d) When
examining thehistogram overlays (Figures &,6,c,d) of compound -3 at its IGo value
along with theparasite control, it can be seen that parasitic devetgmt past the early

trophozoite-stage (Kure 3.6a) was affected
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The stagespecific and morphological effects of quinine were most visible at §svilue

(200 nM) and arelepicted in Figures 3.5 and 3.6. The treated parasites progressed through
the ringstage into the early trophozoitstage with no notable morphological changes;
haemozoin crystals were clearly visible in the early trophozstiége (Figure 3.5a). When
compared to the midate trophozoite parasite control, it appeared as if parasitic
development was stalled in the mid trophozoséage (Figures 3.5b and 3.6b). When
comparing treated parasites to the eaiyid schizont control, a lag in parasitic
developmen was evident, with 87% of the quinine treated parasites present in the mid to
late trophozoitestage (Figures 3.5c and 3.6c¢). Finally, as the parasite control progressed
into the late schizont (29%) and early ringtages (71%), 58% of the quinine treated
parasites remained in the trophozo#sage with 17% and 25% of parasites in the early
ring- and late schizonstages, respectively (Figure 3.6d). Additionally, quinine treated
parasites exhibited signs of possible DNA fragmentation (Figure 3.5d) (Depuhiecker,
2004), although this would need to be confirmed by DNA gel electrophoresis or the TUNEL
assay. When examining blood smears of treated parasites four hours post invasion, or four
hours into the next parasitic cycle, the treated parasites redenhthat of Figure 3.5d, and

did not progress into the ringtage. In contrast, no distinct morphological and stage
specific effects were noted at quini@I1Gy (60 nM)or IG5 value (30 nM), with treated
parasites progressing through the trophozegtage, where haemozoin formation was
comparable to that of the untreated control. A slight lag in parasite development was
evident, with treated parasites appearing mainly as late trophozoites when the untreated
control was in the eaytmid schizont stage. ¢tvever, four hours into the next parasitic
cycle early rings were evident indicating that the treated parasites had progressed through

the cycle.

3.3.4Antimalarial mechanisms of action
3.3.4bM LYy KA ddematirefgfmadioh |

All the analogueswith the exception oftwo (compounds ¥ and ¥6), inhibited i -
haematin formation with 16 values ranging from 19.08 2.37 uM to 64.80+ 6.61 pM
(Figure 3.}. Compounds -8 and ¥6 only inhibited the formation ofi -haematin by26.46+
5.72% and 61.73 5.50% at 80 puM, respectively. When compared to chloroquines{lC

value: 29.64 + 3.35 uM), all analoguesvere statisticaly less effectivgp < 0.05) with the
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exception ofcompoundY-3 (G value: 19.08 + 2.37 uM), which was more effective in

inhibiting i -haematinformation (p >0.05) When compared to quinine ((¢value:63.00+

3.27 uM), all analogues with the exception ofcompoundY-2, Y-5 and ¥6 were more

potent inhibitors ofi -haematin formation.Metronidazole and dihydroartemisinidid not

inhibit the formation of | -haematin,where 100uM inhibited 14.76 + 2.94% and 7.4&

2.27%0of i -haematin formation, respectively
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100

(1G value,mV)

A ]
OzN/(T)\CH:CH—@CH:N/NH\/

CH,CH,OH

>100 >100

63.00
°3.27

29.64
°3.35

°5.76
19.08
°2.37

|
S

64.80

° 6.61
58.89 99.07

01240396
3961]]

30.52 ° 10

>400

>400

40

@?@©©

Figure 37: The inhibitory activities of metronidazolethiosemicarbazoneanaloguesand

antimalarial reference agentsn parasite growth (ligter blue bar)

haematin formation (dar&r blue bar) (n=6).

3.3.4.2 Freeradical scavenging activity
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Of the five analoguetested for freeradical scavenging activity, all but of@mpound Y4)

exhitited the ability to scavengBPPHwith 1Govalues below 10QM (Table 34). The only
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statistical differencebetweenthe analoguesandascorbic acid (Kgvalue:19.31+ 2.62uM)
was withcompoundY-3 (1Gp value:80.00+ 2.22uM) (p value< 0.000). Compoundsr-5, Y-

7 and ¥8 exhibited potent freeradical scavenging activityith 1G values less than 30 uM
Compound Y-4 as well as the controlsmetronidazole, chloroquine, quinine and

dihydroartemisinin exhibited poor fremdical scavenging activity at 24M (Table 3.4)

Table 3.4 Thefree-radicd scavenging andon chelating activity of select metronidazele
thiosemicarbazonenalogues(n = 4). Values in parenthesis depict the % free
radical scavenging activity at 240 uM and % iron chelating activity at 200 pM.

N.D=not determined.

Compound DPPHfree-radical scavenging Fe&* chelation
IGovalue>a F &P IGDlI Tt dzSY >3

&3 ' OGAGAGR| &2 1 OGAODAGE
Y-2 N.D. > 100(0.01 + 7.84%)
Y-3 80.00 + 2.22 > 100(10.29 + 4.16%)
Y-4 > 100(8.70 + 2.48%) > 100(0.01 + 0.83%)
Y-5 26.90 +4.18 > 100(9.49 £ 2.98%)
Y-7 26.06 + 4.02 > 100(13.46 £ 2.51%)
Y-8 21.98 +0.56 > 100(55.64 + 9.31)
Metronidazole > 100(0.01 + 1.38%) > 100(0.01 £ 6.14%)
Chloroquine > 100(0.31 + 3.28%) > 100(70.68 + 0.97%)
Quinine > 100(2.53 * 1.17%) > 100(0.01 + 6.08%)
Dihydroartemisim > 100(0.01 £ 2.70%) > 100(0.01 £ 2.44%)
EDTA N.D. 23.90 + 1.83
Ascorbic acid 19.31+2.62 N.D.

3.3.4.3 Iron chelation activity

None of the analogues tested exhibited any significant iron chelating properties when
compared to EDTA @&ralue: 23.9G: 1.83 uM) (Table 3.4).

Compound ¥8 showed the greatest activity, chelating 55.64 + 9.31% Fe(ll) at 200 uM,
whilst the remainder of the analogues exhibited no more than 13.46 + 2.51% chelating
activity at 200 pM. Metronidazole, quinine and dihydroariemin exhibited no iron

chelation properties at 200 uM, whilst chloroquine was capable of chelating 70.68 + 0.97%

Fe(ll) at 200 uMTable 3.4)
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3.4 Discussion
3.4.1 Antimalarial activity of metronidazolk¢hiosemicarbazone analogues

The various side chainattached to the imidazole ring of metronidazole provided an
opportunity to carry out various structural modifications, as well as to determine if
metronidazole contributed to the overall pharmacological activity of the metronidazole
thiosemicarbazone anagjues. Considering the substitutions at the*Nposition of the
metronidazolethiosemicarbazone analogues, the most active compounds were those
possessing a-2hloro-benzyl amine (compound-3), cyclooctyl amine (compoundly or a
1,2,3,4tetrahydroquinolne (compound ¥7) substitution (Tablke3.1 and 3.2. None of the
metronidazolethiosemicarbazone derivatives exhibited any toxicity towards the host red
blood cell, with % haemolysis ranging from 0.55 to 1.97% atMQ(Table 3.2).Thus
indicating that he antimalarial activity of the derivatives was as a result of a direct effect

on the parasite, with the above substitutions conferring the greatest antimalarial activity

Thiosemicarbazonebave elicited great interest due to their numerous biologicaldioes
and generallyfavourable toxicity profilein this respect many studies have been conducted
to investigate the antimalarial properties of thiosemicarbazar@se of the first studies
showed that from a wide variety of compounds screened, @rigeylpyridine-4-pheny}3-
thiosemicarbazong(Figure 3.8) exhibited any antimalarial activitpgainst Plasmodium
berghei in mice (Klaymanet al, 1979) Stuctureactivity relationships based on this
compoundindicatedthat a 2-pyridylethylidene moietyon N*was pivotal to theantimalarial
activity, with antimalarial activityabolished wvhen this moiety was replaced byanother
aromatic ring system(Klaymanet al, 1979) The same study also founthat an
unsubstituted phenyl ring on Nconfered increased antimirial activity, whereas a
substituted phenyl ring or linear aliphaticonfered little or no antimalarial activity

(Klaymaret al., 1979)

A recent study conducted by de Olivegtal. (2008)on the chloroquineresistant W2 strain
of P. falciparm, wherein the thiourea moiety was replaced by a carbonyl moiety, showed
that the thiourea moiety was imperative to antimalarial activity. The same study also

showed that substitutiorwith an aliphaticmoiety on N (Figure 3.8) was also critical for
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antimalarialactivity, and that the substitution of an aromatic derivative oh pvoved to

diminish activity de Oliveiraet al., 2008)
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Figure 3.8 The chemical structussof thiosemicarbazones previouslysessed forarious
pharmacological actities. a = Klaymanet al. (1979; b = de Oliveiraet al.

(2008) c= Abid and Azam (2005), Alatlal. (2009.

In contrastto the findings ofKlaymaret al. (1979)and de Oliveirat al. (2008) none of the
compoundstested in this studywere 2-pyridylethylidene substitted on N*, with the most
active analogue, compound3/ containing a chloresubstituted phenyl ringSmilarly, nae
of the compoundsn this studypossessed aliphatic substitutions N, the equivalent of N
in the de Oliveiraet al. (2008) studyyet displayed antimalarial activityThe antimicrobial
activity linked to substitution on f\was verified when steroidahiosemicarbazones were
tested against various strains of bacteria, with acetayd chloresubstituted cyclopentyl
and cyclohexyl derivatives proving to be the most actiKieanet al., 2008).Thswassimilar
to the findings of this study whene compound ¥3, a chloresubstituted cyclohexyl
thiosemicarbazone derivative proved to be the most active

Previous studies omyclisedthiosemicarbazones (Figure 8)8possessing the same side
chain substitutions as compoundslY ¥2, ¥3, ¥5, ¥6 and ¥8 (Tale 3.1; Figure 3)7
exhibited poor antimalarial activity against the chloroquisistant FCR3 strain of P.

falciparum with 1G values rangig from 26uM to greater than 50 uM (GT Chenpersonal
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communication). The decrease in antimalarial activitgynbe as a mult of the different

strain of P. falciparumused K2 6§ SOSNE GKS OeOf A4SR (KA2aSY
haematn inhibitory activity in comparison to the metronidazofihiosemicarbazone
analogues, indicating the importance of the acyclitiosemicarbazone moiety in

Iy GA YLt -hddmatin inhibjfdRy activity

3.4.2The effect of methodology on antimalarial evaluation

A comparison of the Kg values obtained by flow cytometric analysis and tHelH
hypoxanthine incorporation assay (Talde3), at a 2% haematocrit and 2% parasitaemia
revealed statistically significant differences (p < 0.05), with the exception of chloroquine. All
compounds, with the exception of quinine, exhibited highegpl@lues in flow cytometric
analysis when compadeto those obtained by the*H]-hypoxanthine incorporation assay

(Table 3.3).

A study conducted by Sail et al. (2001) comparing kgvalues obtained using théH}
hypoxanthine incorporation assay, microscopic examination and flow cytometric analysis,
wherein acridine orange was used as a probe, also found no statistically significant different
in the 1@y value of chloroquine in all methodologies. However, theglCalue of
pyrimethamine was greater as determined by flow cytometry and microscopiciagéion

than by the H]-hypoxanthine incorporation assay. They attributed the differences to the
fact that microscopic examination and flow cytometric analysis both take a direct measure
of parasite number, with nowiable parasites counted in blood smeaaliso reflected in the

flow cytometric analysis, whereas théH]-hypoxanthine incorporation assay does not

directly reflect parasite number, but parasite growth (Sdttwet al., 2001).

The probe utilised in this study, dihydroethidium (hydroetha)i is oxidised into the DNA
intercalating ethidium cation ( by dehydrogenase enzymes present only in viable cells,
therefore hydroethidine fluorescence should only be attributed to viable parasites (Olive,
1989; Grimberg, 2011). However, it has beeaveh that hydroethidine can react with B,

to form E, and can also react with coordinated Fe(lll) as well as mitochondrial cytochromes
to form an oxidation product with a similagxcitation and emission profile to that of 'E

(Papapostolowet al., 2004; #lonka and Kalyanaraman, 2010).
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The discrepancies between thesd@alues obtained by flow cytometric analysis and the
[*H]-hypoxanthine incorporation assa§fable 3.3) may, therefore, be attributed to the
spontaneous conversion of hydroethidine intd \&Eithin the parasite, and subsequent
intercalation of Einto residual DNA of newiable parasites, or to fluorescent interference
by the hydroethidinecoordinated Fe(llipr hydroethidinecytochromeoxidation producs.
However, in the presence of DNAhe hydroethidinecoordinated Fe(lligytochrome
oxidation producs only producea 7fold increase in fluorescent intensity, whereas binding
of E to DNA produces a 4fld increase in fluorescent intensity, when comparedtiie

unbound form(Papapostolotet al., 2004; Zielonka and Kalyanaraman, 2010).

Therefore, the correlation between parasite growth as determined by microscopic and flow
cytometric analysis and discrepancies between flow cytometric analysis and’tje
hypoxanthine incorporation assagnay be due to that fact that nowmiable parasites
counted in microscopic analysis were algflected in flow cytometric analysis. Thereby
producing 1§ values that were inflated when compared to those obtainedtbg [*H]-
hypoxanthine incorporation assayvhere the fH]-hypoxanthine incorporation assay only

measured the incorporation offil-hypoxanthine into the DNA of viable parasites.

In the case of quinine, the §§value obtained by flow cytometric analysis was far less than
that obtained by the jH]-hypoxanthine incorporation assay (Table 3.3). Quinine itself
exhibits fluorescencand may have resulted in fluorescent interferen@éith asolution of
quinine sulphate or quinine hydrochloride in dilute sulphuric acid used as a fluorescence
standard fa calibrating spectrofluorometers (Chen, 1967; Fletceeal., 1973). However,
samples of quinine hydrochloride prepared to concentrations pitl 100nM and 10 nM,
exhibited exciation and emission spectra of 2@5%0 nm and 37400 nm, respectively,
when read on a Perkin Elmer LS50 luminescence spectrophotometer, differing from the

excitation and emission spectra of dihydroethidium {88 nm, En¥ 610 nm).

The discrepancy may be as a result of quinine, due to its weak base properties, altering the
pH of the parasite cytosol, resulting in decreased fluorescence of dihydroethidium. With
decreased fluorescence of ethidium bromide, the oxidised form of hydroethidine, noted at
both acidic and alkaline pH values as a result of denaturation of defdaded DNA and

subsequent lack of intercalation of the probe (LePecq and Paoleti, 1967).

82



3.4.3The antimalarial activity of metronidazole

In contrast to thepromisingantimalarial activity of the metronidazoliiosemicarbazone
analogues, ratronidazole exhibitd disappointing anthalarial activity (Table 3)2despite

the fact thatall indications pointed to the fact that metronidazole should act as an effective
antimalarial agentMetronidazole is actated under microaerobic oxygen concentrations
generatingsuperoxide radicalghat in the presence of transition metaferm the DNA
damaging hydroxyl freeadical which attack DNAin AT rich regionsAll of which is
enhancedat an acidic pHEdwards, 1993; Hoffmaet al., 1996;Jenks and Edwards, 2002
Similary, metronidazole exhibited no activity againgie W2 and FCR chloroquine
resistant strais of P. falciparum(1Go values greater tha800 uM and 1mM, respectively)

(Pradineset al., 2002 R van Zyl; personal communication

The inactivity of metronidade againstP. falciparunmay lie in fundamental differences of
the fermentation processesised by metronidazolesensitive orgaisms and themalaria

parasite(Figure 3.9JGinsburg, 2011

Activation of metronidazole
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Figure 39: The activation of metronidazole in the hydrogenos® of the trichomonad
protozoa (Kulda, 1999) PFO pyruvate:ferrodoxin oxidoreductase; HY
hydrogenase; 2F2S ferrodoxin.
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The nitro group of metronidazole requires activation by accepting electrons from the
electron carrier ferrodoxin, with the electroneriginating from the decarboxylation of
pyruvate by pyruvate:ferrodoxin oxidoreductase (PFO), the complex responsible for the
fermentation of pyruvate to ethanol or acetate (Figure 3.9) (Samuelson, 1999; Jenks and
Edwards, 2002; Laret al., 2002).

Furthemore, the reduction of the nitro group establishes a transmembrane concentration
gradient, facilitating the entry of metronidazole into the cell (Samuelson, 1999; Jenks and
Edwards, 2002). In this manner, the lack of activity ag&n&ilciparunmay bedue to the

fact that metronidazole requires activation by a redox system with a lower reduction
potential than that of the drug-486 mV), with a lack of activation resulting in the
decreased accumulation of metronidazole in the parasite (Kulda, 1999;dMemd
Mégraud, 2002).

AlthoughP. falciparumpossesses a strong reducing environment, as well as an apicoplast
located ferrodoxin and ferrodoxihADP reductase which form a short electron chain for
the production of isoprenoid precursors, it lacks thie@Pcomplex, which may be necessary
in producing a sufficient reduction potential for metronidazole activat{@alconiet al.,
2009;Ginsburg, 2011 With metronidazole resistance in trichomonads partially attributed
to a decrease in PFO activity, and sdpsentlack of activation of the drugktilda, 1999;
Landet al., 2003.

P. falciparn lacks the PFO complex possibly due to the fact ,that contrast to
metronidazolesensitive organismspyruvate produced by glycolysis converted into
lactate, through the action of lactate dehydrogenase enzymes, and transported ouhef t
parasite into the host cellSamuelson, 1999; Olszewsitial, 2010) Theresultant acety
CoA producedhrough the action of the pyruvate dehydrogenase complex is used for fatty
acid elongation instead ofcetate or ethanol productionSamuelson, 1999; Olszewsli

al., 2010;Ginsburg, 20111

3.4.4Possible mechanisms of action of the metronidazdl@osemicarbazone analogues

Although the latter proved not to be a possible menlsn of action of the metronidazole

thiosemicarbazone analogued)e unique biochemical pathway in which haemoglobin is
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digested by the paasite to form haemozoimnd amino acidss aviable antimalarial drug
target Biot and Chiba, 200§. With this in mind, the ability of the metronidazole
thiosemicarbazone analogues to inhibit the formation of synthetic haemozehaématin)

in a manner similar to chloroquine was tested.

Theability of the analogues to inhibit the formation bfhaematin correlatedr?=0.868 to
their antimalarial activity (Figure 3.)0with compounds incapable of inhibitinghaematin
formation exhibiting low or no antimalarial activitfhusindicating a possible mechanism

of actionof the metronidazolethiosemicarbazones undemvestigation.

2 100
=
E
=< 80
5E
oo 60
< 3
E S
= o 40d
g
OE) 204
@
x
-Q C L] L] L] L] 1
0 2 4 6 8 10
Antimalarial activity
(1G value,mvi)

Figure 3.10 The correlation between antimalarial aneéhaematin inhibitory activity of the
metronidazolethiosemicarbazone analoguddotted with a 95% confidence

interval.

On examination of the structur@ctivity relationship of the aminoquinolonesyhose
primary mechanism of action is inhibition of haemozoin formatithee criteria were
established for antimalarial activityl) The compound must contain basic side chains so as
to allow accumulation in the fad vacuole due to pH trappin@) the compound must be
able to form complexes with Fe(lll) protoporphyrin IX aBithe compound must be

capable of inhibiting -haematin formation(Figure 311) (Egaret al., 2000)
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Figure 311: Proposed structurectivity relationships for the antimalarial and

I -haematin inhibiory activities of chloroquinegaret al., 2000)

The proposednechanismby which chloroquine exerts its effeats | -haematin formaion
involves the followingthe weak basaliffuses intothe food vacuolealong the pH gradient

where it is trapped due to protonation at the low pH of the food vacuy&igure 3.12
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Figure 3.12 The proposedmechanism of action of chloroquingKouznésov and &mez

Barrio, 2009)
Increased protonation of the drug results in more compound entering the food vacuole,

where it forms a complex with Fe(lll) protoporphyrin IX (Figure 3.12), possibly through the

interaction of the nitrogen atom of the quinole ring and Fe(lll) or through the interaction
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with haem propionate groups, thereby inhibiting the formation of haemozoin (Sullivan,

2002; de Diost al., 2003; Egan, 2008).

When examining the structures of the metronidaztthéosemicarbazone analogugs can
be hypothesised thathte nitrogenous groupsay act as weak basesrapping the drug in
the acidic food vacuole of the parasité a manner snilar to chloroquine (Figure 3.1,1
and thatthe N' substitutions conferthe i -haematin inhibitory activityof the analogues
Upon examining the Risubstitutions of the compoundst can be seen thasubstituions
which do not contain an amine group lack antimalarial actiagobservedin compounds
Y-5 and ¥6 (Table 3.2) Thusindicating thatthe thiourea moiety appears to be essential for
I -haematin inhibitory and subsequentantimalarial activity, possibly through complex
formation with ha&m propionate groups or with i) directly Eganret al., 2000; de Diost
al., 2003) The exception izompoundY-7 which does not contain an amine grouet still
exhibits strongi -haematin inhibitory andantimalarial activity (Figure 3.7) However,
compound Y7 hasa quinoline ring structuresimilar to that of chloroquingFigure 3.1},
wherein the nitrogen atonof the quinoline ringmayactto complexFe(lll) potoporphyrin
IX(Egaret al., 2000;de Dioset al., 2003.

Metronidazolethiosemicarbazone analogues matherefore, act in a similar manner to
chloroquine, byaccumulaing in the food vacuoleand formingdrug-haemin complegsvia
interaction with haem propionate groups avith Fe(lll) thereby sequestering haemand
preventing itspolymeristion into haemozoin(Sullivan, 2002; Egan, 200@articularly in
the case otompoundY-3 (IGpvalue 19.08+ 2.37uM) (Figure 3.7yhich contains a chloro
atom, known to be involved in the inhibition of haemozoin formati¢Rigure 3.1}1L

(Sullivan, 2002; Egan, 2008)

Various mechanisms of antimalarial action have been proposed for thiosdramanes,
with the majority pointing towards processes affecting haemoglobin stiga such aghe
formation of complexesvith iron via amine and thiocarbonyl meties (Figure 3.13 With

the iron-thiosemicarbazone complexeashibiting cysteine proteaseactivity; where the
nucleophilic attack of the thiosemicarbazone moiety on the electrophilic centres of the
cysteine protease enzymemhibit activity (Chellanet al., 2010; Zhong et al, 2010;
Rodriguez_uceneet al., 201)).
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Figure 3.13 The general streture of the metronidazoléhiosemicarbazone analogues,
indicating the donor groups capable of chelatingtals(Liberta & West, 1992;
Athar et al., 2005)

The ability of thiosemicarbazones to chelate iron has been well documented, with the
resultant effect of not onlythe inhibition ofhaemoglobin digestioand haem biosynthesis

but also withholding iron from vital enzymesich as ribonucleotide reductaséhereby
interfering with  DNA synthesis and divisio€Hipelemeet al., 2007; Chellart al., 2010;
Rodiguez_ucenaet al., 201). In this study,the analogues exhibited n&e(ll)chelation
properties(Table 3.4 with compoundY-8 only capable of chelatin§5.64+ 9.31% of Fe(ll)

at 200uM. This may be explained by the fact thie iron atom has sixaordination sites;

the thiosemicarbazone moiety of the metronidaza@leosemicarbazone analogues provides
two donor groups, whilst the metronidazole moiety contributes one donor group shown to

be capable of chelating transition metdi<igure 3.1B3(Atharet al., 2005)

In this manner, the compounds may act as tridentate chelators, chelating iron in a 2:1 ratio
of drug to iron(200 uM). However at thisdrug concentrationall, with the exception of
compound ¥8, exhibited little activity, possibly indicagnthat the structure of the
compounds does not allow for the optimal conformation for the chelation of Fe(ll).
Additionally,this group of analogues may preferentially bind Fe(lfl)studies conducted
with derivatives of desferrioxamine (DFO), a potewnichelator, it was shown that the
derivatives maintained the ability to bind Fe(lll), but exhibiteceduced affinity to bind
Fe(ll). Wiilst still maintaining their activity againgt. falciparumpossibly due to thdact

0KF G (K Sirohflods ia thelf@r éf Fe(lliMabeza, 1999Chipelemeet al., 2007;
Chellaret al., 2010.
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Thiosemicarbazones are known to chelate a wide variety of transition matalsas such
this set of analogues mayreferentially chelate other transitiometals, sub as copper.
Copper ionshawe five coordination sitesind exist in two oxidation statg, as the reduced
cuprous form,Cuyl), and the oxidised cupric fornCuyll), with both forms favouring

different donor groups @ing et al, 2011) The cuprous form is cable of adopting
geometries which are not usually favoured byher metals, forming complexes with
thiolates and thioethers, whereas the cupric form favoamnplex formation with amines
(Dinget al., 2011) Depending on the geometry of the bond formedtlween the ligand

and the copper iona chelator maynot only favour C(l) over Cyll), but may also result in
the reduction of Cdl)to Cyl), as is the case witthe nitrogenheterocyclic,neocuprine

(2,9dimethyl1,10phenanthroline) a bidentate coppeilion chelator Dinget al., 201J.

Copper is a céactor of manymalarial enzymes, such as Cu/Zn superoxide dismutase,
which is ingested from the erythrocyte cytoplasm together with hagiobin Rasolosoret

al., 2009. Cu/zZn superoxide dismutases astpart of the enzymatic antoxidant defene
systems such thatchelation of coppemould not only impair theselefene systems, but
the partial dissociation of drug-copper complex mayesultin ROS formationThismay
deplete GSHthereby inhibitinghaem detoxification (Muller, 2004; Rasolosoet al., 2004
Hancocket al., 201)). One such sulphur based compound, Ndidthyldithiocarbamate
(Figure 3.19 has beershown to inactivate Cu/Zn superoxide dismutases in erythrocytes by
reacting with oxyhaemoglobjrresuting in the production of fregadicals and oxidisel,
N-diethyldithiocarbamate which in turnreacts with thiols resulting in GSHepletion and

enzyme inactivatiorfDinget al., 2011)

S
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p

H;C
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Figure 3.14The chemical struate of N, NdiethyldithiocarbamatgDinget al., 2011).

Althoughthe analogues d not act assecondaryanti-oxidants by chelating irqrthereby

preventing ROS formationhey did exhibit strong freeradical scavenging activijtproving

89



highly effectivein scavenging the freeadical of DPP¥{Table 3.4)Compoundsy-8, ¥-5 and
Y-7 exhibited the most promising antoxidant ability, and were comparable §0.05) to
the antioxidant capabilities of ascorbic adifiable 3.4. CompoundyY-3 exhibited poor fre-
radical scavenging activity, where@®mpound Y-6 and metronidaz@ proved to be
inactive(Table 3.4, indicating thatthe N-methyl benzyl amingl,2,3,4tetrahydroquinoline
and pyrrolidine side chain substitutions appesat to conferincreasedanti-oxidart activity.
A study conducted on benzyloxybenzalddeyd-phenyt3-thiosemicarbazonégFigure 3.8),
a thiosemicarbazone exhibiting strong structural similarities with this set of analogues,
showed thatit exhibited similar DPPHree-radical scavenging avifies (42% scavenginat
100uM) to the standard antoxidant,h -tocopherol(53% scavenging at 1Q®1) (Prathima
et al, 2011)

The antioxidant capabilities bthe analogues may be due tihe nitrogencontaining
moieties of the analogueswhere amine groups havebeen shown to act as ambxidants
through the dissociation of the-N bond andin this waydonate ahydrogenatom to the
DPPH free-radical Gaito and Ishihara, 199Nishiyamaet al, 200). Compounds that
exhibit both antimalarial and antixidant capabilities are highly beneficial, in that not only
do they cause parasite death, but they also neutralise ROS which causépid
peroxidation and the consequentvascular damage seen ipatients infected withP.

falciparummalaria(Postmaet al., 1996;Quaye, 2008

Combinations ofcompounds Y-3 or Y-7 with quinine or dihydroartemisinin exhibited
additive interactions at mostested ratio ofanaloguequinine ordihydroartemisinin(Figure
3.4, Appendix € In order to improve treatment outcome ahdecrease the risk of
antimalarial drug resistance, the WHO advocates the useoafbination therapy in the
treatment of malaria, specifically the use of quinine or amtsinin derivativesQection 1.3
(WHO, 2010b)it is, therefore,imperative to undergand the interaction of compounds in

combination as ultimately their interactiogould indicatetheir efficacy in a clinical setting.

The pharmacological interaction of two drugs in combination is said to be synergistic when
the activity of the combiration is higher than that of the activities of thedividual drugs

added together additive when the combination produs¢éhe same effects the activity of
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the individualdrugs added togetherand antagonistic when the activity tife combination

is lowe than the activities of the individual drugslded together(Bell, 2005)

A synergistic interadbn may result from: 1The binding otlrug Xto a target eancing the
binding ofdrug Y to the same target?) the binding ofdrug Xto a transpater resuling in
an influx of drug Y, 3) the formation of a toxic complex by drugs X and 4y the
conversion of drug X into its active form by the activity of drugB¥ll, 2005) With
synergismregarded as favourable due to that fact that the doses of the iddai drugs
may be reduced thereby not only minimising side effects, but also the cost of the treatment
regimen (Fidocket al., 2004; Bell, 2005However,a synergistiadrug combinationwherein
both drugs act on the same metabolic pathwayhereinthe devdopment of resistance to
either component results in loss of efficacy of the combination is not benefasas the
case ofsulphadoxinepyrimethamine(Fidocket al., 2004) Sulphadoxinepyrimethamineis a
fixed-dose combination of 20 parts sulphadoxitee 1 part pyrimethamingwherein both
drugsact to inhibit enzymes of the folate pathway, resulting arsequential blockadef
folate metabolism (Nzila, 2006 WHO, 2010p The long elimination half lives of
sulphadoxine andpyrimethamine (80 hours and 120 hours, respectively)allows for
prolonged exposure of any residual parasitestte tombination, and subsequesélection
for drugresistant parasiteswhich has resultedin high levelsof resistance tothe
combinationsuch that itis no longerecommendel for the treatment of malaria in South
Africa (Kremsner and Krishna, 2004ational Department of Health, 201WHO, 2010p

Conversely, an antagonistic interaction is unfavourable as the decreased efficacy of the two
drugs results in treatment failurencreasing the likelihood of mortality and the sprkeof
drugresistant organisms (Berenbaum, 1978; Bell, 208Bfagonism may occur when two
drugs act on the same target, as is the case with chloroquine and mefloquine, with the
antagonistic interaction pssibly due to the inhibition of chloroquine uptake by mefloquine,

or the inhibition of haemoglobin uptake into the food vacuole, resulting in reduezn

concentrations (Bell, 2005)

An appropriate combination regimen would be one wheme additive or gnergistic
relationship exists, with the separate components active against different parasitic

metabolic targets in differentstagesof the asexual parasitic life cydlEidocket al., 2004;
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WHO, 2010b)Furthermore, it should be composed of one fasting drug, as well as a
slowly-eliminated partner drug to clear residual parasitesn example of which ithe

combination of artemetlkr and lumefantrine (WHO, 2010b)

The additive interaction betwen the analogues and quinin@~igure 3.4; Appendix C)
appeas to be as a result of the two groups of drugs acting on different targéte
analogues inhibit parasitic growth past thedaing/early trophozoitestage. Following the
inhibition of haemozoin formation the parasites extiintense staining (Figure3.5b,c)
similar to seOF f £t SR WONXR & A & PT tbipadrcultdres audatdd SMRh A Y
chloroquine or hydrogen peroxidédeponte and Becker, 20043ane authors claim that

the nuclear condensation is a hallmark of apoptosis, and others claim thasippaideath
occurs via autophagyeponte and Becker, 200dppezet al., 2010. Residual parasites are

then inhibited at the mid to latérophozoite-stage through the actioof quinine

The proposed antimalarial mechanism of action of the quinolineshés ibhibition of
haemozoin formation(Olliaro, 2001; Biaginet al, 2003; Vangapandet al, 2007)
Although quinine was capable of inhibiting the formation dfaematinex vivo(Figure 37),

an examination of its staggpecific and morphological effectshowed no effect on
haemozoin formation at alconcentrations tested(Figure 3.%, indicating that inhibition of
haemozoin formation is not the primary mechanism of action of quininstead quinine
appeared to exert its effects in thaid to late tophozoitestage, possibly throughffects

on protein synthesis or paragitDNA replication; as it has bedmown to inhibit parasitic
DNA gyraseand intercalatebetween base pairs in doubiranded DNA(Frayhaet al.,
1997; Padmanabaret al, 2007) In this manner, neither drug enhances the activity of the
other, but rather act to inhibit parasitic growth through their activity on different targets in
different stages of the parasitic life cyclds seen with the additive interaction noted

between chlorogiine and quinie in the 3D7 straif P. falciparum(Bell, 2005)

In a similar manner, the interaction between the analogues and dihydroartemisinin also
produced an additive effect(Figure 3.4 Appendix L Artemisinin and its derivatives are
active agaist all stages of the erythrocytic parasitic life cycle, idelg the ring stage
(Vangapandiet al., 2007;Krishnaet al.,, 201Q. The most recently accepted hypothesit

the antimalarial mechanism of action of this class of antimalarials involves thaitiohiof
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PIATP6 a C&-ATPasdocalised to the endoplasmic reticulum and possibly the plasma
membrane (Vangapanduet al., 2007;Krishnaet al, 201Q. PIATP6 maintias cytosolic
calcium levels, inhibition of which leads to increased cytosolic uraldewels causing
dysregulationof variaus parasitic processes suchpegasite invasion and egress, as well as

progression through the life cyc(&angapandwet al., 2007 Krishnaet al., 2010Q.

Studies coducted combiningFR 160, a dicatecholate Fe(ll) andllFechelator, with
artesunate and dihydroartemisinin showed antagonistic interadiradineset al., 2002;
Bell, 2005) The antagonistic interaction may be explained by the fact Hedtl)is required
for the activity of artemisinin and its derivaéis onPfATP6or that FR 160 acts to induce
free-radical generationtherebyinterfering with the mechanism of action of the artemisinin
derivatives (Pradineset al., 2002; Bell, 2005)The fact that iron chelators appear to
antagonise the actity of the atemisinin derivatives, whereas the thiosemicarbazone
analogues interacted in an additive manr{€igure 3.4; Appendix (Joints to the fact that
the mechanism of action of the analogues does Hiet in their ability to chelatéron and
generae free-radicals If this weretheir mechanism of actionan antagonistic inteaction

should havébeenobserved.

Similarlyto that observed withthe quinine combination studiesit appears as if the
metronidazolethiosemicarbazoneanalogues and dihydroartemisinin taon different

targets within the parasite, with dihydroartemisinin inhibiting the activity BFATP6
throughout the parasitic life cycle, and the analogues inhibiting haemozoin formatidmein

late ring/early trophozoitestageg(Figure 3.5)

Previous aidies have hypothesised that the artemisinin derivatives bygt inhibiting
haemozoin formationPandeyet al., 1999; Kannaet al., 2005) however when screened
for i -haematin inhibitory activity dihydroartemisinin was only capable of 7.462.27%
inhibition at 100uM (Section 3.3.4). In accordance with this observationg inhibition
was observedby other investigatorsvhen wsingthe i -haematin inhibitory activitBHIA)
assay,indicating that these compounds do not form™ interactions with haematin

(Hayneset al., 2003;Fenget al., 2011).

Thiosemicarbazones may attack various biological targets within the malaria passie

as DNA synthesis, haemoglobin digestion, and haem biosyntfékellanet al., 2010;
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Hancocket al., 2011) This studyhas included an extra possible antimalarial mechanism of
action, in their ability to inhibit haemozoin formation. Thediac i K I &  (-lka&matin(i N y =
inhibitory activity of some analoguesne of which exceestl the activity of chloroquine,
did not equateto antimalarial activityn the nanomolar range of chloroquinedicated that
perhaps the lipophilicity of the analoguesneeds to be enhancedto facilitate the
movement of the analogues through membesso asto enhancetheir accumulation in
the food vacuole of the parasiteThe addition of aminoalkyl side chains in the place of
metronidazole may also prove beneficial, imder to enhance pH trapping of the
compounds within the food vacuole. A study conducted by Egaal (2000, showed that
aminoquinoline derivatives lacking an amiriodl side chain showed strong (H®
protoporpK @ NA Y L - O2 YLX $hkeingtild inHibitbiy adivitgi-bweveryttieir |
antimalarial activity lay between 3.8 andub! when compared to chloroquine, which had

an 1Go value of 3&nM (Egaret al., 2000)

It can be concluded that the thiosemicarbazo class of compounds show promising
antimalarial activity however, the addition of metronidazole to the thiosemicarbazone
backbone may in fact hamper the iron chelation abilities of thiosemicarbazobgs
hindering the rotation of the analogue¥he addiive interaction betweercompoundsY-3
and ¥7 when combined with currently used antimalarials, as well as their ability to act as
anti-oxidants would prove beneficial in the treatment Bf falciparumnfected individuals.
However, a concern would be théa@armacokinetic profile of thiosemicarbazone analogues
It has been shown thatriapine]) athiosemicarbazonelerivative,althoughgenerally well
tolerated at doses of up to 16g/m? daily (intravenously, possessd an elimination half

life rangngfrom 1.67 to 2.30 hourgGileset al., 2003; Murreret al., 2003) In this respect,

a combination of a thiosemicarbazone analogue with an artemisinin derivatweerein
both drugs have short halives may result in recrudescenoerequire the patient to be on
an intravenous drip Synthesis of derivatives and further investigation into these
compoundsto includea more favourablepharmacokinetic profile, andn examination of
their toxicity on mammalian cells linesiay in time provide a new class of potent

antimalarials
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CHAPTER 4: THE ANTIMALARIAL PROPERTIES OF

CHLOROQUINOLHIEHALCONES

4 .1 Introduction

Strategies for antimalarial drug discovery include: combination thesplrugresistance
reversers, analogues of existing antimalarials, the developmenttasfet-specific
compounds, and the masscreenings of plarderived compoundgBiaginiet al., 2003;
Muregi and Ishih, 2000 Another drug discovery strategy is the hybridisation of two
validated antimalarial drug scaffold$he principle behind moleculdaybridisation is that

two compounds, withdiffering antimalariamechanisms of actiorare fused to produce a
single compound with antimalarial activity excéegl that of itscomponentsin singularity
(Guantaiet al., 2010; Muregi and Ishih, 20LMHybridsation is an attractive strategyhen
applied to compounds to which resistance has developed, such as chloroquine, as the
addition of the second compoundhay act to circumventor reversedrug resistance

(Guantaiet al., 2010; Muregi and Ishih, 2010
4.1.1 Chalcones

Chalcone orl,3-diaryt2-propenl-ones (Figure 4.4) act as key intermediates for the
assembly of various heterocyclic scaffol@Ren et al, 2003; Nowakowska2007;
Bhattacharyaet al., 2009. They typically consist of two aromatic ringskéid by a three
carbon N, i -unsaturated ketone bridge (Figure 4)1 with many naturally occurring
chalcones capable of acting as amtidants, due to polyhydroxylation of their aromatic
rings (Go, 2003; Rest al., 2003; Nowakowsk&007).

a) b)

Figure 4.1.The basic structure od) a chalcongBandgaret al,, 2010)and b) aquinoline
(Guantaiet al., 2010)
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Chalconesare the precursors to a large family of compounds known collectively a
flavonoids, which encompass more than 4000 natural polyphenolic compounds abundant
in fruits, spices and vegetabld§&o, 2003; Reret al, 2003; Nowakowska2007), and
possess a wide range of biological activities, uidiclg anti-inflammatory, anticancer
antiprotozoaland antibacterial effets (Nowakowska2007; Mishraet al, 200§. One such
chalcone is isoliquiritigenira component ofGlycyrrhiza glabra I(liquorice root), which is
currently used as a vasorelaxant, exerting its effects through irtiobi of
phosphodiesterasdll whilst also possessing golitelet aggregation, antillergy and anti

cancer propertiegWegenerand Nawrath 1997;Takahashet al., 2009.

Theantimalarial properties of chalcones was discovered during a routine sciggenirere
it was found thatlicochalcone A, an oxygenated chalcaisoextracted fromGlycyrrhiza
glabra L.gexhibitedantimalarial activitChenet al.,, 1994; Get al., 2004). The antimalarial
effects of licochalcone A was similar in batiloroquinesensitive(3D7)and chloroquine
resistant (Dd2) strains ofP. falciparumwith licochalcone Anhibiting parasite growth by
50% at 0.6ug/ml, compared to chloroquine which inhibiteéeD% ofparasite growth by 50
ng/ml and 86 ng/ml in the two strains, respgeely (Chenet al, 1994) In addition,
licochalcone A has shown to act as a potemtvitro inhibitor of proinflammatory

responses, which would be beneficial in the treatment of mal@@beet al., 20086.

This discovery prompted an interest in clmles as antimalarial agentsyith various
alkoxylated and hydroxylated chalcones well as sulphonamide and phenylua@alcone
derivativesshown toexhibt variableactivity agains®. falciparumin vitro (Goet al., 2004;
Nowakowska2007; Mishreet al., 2008.

4.1.2Quinolines

Quinolines(Figure 4.1b)quinine ard cinchonine isolated from the bark of the cinchona
tree in the 18" century constituted the first successful treatment of malafifstozniackaet
al., 2002;Sharma, 20055olomon and Lee 0D9). During the Second World War, due to the
difficulty in the chemical synthesis of quinine, the synthetjainoline derivative,
chloroquine replaced quinine asthe primary prophylactic and antimalarial agent
(Wozniackeet al., 2002;Sharma, 2005; Solam and Lee, 2009For decades chloroquine
has been theprimary antimalarial chemotherapy due to itew cost,clinical efficiencyand
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favourable pharmacokinetic profile(Fidocket al, 2004; Sharma, 2006 Chloroquine is
absorbed rapidly following oralintramuscular, or subcutaneous administration and is
largely bound to plasma proteins, exhibitingeaminal elimination haHife of one to two
months (WHO, 2018). Metabolism occuws in the liver toform monodesethylchloroquine,
which exhibits similar asftity againstP. falciparum{(WHO, 2018). However, decades of use
has contributed to the widespread resistance Bf falciparum rendering the drug
ineffective in most parts of the world, including South Afr{E&docket al., 2004;National
Department ofHealth, 2009.

Chloroquine is a diprotic weak base, existing as unprotonated, rpookonated and di
protonated forms(Sanchezt al,, 201Q. Chloroquine, in its unprotonated form, is capable
of crossing the membrane of the food vacuole wharpon exposte to the acidic pH, it
becomes protonated making it membrane impermeat@anchezt al.,, 2010Q. It exerts its
effects in the food vacuole by binding to haem, thereby inhibiting the formation of
haemaoin (Figure 3.12)resulting inparasite deathdue to oxidative stresgOlliaro, 2001
Vangapandtet al., 2007 Sanchezt al., 201Q. Under physiological conditions, the pH of
the food vacuole of the malaria parasite is maintained by-AFPase pummovingH' ions
into the food vacuoleto counter the outwad leak of H by an asyet uncharacterised
pathway (van Schalkwyk and Egan, 20Q&haneet al, 2008. It has been previously
hypothesised that chloroquineesistance may be attributed tan increase in the plf the
food vacuols of chloroquineresistant parasites compared to tlose of sensitive strains
(Ginsburg, 1988)which would resultin decreasedchloroquineaccumulation due to weak
base trappingGinsburg, 1988However, recent publicationshave shown that there is no
significant difference betweethe pH of the food vacuoles of chloroquinesistant and

sensitive straingvan Schalkwyk and Egan, 20Déhaneet al., 2008; Sanchez al., 2010.

A more likely hypothesis is that chloroquinesistance is attributed to mutationsn
parasitic chromosmes resulting in the decreased accumulation of chloroquine in the food
vacuole (Vangapanduet al, 2007 Sanchezet al., 2010; WHO 2010h Plasmodium
falciparum chloroquine resistance transporterP{CRT,) localisedto the food vacuole
membrane, mediateshe transport of drugs in and out of the food vacuole, both directly
and indirectly by transporting drugs and by contributing to the generation of the pH

gradient (Figure 4.2Wangapandtet al., 2007 van Schalkwyk and Egan, 2006; Sanetez
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al., 201Q. PICRT mutations confer chloroquinesistance by resulting in the efflux of
chloroquine from the food vacuole at rates 40 times higher ththat observed in

chloroquinesensitive strains d®. falciparum(Vangapandet al., 2007 Fidocket al., 2008.
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TRENDS in Parasitology

Figure 4.2:Mechanisms of chloroquingesistance inP. falciparum(Fidocket al., 2008.
With the circled question markeferring to the hypothesisthat the efflux of
chloroquine from the food vacuole might be-ebupledand the black boxed
question mark redrring to the outward leak of Hoy an asyet uncharacterised
pathway ~ Where: CQCQH/CQH?** = chloroquine/monoprotonated
chloroquine/diprotonated chloroquine;RBC = red blood cell; PfIMDR1 =
Plasmodiunfalciparummulti-drug resistance transporteP{CRT= Plasmodium

falciparumchloroquine resistance transporter

Chloroquineresistance has been attributed toumerouspolymorphisms within thepfcrt
gene, however, conserved amongst the mutant alleles isrépacement of the charged
amino acid lysine with # neutral amino acid tl@onine (K76 TFidocket al., 2008;Sanchez
et al., 2010) With the loss of positive chargesulingin the efflux ofthe protonated form
of chloroquine back into the parasite cytoplagfigure 4.2fFidocket al., 2008). Lehaneet
al. (2008) showedhat uponinhibition of parasiticH-ATPas@umpswith concanamycin A

a macrolide antibiotiavhich inhibits vacuolar B-ATPasgumps alkalinisation ofthe food
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vacuoles of chloroquineresistantstrains wereup to 4fold higher than tlat observed in
chloroquinesensitive strains. The same study also showed that in the presence of
chloroquine a rapid alkalinisation of the food vacuole was noted in chloroepeisistant
strains, with chloroquinesensitive strains exhibiting a decreasederaf food vacuole
alkalinisation (Lehanet al., 2008).A process that was inhibited by verap&na calcium
channel blocker, possibly due to the fact that the positively charged amino group of
verapamilcompensates for the loss of positive charge in nedaPf w ¢ @ Scldalkwyk
and Egan, 2006t.ehaneet al, 2008) All of which favours the hypothesis th&fCRT
transports chloroquine in symport withlibns, withPICRT mutations resulting in the efflux

of chloroquine and H and sulsequenty increased ate of alkalinisation of the food vacuole
(Lehaneet al., 2008;Sancheet al., 2010)

Furthermore, nutations within the Plasmodium falciparummulti-drug resistance
transporter(pfmdr 1) gene implicated in mefloquine and halofantrine resistanhaye also
been implicated in chloroquaresistance in certain strainf/angapanduet al., 2007;
Johnsonet al, 2008) It has been shownthat the anticonvulsant, phenobarbitone,
increased the expression of the gene product midr 1, P-glycoprotein homologe
protein 1 (Pgh}, resulting in decreased sensitivitp chloroquine in bothchloroquine-

resistantand-sensitive stransin vitro (Figure 4.2jJohnsoret al., 2009.

A possible means of potentiating the effects chloroquine is througlh synthesis of
modified chloroquine analogues. Sulphonanya®alogues have shown promising
antimalarial activity, with one analogue exhibiting #o0d higher activityand different
mechanism of action to that of chloroquin@/angapanduet al, 2007. Various other
analogues in which the alkyl side chain of chloroquine was modifiatbo exhibited
promising antimalarial activity against chloroquiresistant strains, providing an indication
that the aminoalkyl side chain is an important determinant in chloroquine resistance

(Vangapandiet al., 2007 van Schalkwyk and Egan, 2006

The rationale behind the synthesis of a series of chloroquinair@cones was that the
molecular hybridisation of the active chloroquinoline and chalcone groups may produce a

more potent compound gaable of evading chloroquinreesistance.

The objectives of this chapter were to:
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1 Evaluate the efficacy of the chloroquinolirehalcone derivatives against a
chloroquinesensitive strain ofP. falciparumand, pendingantimalarial activity
similar to or more potent than that of chloroquineexamine the activity of the

compounds against a @drbquineresistant strain.

1 Determine possible pharmacological interactions between a lead compound and

quinine.

1 Examine the stagspecific and morphological effects of laad compound on

parasite development.
1 Elucidate possible antimalarial mechanisms of action of the compounds.
1 Test for haemolytic activity as an indication of toxicity.

4.2 Materials and methods

4.2.1Chemical synthesis and structural verification

The chbroquinolinechalconeg1-14) were acquired from Professor A. Azam, Department

of Chemistry, Jamia Millia Islamiblew Delhi, IndiaThe compounds we synthesised as
depicted in kKure 4.3 A series of Zhloro-3-formylquinolines were prepared by the
concdensation of different anilines with acetic acid in the presence of acetic anhydride
(Figure 4.3a). Following which the-cBloro-3-formylquinolines were condensed with
various aromatic ketones in the presence of aqueous NaOH in ethanol (Figure 4.3b), to
produce the chloroquinolinehalcones (Table 4.1) (Hayet al, 2011). The chemical
structures of the 14 chloroquinolinehalcones were verified binfrared, *H, *3C nuclear
magnetic resonanceind mass spectrophotometyyand purity confirmed by elemental

andysis(Hayatet al., 201J.
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Chloroquinolinechalcones (general structurt

Figure 4.3 Thesynthesis of chloroquinolinehalcones 1-14). Reagents and conditions: a)
dimethylformamide/phosphoryl chloride75 °Creflux 17 hours b) aqueous

sodium hydroxideethanol various aromatic ketong$layatet al., 2011).

Table 4.1The chloroquinolinechalconesvaluated for antimalarial activity

Chemical name Chemical code
(E)}3-(2-Chloroquinolinedyl}1-(pyridine-2yl)prop-2-en-1-one F1
(E}1-(3-Bromophenyh3-(2-chloroquinoline3yl}2-methylprop-2- 2
en-1-one
(E}1-(4-ChlorophenyB3-(2-chloroquinoline3yl)prop-2-en-1-one 3
(E)}1-(3-Bromophenyh3-(2-chloroquinoline3yl)prop-2-en-1-one F4
(E)}1-(4-Bromophenyh3-(2-chloroquinoline3yl)prop-2-en-1-one 5
(E}1-(3-Bromophenyh3-(2-chloro-6-methylquinolin-3-yl)-2- 6
methylprop-2-en-1-one
(E)}3-(2-Chlore6-methylquinolin3-yl)-1-(3-chlorophenyl)2- 7
methylprop-2-en-1-one
(E}1-(4-Bromophenyh3-(2-chloro-6-methylquinoline3yl)prop-2- 8
en-1-one
(E}1-(3-Bromophenyh3-(2-chloro-6-methylquindin-3-yl)prop-2- F9
en-1-one
(E)}3-(2-Chloro6-methylquinoline3yl)-1-(pyridine-2yl)prop-2-en- F10
1-one
(E)}3-(2-Chlore7-methylquinoline3yl}1-(3-chlorophenyl)2- F11
methylprop-2-en-1-one
(E}1-(3-Bromophenyh3-(2-chloro-7-methylquinoline3yl)-2- F12
methylprop-2-en-1-one
(E}3-(2-Chlora7-methylquinoline3yl)-1-(pyridine-2yl)prop-2-en- F13
1-one
(E)}1-(3-Bromophenyh3-(2-chloro-7-methylquinoline3yl)prop-2- F14
en-1-one
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4.2 2 Pharmacological evaluation

Thein vitro antimalarial activity of thecompounds and positive controls were assessed
using the {H}-hypoxanthine incorporation (Section 2.2.2.1) and flow cytomé®gction
2.2.3.3)methodologies The most active compound was selected for a combination study
with quinine (Section 2.2.2.3), asellv as for stage sensitivity and parasite morphology
studies (Section 2.248. To elucidate possible antimalarial mechanisms of action;
haematin inhibitory activity (Section 2.32), DPPH free-radical scavenging (Section
2.3.2.12) and iron chelation assays (Section 2.3.2.2.2) were carried out. In order to provide
an indication of the toxicity of the compounds, a red blood cell toxi@ssay was
performed(Section 2.4.2)Jatisticallysignificant differences werdetermined by means of

anunpairedSudents T-test, with p <0.05, using the Graphpad Prig{version5) software

4.3Results
4.3.1In vitro antimalarial and haemolytic actiity

Of the 14 compounds tested for activity agaifstfalciparum 10 inhibited parasite growth
in a dosedependat manner (Figure 4.4) Of the 10 active compounds, six inhibited
parasite growth with 163 values below 5M, four between 50uM and 100uM, and the

remaining four were ineffective at inhibiting parasite growth below U80 (Table 4.2).

125+ A Chloroquine
® Quinine
Compound F-1

% Parasite growth

Log concentrationrfiVl)

Figure 4.4Log sigmoid dose=sponse curves of conspnd F14, chloroquineand quinine.
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Table 4.2:Thein vitro antimalarial (1%haematocrit, 0.5% parasitaemia) and haemolytic
activity of chloroquinolinechalcones and positive controls &n4). Percentage

inhibition of parasite growth at 100 uM is shown in parenthesis.

P!
1
R X \‘/\R“
3
2 Z R
R N Cl
Antimalarial Haemolytic
Activity activity
Compound R |IR|R R IGovalue uM +s.d.| % Haemolysis
(% growth inhibition
Fd mnn |at100pM (xs.d)
F13 H|CH| H | A 31.31+0.87 0.47 £0.77
=
F10 CH| H H \ENj 31.54 + 3.03 1.55+1.15
=
F1 H H H | S 31.98 +1.27 1.10+1.04
=
F3 H H H \©\ 39.17 + 2.05 1.74 + 0.67
F5 H H H \©\ 44.56 + 1.75 2.20+0.54
F12 H | CH | CH \©/B’ 47.06 +2.76 1.04 £ 0.64
F9 CH| H H \©/B’ 50.11 + 3.58 1.68 + 0.66
F11 H |CH | CH \©/C' 50.44 + 3.22 1.44 + 0.66
F14 H | CH| H \©/B' 59.73+1.19 1.09 £ 0.55
8 CH| H H \©\ 74.84 £ 3.39 1.40 £ 0.96
F4 H H H \©/B' > 100 1.38 £ 0.67
(61.22 + 13.0%)
6 CH| H |CH ” > 100 1.53+0.34
\©/ (51.15 + 8.10%)
2 H H | CH \©/B’ > 100 2.17 £0.59
(34.30 + 8.9%
7 Ch| H |CH \©/°' > 100 1.24+0.78
(8.74 £ 13.68%0

103



Compounds A3, F10 and FL proved to be the most active; with 4Cvalues of
approximately 31uM (Table 4.2). However, when compared to the antimalarial activity of

chloroquine and quinine their activityas statistically less effective (p < 0.05).

The haemolytic activity of the compounds was low with percentage haemolysis atM00
ranging from 0.47+ 0.77% to 2.20t 0.54%, and wre comparable to chloroquine and

quinine (0.72:0.32% and 1.22 0.98% hamolysis at 10QuM, respectively)Table 4.2)

In order to compare results obtained using flow cytometry and tfé]-hypoxanthine
incorporation assay, sSix compounds were selected for comparison, wherein the %
haematocrit and % parasitaemia wefe and 4fold higher than that used to obtain the

results shown in Table 4.2.

Generally, the 165 values and % parasite growth inhibition at 1080 exhibited a similar
trend in the two methodologies. When comparing thegl@alues obtained for compound
F13 usingflow cytometric analysis (§¢value: 70.3% 0.38uM) and the fH]}-hypoxanthine
incorporation assay (kgvalue: 59.48t 3.38 uM), no statistically significant difference was
noted (p > 0.05). A statistically significant difference was apparent<(0.05) when
comparing the 1G values of compound FL in the two methodologies 54.19+ 3.08 uM
and 33.15+ 1.35uM as determined by flow cytometric analysis and tftd}{hypoxanthine
incorporation assay, respectiveljhe % growth inhibition at 100M of compouwnds F2, F

4, F6 and F7 exhibited a similar trend in the’fi-hypoxanthine incorporatiorassayand
flow cytometric methodologies, although the % growth inhibition as determined by flow
cytometry (25.20+ 1.06% to 34.54 5.39%) was higher than that astdemined by the
[*H]}-hypoxanthine incorporation assay (10.88.40 to 12.68 2.32%).

4.3.2Combination study

The isobologram (Figure 4.8lepictsan additive interaction when compound-E was
combined with quinine in various ratios. Th&IC (1.35t 0.11), generatedfrom four
experiments(AppendixD), verified the additive interaction shown ikigure 4.5Falling well
within the guidelines ofin additive interactionwheren (i K S sqra@ide lies between 0.5
and 2(Section 2.2.23).
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Compound F-13
(IGg value in combination/
IGgvaluealone)

Quinine
(1G, value in combination/
IGgvaluealone)

Figure 4.5 The additive pharmacological interaction betweesmpound F13 and quinine
(n=4).

4.3.3Morphological and stagespecificeffects ofcompound~13

The morphological and staggpecific effects oEompoundF~13 were bestvisualisedusing
the 1Govalue (70uM) (Figues 4.6 and 4)/ No notable changes in parasite morphology or
shape occurred during the ringtage. However, wherhe untreated parasite control
progressedinto the early trophozoitestage the treated parasies exhibited altered
morphology. Thdreated parasites appeared smallewith reducedhaemozoin forméon
(Figure 4.6A)and appearedo be in thering-stage rather than early trophozoistage
(Figures 4.7A). When compared to the untreated control of paites in the midate
trophozoite stage, the treated parasites appeared smaller in §izigure 4.6B)were
primarily in the early trophozoitstage (Figure 4.7B)and although haemozoin formation
was visible, the crystals were not as compact as notechénuntreated control(Figures
4.6B). Thereafter, the parasite control progressed into the etrlynid schizoristage,
where merozoite fomation was evident (Figuré.6C) In contrast, treated parasites
remained primarily in the trophozoitstage (Figure ZC), with86% of the treated parasites
appeaingto be in the earlyto mid trophozoitestage andonly 14% of the treated parasites
progressing into the schizostage (Figure 4.6C). Finally, the parasite control progressed

into the late schizontand ealy ring-stages(Figures 4.6 and 4.7D)ith 71% of parasites in
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the early ringstage, and 29% in the late schizesthge, equating to an increased
parasitaemia of 4.81% (Figure 4.6D). Of tteated parasites, no early rirgjage parasites
were present andl8% of parasites were in the eattymid trophozoitestage (Figure 4.6D).
The remaining52% had progressed into the mischizontstage, with the schizons
appearingcondensed andhe number ofmerozoites formedreduced(Figure 4.60Q)when
compared to theearlymid schizont parasite control (Figure @6An examination of blood
smearsof the treated parasitesour hours postinvasion or four hours into the next cycle
showed that the schizonts had progressed through the cycle to form merozoites and
consgjuently early ring. However, none of the mid trophozoites had progressed into the

schizontstage, and appeared condensed and intensely stained (data not shown).

Control Compound~13

A @ 4

Early trophozoites

Mid-late trophozoites

100%
1004

754

50

% Parasites

254

14%

0% 0% 0%

Earlymid schizonts Control Compound F-14 (I6;)

100, = Rings
I Trophozoites
754 71% I Schizonts

52%

48%

D @*‘ B3

Y 501

% Parasites

25+

Lateschizontsand early rings ol

0%
Control Compound F-14 (1G,)

Figure 4.6 The effects of compound-E at its IG value (70pM) on parasitemorphology and
development(n = 1)
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FLZ-H:: Dihydroethidium FLZ-H:: Dihydroethidium

Figure 4.7 Flow cytometric analysis depicting the effects of compoui® Ratits 1G, value
(70puM) on parasite developmer{nh = 1) Where FL2H represents the

maximum fluorescent intensity of dihydroethidium

An examinationof the morphological and staggpecific effectof compound FL3 at 200

UM (1Go value) indicated that treated parasites wereable to progress throughhe ring-
stage with no distinct morphological change@igure 4.8). However, there was no
progression past the late rirgfage, with treated parasites appearing condensed and
exhibiting a distinct lack of haemozoin formation (Figure 4.8B), when compared to the
untreated parasite control sample that was in the edadymid schizorntstage (Figure 4C).

In contrast, the morphological and staggpecific effects of compound B at25 pM (IGs
value) provided little stagspecific or morphological information, with the exception that a

slight lag in parasite development was noted. Treated parasitas weinly present in the
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late trophozoitestage compared to the earlyo mid schizontstage of the untreated

control.

Figure 4.8:The effects of compound-E3 at 200uM (IGo value) on parasite growth and
development(n = 1) Where A =compound F13 treaed parasitethat was in
the late ringstagewhen the parasite control was in the early trophozeite
stage; B =compound F13 treated parasit® that were in the late ringstage

when the parasite control was in the eattymid schizoristage.

4.3.4 Antimalarial mechanisms of action
4.3.4 . 1Inhibition of i -haematin formation

None of the compounds were capable of inhibiting the formationiefiaematin as
effectively as chloroquineor quining with the i -haematin inhibitory activity of the
compounds ranimg from 12.57 + 8.30% to 92.73+ 4.11% at 400uM (Table 43).
Compounds #4, 8 and F3 were the most active, with inhibitory activities of 92.%3
4.11% 91.97+ 8.10%, and 89.4% 10.00%at 400uM, respectively (Table d). However, at
100uM they were ony capable of inhibiting the formation 6fhaematin by 22.56 6.53%,
9.68+ 3.20%and 21.34+ 7.60%respectively.

4.3.4.2DPPHfree-radical scavenging activity

When compared to ascorbic aqiifsovalue: 19.31 + 2.6@M), the compounds proved to
be poor scavengers of the freadical of DPPRiwith activity ranging from 0.01 +&6% to
11.34 + 8.91% at 240M (Table 43).
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4.3.4.3Iron chelating activity

None of the compounds exhibited any iron chelating actieggnparableto that of EDTA
(IGo value: 23.9Gt 1.83uM) (Table 43), with % Fd{) chelation ranging from 0.04.1.28%
to 7.57+4.13% at 20QM. In contrast, chloroquine was capable of chelating 7&687%
Fe(ll) at 20QuM (Table 43).

Table 4.3 Thei -haematin inhibitory, freeadical scavenging, arfeg1l) chelating activity of

the compounds(n = 4). Valuesin parenthesis indicatevhere |Gy values(< 100

>M) were obtained
22 Ly KA 0 -hderhatin/| % DPPBfree-radical | % Fe(ll) chelation
Compound formation scavengingactivity
at 400 uM (x s.d.) at 240 uM (x s.d.) | at 200 UM (x s.d.

F14 92.73+4.11 0.01 +1.97 7.57 +4.13
8 91.97 £8.10 0.01+£0.70 0.01+£3.42

F3 89.46 + 10.00 0.01 + 0.65 3.00+£1.82

F11 41.95+4.19 0.01+1.39 0.01 £ 577
F6 40.77 £ 13.63 0.01+£2.80 0.01+£3.42

7 32.89+£5.21 0.01+2.18 0.01 +6.96

F9 32.20 £ 13.42 2.39+2.25 0.01 +8.73
F10 31.71 £ 10.77 227+1.21 0.01 +5.24
F13 30.56 + 5.00 0.78 £ 1.90 0.01+6.72

F5 26.83 £ 10.39 0.01 £0.95 0.01 £1.28
F12 22.60 + 12.24 1.43+1.18 0.01 £5.60
F1 20.86 + 6.06 11.34 +8.91 0.01£2.23
F4 14.56 = 6.46 0.01+1.17 0.01+7.60
F2 12.57 + 8.30 0.01+£0.87 0.01 +5.95
Chloroquine (29.64 + 3.35 a) 0.31 +3.28 70.68 + 0.97
Quinine (63.00 + 3.2M) 253+1.17 0.01 +6.08

EDTA N.D. N.D. (23.90+1.83 a)
Ascorbic acid N.D. (19.31£2.62 a) N.D.

4.4 Discussion

The antimalarialactivity of the compounds rangedith |G values of 31.3% 0.87 uM to

8.74 £ 13.66% inhibition of parasite growth dt00 uM (Table 4.2) indicating that the
hybridisation of the chloroquinoline and chalcone maes did not act in a synergistic
manner to produce highly potent compounds, and did not warr&nther screening

againsta chloroquineresistant strain ofP. falciparum None of the compounds exhibited
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any notable haemolytic activity, with % haemolysis ranging from 03.77% to 2.2Gt
0.54% at 100M (Table 4.2), indicatinghat the variable antimalarial activity of the
compounds was not due to a direct effeat the erythrocyte itself, but rather due to the

structural differences of the compounds.

Compounds A3 (IGyvalue: 31.31 0.87 uM), F10 (IGovalue: 31.54+ 3.03uM), F1 (IGo
value: 31.98 1.27uM) and F3 (IGovalue: 39.17+ 2.05.M) exhibted the best antimalarial
activity (Table 4.2) Sructure-activity relationship of the compoundsevealed that
compounds A3, 10 and F1 all hal pyridine ring substitutions at‘Rnd a hydrogen group
at R, with either hydrogen or methyl groups at &d R. Whilst compound £, which ha
the highest 1 value of the four, hd hydrogen groups at'RR and R, with a 4chloro
phenyl ring at R The antimalarial activity conferred bie pyridine ring substitution &
becone evident when comparing congunds F13 and F14, whichhad identical groups at
R, Rand R, yet differed with respect to R(Table 4.2)resulting inthe 1.9-fold decreasen

antimalarial activityobserved in compound-E4 (Table 4.2)

The substitution okither a chlore or bromo- group on the phenyl ring appeared to have
no influence on animalarial activity as revealed by a comparison of compouneklFand
12, which had identical groups at,®¢, and R, but differed with respect to a chlor@nd
bromo- substitution at € on the phenyl ring of R (Table 4.2) Structureactivity
relationships of theC and € bromo-substituted compoundsrevealed that the main
determinant of antimalarial activitypppeaed to be the positioning of the methyland
hydrogen substitutions at’'RF and K, rather the pogioning of the bromegroup on €or

C' (Table 4.2)

A study conducted by Domquezet al. (2001 testing the activity of a similar series of
quinolinyl chalconeagainst the FCB1 chloroquinesistant strain oP. falciparun, showed
that a singlebromo- or chloro-substitution on ¢ of the phenyl ringdisplayed no
antimalarial activity, with 1§ values> 200 uM. However, di-chloro substitutiors at the G
and € (Figure %a)and € and C positions produced compounds withsi®@aluesof 19 pM

and 48.6uM, respectivelywhilst disubstitution at Gand € abolished antimalarial activity.
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Figure 49: Quinolinechalconegreviously assessed for antimalarial activiy Doninquez

et al. (2001);b: Liuet al. (2001); c,d Sharmaet al. (20®); e: Guantaiet al.

(2010); f: Ferreret al. (2009.



Differences between the results obtained by Doguezet al. (2001) and this study may
have been attributed to the different strains &f falciparunused. Donnquezet al. (2001)
found the G value of chloroquine to be 80nM in the FCB1 strain, as opposed to the IC
value of 6.5+ 0.2 nM as obtained in the 3D7 strain (Table 4.2). Furthermore, the
compounds tested by Doimquezet al. (2001) had methoxy groups at'Rnd R (Figure
4.9a), instead of hydrogen and methyl groups as in this study (Table 4.2).

In a large structurectivity analysis performed against the chloroquiesistant K1 strain

of P. falciparum Liuet al. (2001) identied 1-6 H Q Jron&tRoryghenyl)3-(3-quinolinyl)2-
prop-1-one (Figure 4.9b) as a promising inhibitor of parasite growth, with gyvé@ie of 2

UM (Liuet al, 2001). Structural analysis pointed to the fact thagjBnolinyl derivatives
were more activehan 4-quinolinyl derivatives, regardless of ring substitutions. Whilst also
pointing to the fact that electroracceptor groups, such as diflueror dichlore at &, C or

C, C positions on ring A were not necessarily contributors to antimalarial iactfFigure
4.9b) (Litet al., 2001).

In general, structuractivity relationships of quinoline and chloroquinatohalcones paint
a complicatedand sometimes contradictory pictur&Sharmaet al. (2009 demonstrated
that 4-oxo and 4amino linked quinoline-chalcones (Figure 9 and d, respectively)
displayed no activity against the fB chloroquinesensitive strain oP. falciparumwhen
the R group was a pyridine ring, or a chlgreromo, nitro-, methyl or methoxy

substituted phenyl ring(Sharmaet al., 20®).

A recent study conducted by Guantt al. (2010 examinedthe antimalarial activity of
triazolelinked chalcoesagainstthe chloroquinesensitive D10 strain and the chloroquine
resistant Dd2 and W2 strains Bt falciparum Three compounsd exhibited 1G; values in
the submicromolar range The most active, 3-{4-[1-(7-chloro-quinolin4-yl)}-1H
[1,2,3]triazot4-ylmethoxy}3-methoxy-phenyl}1-(2,4-dimethoxyphenyl}propenore, which
was dimethoxylated at positions>’@nd ¢ on the phenyl ring Rigure 49e), inhibited all
three strains with 16 values of 0.04 uM, 0.07 uM and 0.09uM, respectively(Guantaiet
al., 2010Q. However,it was only 0.7-fold more active than chloroquine in the Dd2
(chloroquineresistant) strain, whereas in the D10 (aquinesensitive) and W2

(chloroquineresistar) strains, it was 2-4and 1.3fold less active, respectively
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The same study found that none of the compounds containing halogen substitutions on the
phenyl ring exhibited sumicromolar 16, values, and pinted to the Zchloroquinoline
moiety as a possible contributing factor for the activity of the compounikiough the
inhibition of haemozoin formationGuantaiet al, 201Q. However, when tested for -
haematin inhibitory activity,no correlation was okerved between thei -haematin

inhibitory activity and the antimalarial activity of the compour{@uantaiet al., 201Q.

Similarly,in this study,compounds A3, F10 and FL, which exhibited the best antimalarial

activity (Table 4.2) were only capaldlef A Y KA 6 A (i A y J-haénkatn b etNdeh (0 A 2 Y
21 and 32%at 400 uM (Table 4)3 Whilstcompounds A4 and F8, which exhibited the

besti -haematin inhibitory activityat 400 uM(Table 4.3 had the highest Kgvalueswhen
testedagainst the paragé (Table 4.2)¢ KS 2y f & O2YLlRdzyR Ay #KAOK
haematin inhibitory activity appearetdb correlate was compound-8, which had a chloro
substitution at ¢on the phenyl ring of Rwith an I1Gyvalue of 39.17 + 2.05 uM (Table 4.2)

and % Yy KA 0 A ( /a&eyhatire fdrmation of 896 + 10.00% at 400 uM (Table ¥.3

respectively.

Ferreret al. (2009)also found that a chlorsubstitution on € of the phenyl ring (Figure
4.9f) in a series othloroquiroline-chalconesO 2 y F S MeB\&in ihhibibry activity,
whereas a chloreubstitution at €| 6 2 f A @&de®akin ihhibitory activity This was
similar to thatobserved in ompounds FL1 and F/ (Table 4.8 The inverse was noted
when the phenyl ring was substituted withdifferent halogen. The sstitution ofa fluoro-
group at positionC' 6 2 f A -hdérBaitn inhibitory activitywhereas a substitution at’C
O 2 y T SINaedlBatn inhibitoryactivity (Ferreret al., 2009).A comparison of compounds
8 and F9, which both hd a methyl group at Rand hydrogenat R and R, revealedthat
positioning of the bromesubstitution at ¢ (compound F8) instead of &(compound )
(Table 4.2)resulted ina 2.9fold increase ini -haematin inhibitory activity(Table 4.3
However, when comparing compoundsl# and F8, both of which exhibéd i -haematin
inhibitory activity at 400 pM (Table 4.,3conpound F14 had a bromesubsttution at G,
whereas compound B had a bromesubstitution at ¢ (Table 4.2)Indicating that,aswas
observed with antimalarial actiity, the positioning of the methyl and hydrogen

substitutions at B R and Rmay also play a role inrhaematin inhibitory activity.
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However, in theFerrer et al. (2009)study, active compounds exhibited i -haematin
inhibitory activity similar to thatof chloroquine (96.61 + 0.26% Yy K A 0 A thdethafin 2 T |
formation at 25 uM) Ferreretal® o0 H nn v O 2 Yy OdedeRibirhibito bctivityll K S |
observed was as a result of thea#hino-7-chloroquinoline moiety; with hydrogen, halogen

or N,Ndimethylaminosubstitutions on the phenyl ring of the chalconmiety resulting in
secondary interactionwith haem(Ferreret al., 2009). In this respect, the lack sifmilari -
haematin inhibitory activity ofthis series ofcompounds may be attributed to the
positioning of the chloregroup at the Eposition of the quinoline ring, aspposedto the C

position of chloroquingEganet al., 2000).Structureactivity relationships have pointed to

the fact that although compounds possessing the quinoline ring structurecapable of

forming a complex with Fe(lll) protoporphyiK, the chloresubstitution on € of the

j dzA y2f Ay S NAY 3 -Nderaatie inhibitork attivity &f $he to@ppuiatE Ganet

al., 200Q Kumaret al., 2007).

Although he antimalarialactivity of compounds-#3, F10 and FL may not be attributed
to the inhibition of haemozoin fonation, their mechanisms of action may lie in their ability
to inhibit haemoglobin digestion and alterne¢ pathways of haem dexification. The
pyridine substitution at R(Table 4.2)may havefacilitated the accumulationof these
compoundsin the foodvacuole with nitrogen-containingheterocycliccompoundsshown

to concentratein the acidic environmenof the food vacuoledue to their low pKa values
(Mishraet al., 2008).

Haemoglobin endodpsed from the erythrocyte is catabolised by proteases in mise
ordered fashion, to provideamino acids for parasitic protein synthegiBigure 410)
(Sharma, 2005; Mishret al., 2008. Several malarial proteases are involved in haemoglobin
catabolism, namely; the aspartic proteases (plasmepsins I, Il, IV andidtoadpartic
protease, plasmepsin Ill), the cysteine proteases (falcipains), the metalloprotease
(falcilysin) (Figure 4.10) and aminopeptidases (Banegeeal, 2002; Sharma, 2005;
Naughtonet al., 2010). The plasmepsins initiate the process of haemoglatatabolism by
cleaving the haemoglobin molecule in a highly conserved hinge region, thereby separating
the haemoglobin tetramer (Banerjeet al., 2002;Sharma, 2005; Naughtoet al., 2010).

Thereafter, the globin chains are processed into smaller peptithy falcipains and
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falcilysin, and finally these peptides are hydrolysed to free amino acids by aminopeptidases

(Gavigaret al., 2001; Sharma, 2005; Naughtenal., 2010).

Amino ac IdS

Tranzport

vesicles

Plasmepsin |1l and IV
+. # HAF, Fa.lclpﬂlns 1-3,
/. 1; falclh.'sm ___— Peptides

stom \ o
| \ / [ HRP2 (2)
\ 4 | Lipids(?)

. | Hb | 'u, Haematin
\ Haem v )
Haemozoin
Parasite\ Food vacuole
cytosol _

TARGETS

Figure 4.10:The catabolism of haemoglobin in the food vacuolePoffalciparum(Egan,
2003. Where: RBC = red blood cell; Hb =haemoglolvil§P= histo-aspartic

protease; HRP2 histidinerich protein.

Four falcipains have been identified, namely; falcigginfalcipain2, falcipainn Q> I y R
falcipain3 (Dahl and Rosenthal, 2008laughton et al., 2010Q. Falcipain2 has beenshown

to localiseprimarily in the food vacuole, appearing first in the early trophteestage, and
persisting into the late schizorstage where it is also involved in the rupture of the red
blood cell rembraneduring merozoite egressyhereas falcipaif8 synthesis peaks in the

late trophozoite stag€Dahl and Rosenthal, 200Basaradhet al., 2005.

The exact mechanism of the antimalarial activity of chalcones has yet to be described, but
homology models haveshown that the chalcone structure assumes a linear or planar
conformation, and is capable of fitting into the active site of the malarial cysteine protease

enzyme, thereby inhibiting its functioning (Mishet al, 2008). Mishraet al. (2008)
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proposed thathe antimalarial activity of a triazokgubstituted chalcone (kgvalue of 1.52
+0.04uM against the 3D7 strain &. falciparum) wasas a result of the protonation of the
nitro- groups in the triazolyl moiety, at the acidic pH of the food vacuolerehy
enhancing the interaction of the compound with the histidine residue of the enzyme
(Figure 411).

Figure 411: The proposed interaction of a chalcone with the histidine residue at the active
site of a malarial cysteine proteag®lishra et al., 200§. Where: green=

chloride; red=oxygen; blue= nitrogen

Previous studies examining the effects ofteyse protease inhibitors oR. falciparumhave
shown that they inhibit parasite growth in the trophozoite stage, resulting in morphological
effects such aswollendark-staining food vacuokedue to theaccumulation of undegraded
haemoglobin(Rosenthal, 295, Rosenthal and Meshnick, 1996; Dominqtzal., 1997%.
Although ompound F13 inhibited parasite growth in the eariyid trophozoite-stage at

the 1Go value (Section 4.3.3)swollen darkstaining food vacuoles were not observed in
treated parasites with haemozoin formation also visible (Figures 4.6Blowever,
Naughtonet al. (2010 showed that early trophozoitstage parasites of the chloroquine
sensitive 3D7 strain incubated with the cysteine protease inhibittians-epoxysucciny
leucylamide(4-guanidinojbutane E&64) at its 16 value (3uM) showed no eduction in

haemozoin formation. \Wereas parasites incubated with plasmepsin inhibitor | {Pkt its
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IGo value (0.8uM) exhibited an approximate reductioof 70% in haemozoin formation
(Naughtonet al., 2010.

Thus, based onhe morphological and staggecific effects of compound-E3 at the 1Gg
value it can be proposed that it@antimadarial activity may be attributed to possible
cysteine protease inhibon. Most likely inhibition of falcipak2, sinceparasite growth was
halted in the earlymid trophozoitestage with haemozoin formation attributed to the fact
that falcipain2 inhibition would not act to inhibit hamozoin formation,but would inhibit
protein degradation, resulting in parasite deafNaughtonet al., 2010) The inhibition of
falcipain2 by compound A3 may havepossibly beeras a result of the interaction of the
protonated nitro- group of the pyridine substitution and the carbonyl mgietith the
histidine residue of the enzyme, in a manner similar te thhibition of the enzyme by a

triazolytsubstituted chalcone, as proposed by Misktal. (2008) (Figure 4.11).

However, parasites treated with compoundl1B at the IG, value showed &ack of
haemozoin formatiorand did not develop past the late rirgjage(Figure 4.8 possibly as
result of the induction ofadditional antimalarialmechanisms of actiorattributed to

chalcones

Alternative mechanisms for the detoxification of haem Hye parasite have been
described, namely GSiediated degradation ofe(lll) protoporphyrifiX and haemozoin
formation mediated by proteingPapalexiset al., 2001;Kumaret al., 200%. In the first
mechanism, it is proposed th#tte amphipathic nature oFe(lll) protoporphyrifXallows it

to pass through the food vacuole membrane into thegsdtie cytosolwhere it is degraded
by host-derived GSHwhich is endocytosedfrom the red blood cell cytosdbgether with

haemoglobinin the late ringstage (Gavign et al., 2001; Froliclet al., 2005;Kumaret al.,

2007).

Compounds possessing the i -unsaturated carbonyl grougFigure 4.1apre capable of
forming conjugates with GSby an enzymeatalysed addition of GSH to the double bond.
Some chalconesave beenshown to brm a conjugate with GSHhereby inhibiting the
degradation of Fe(lll) potoporphyrinIX (Nadelmannet al., 1997; Go, 20Q3klich et al.,
2005) In this respect, theompoundsnayhaveinhibited the GSHnediated degradation of

Fe(lll) protoporphyrifX resulting in parasite death due to oxidative strg$sis mimicking
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the proposed mechanism of action ohloroquine(Figure 4.2) (Muller, 2004; Kumaet al.,

2007)

Chloroquine

Haem

Haemchloroquine
complex

Inhibition of haemozoin
formation

Inhibitic;h of GSHmediated Increase in freénaem
haemdegradation concentration

Reactive oxygen species

Oxidative stress

RN

Lipidperoxidation DNA Protein-carbonyl
of membranes  damage formation

N7

PARASITE DEA¥H

Figure 4.2: Proposedmechanisms of action of chloroquirfadapted fromKumaret al.,

2007)

In the case of themechanisminvolving proteing the in vitro polymerisation of Fe(lll)
protoporphyrirtlX isproposedto be promoted by histidingich proteins produced byp.
falciparum specificallyhistidinerich proteinll (PHRRPII) (Papalexist al., 2001;Sharma,

2005; Kumaret al., 2007. PHRPII is produced thoughout the ring, trophozoite and
schizontstages, and has been shown to bind between 17 and 50 Fe(lll) protoporpKyrin
Y2t SOdzt S&a3x LJ2aaAot & -hdedalirk fgrhatidn 2y facilitabirig (dimére & G
formation in the biocrystdisation procesgPapalexist al., 200). The role ofPHRRFII in
haemozoin formation is contentious, with some authors claiming that the inhibition of
PHRPII results in parasite deathvhilst others have shown that parasites carryingfdRP

Il knockout gene are still capable of haemozoin formation, and remaablei(Sharma,
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2005; Egan, 2008Chalcones have shown to alkylate proteins, and may inhibit the-HRP
mediatedformation of haemozoin, although the majority of chalcemediated protein
alkylation appears to occur in sulphbased nucleophilegh Q  brl Pdsrier, 2004

Protein alkylation by chalconesay bea concern if it is not specific to the parasisnd
results in hosttoxicity. When screeed for cytotoxicity against &reast cancer celine
(MCF7), compounds P, F3, F12, and F7 inhibited @Il growth by less than 20% at 100
MM, whereas compound FL3 inhibited cell growth by 66% and 36% at 100 uM and 50 uM,
respectively (Hayatet al, 2011). However, in the red blood cell toxicity assay the
compounds showed low levels of toxicity, only dagsetween 0.47 and 2.20% haemolysis
at 100 uM (Table 4.2)lt has been shown that quinolindsave antitumour activity and
suppress the growth of various cancer dmies, including the MCF7 celtline; where
chloroquine and quinine inhibited cell growthith 1G, values of 33uM and 40 uM,
respectively, following a 48 hour incubation perifdartirosyanet al.,, 2004;Ferreret al.,
2009). In this respect, the toxicity of the compounds may be selective to canceoru]ls
however,the compoundsshould ke screenedagainst a normal celine and their safety

indices compared to that of chloroquine and quinine

Despite their abities to induce oxidative stresshalcones have shown to exhibit anti
oxidant propertieGo, 2003; Reat al., 2003; Nowakowsk&007).However, in this study,
none of the compounds were capable of acting as-aritlants by scavenging theece-
radical ofDPPHor by chelatingme(ll) (Table 43 With compounds & and F14 exhibiting
the best DPP#free-radical scavenging arfé(ll) chelating activity, respectively, and only
been capable ofcavenging 11.34 + 8.91%PPHat 240uM, and chelating 7.57 + 4.13%
of Fe(ll) at 200uM, respectively (Table 4.3However, the iron chelating and amtkidant
capabilities of chalcones h&rgely been attributed to polyhydroxylation of the phenyl ring
(Chenget al., 1998; Reret al, 2003;Grazul and Budzisz, 2009vith none of thetest
compounds containing hydryl substitutions at R R or R (Table 4.2 Chloroquine was
capable of chiating 70.68 + 0.97%e(ll) at 200 uM(Table 4.3 most likelythrough the
interaction of Fe(ll) with the nitre donor groupsof chloroquine with removal ofthe
aminoalkyl side chaipossiblyresulting in theloss offFe(ll) chelating activity observed the

compounds
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Numerousother antimalarial mechanisms of actioof chalcones have been proposed
However,these mechanisms of action were not correlated with the antimalarial activity,
indicating that chalconalerivatives may acbn different parasitic metbolic pathways
depending on their sidehain substitutionsFor exampleGo et al. (2004) proposedthat
chalcones were capable of inhibiting the parasitduced new permeation pathways
formed in the erythrogte membrane at the end of ringtage,concludng that dimethoxy
and methoxychalcones were capable of inhibiting sorbitduced haemolsis. However,
this did not necessarily correlate with their antimalarial activigo et al., 2004. A
subsequent study by Bhattachargaal. (2009 testingthree chalcone derivatives with kg
values below 1M againstP. falciparumfound that onlya triazolesubstituted chalcong
and not a pyrrole or benzotriazolubstitued chalcone,inhibited sorbitolinduced

haemolysigBhattacharyaet al., 2009).

The generkchalcone structure was identified as a pharmacophore capable of inhibiting
Plasmodium falciparumMO15related kinase Rfmrk), a plasmodial CDKxpressed
throughout the trophozoite and schizonstages, responsible for activating other
CDKl/cyclin complesdGeyeret al.,, 2005; Keenaet al., 2005). Geyeet al. (2009) showed
that from a series of structurally related chalcone derivatives, the most poRdmirk
inhibitors also displayed the best antimalarial actividpwever,they also found thasome
chakone derivatives that exhibited n&fmrk inhibitory activity (16 value > 100 puM)
inhibited parasite growth with g values< 10 pM, concluding thaPimrk and antimalarial

activity was weakly correlateGeyeret al., 2009).

It is evident from the ammalarial activity of the compounds that the hybridisation of the
chloroquinoline and chalconenoieties produced compounds with antimalarial activity
similar to that of chalcones, which generally exhibi@lues againsP. falciparumn the
micromolar concentration range (Chen, 208; Nowakowska, 2007 However, this
unsuccessful hybridisation could be improved if a synergistic or additive interaction could
be achieved when combined with a standard antimiala such as quinine. When
compound FL3 was ombined with quinine an additive interaction was noted (Figure 4.5
Appendix D). It is proposed that thectivity of the two componentsn the combination

actedon different parasitic targetsvith compound FL3 inhibiting grovth in the earlymid
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trophozote-stage(Figure 4.6and quinine appearing to act nmy in the late trophozoite
stage Figure 3.%.

Interestingly, hybrid compounds in which an endoperoxite compound was linked to a
chalconewere active against thehloroquineresistantK1 strain ¢ P. falci@rum in the
nanomolar concentration range, similar to the antimalarial activity of endoperoxides
(Jefford, 2007)It was proposed that thendoperoxide component would target haem in
the food vacuole, resulting in decomposition difet carboncentred radicalto release the
chalcone which would inhibit malarial cysteine proteases in the food vacuole (Jefford,
2007; Walsh and Bell, 20095imilarly, in combination studies with triazolgyrrole, and
benzotriazolesubstituted chalcones and the engeroxide, artemisinin an additive
interaction was also notedThis interaction wasttributed to the chalcone derivatives
inhibiting pamasite growth in the trophozoitstage, and artemisinin inhibiting all stages of

asexual growtl{Bhattacharyaet al., 209).

Although the antimalarial activity of the compounds was not as promising as expected,
factors such as the additive interaction when combined with quinine, and that chalcones
provide an excellent antimalarial drug scaffolearrant further investigaion into a second
generation of these ampounds. Structural improvements which may produce a potent
compound capable of inhibiting parasite growth by various mechanisms of action include
the following:a) substitution of a chloregroup on Cinstead of €of the quirpline ring to

A Y LINRH&&nNatin inhibitory activity;b) increasing the compound lipophilicitgnd c)
substitution of nitrogercontaining heterocyclics or groups at ® not only facilitate the
accumulation of the compounds in the food vacuole, but als® formation of hydrogen

bonds with the histidine residues of falcipein
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CHAPTER 5: THE ANTIMALARIAL PROPERTIES OF NUCLEOSIDE
PHOSPHONATES, PHOSPHONIC ACIDS AND
PURINE/PYRIMIDINE DERIVATIVES

5.1 Introduction

Various discrepancies exist in the pegeesof nucleicacid metabolismand the overall base
compositionin the malarigparasite and human host. Puriraad pyrimidinemetabolism in
P. falciparunoccur viasalvageand de novopathways, respectively, to replicate a msitic
genome that is highhAT skewed (81%(Hyde,2007) In contrast,purine and pyrimidine
metabolism in thehuman hostoccur viade novosynthesis and botlde novoand salvage

pathways, respectivelifdanaand Paliwal2007; Hyde, 2007
5.1.1Purine uptake

The malaria parasitiacks the necessary enzymes to synthesise the purine scatéahbvo
Instead, awide variety of parasitelerived purine transporters and salvage enzymes,
together with hostderived enzymesallow the parasiteto transport and metabolise
salvaged purineglanaand Paliwal2007;Hyde, 200Y. P. falciparumscavengepurinesin

the form of bases o0 nucleosides as purine nucleotides are unlikelyo cross lipophilic
membranesdue to theirdeprotonation at a physiological pHCarteret al., 2001; Downiest

al., 2008 Hockowa et al., 2009.

The erythrocyticpurine pool is not sufficiento maintain growth of the parasite, with
parasitic growth depending on an exoythrocytic supply opurines. The salvagpathway
begins with the translocain of purinesacrossthe host cell, parasitophorous vacuole, and
the parasite plasma membrang¢€arteret al., 2001;Downie et al.,, 200§. The transport of
nucleosides into the infected red blood cell is mediated by both the host cells nucleoside
transporters as well as newgrmeation pathwaygGeroet al., 2003. The new permeation
pathwaysinduced during the trophozoitstage transport substances that ordinarily would

not be able to penetrate the red blood cell membradbese transporters are polyspecific,
non-saturable, peferential transporters of hydrophobic solutes and aniq@ero et al.,
2003; Biaginet al., 2005; Janand Paliwal2007). Nucleoside transporters in mammalian

cellsare highaffinity integral membrane glycoproteins that mediate the uptake of both
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purine and pyrimidine bases and nucleosidess well as synthetic analogues. The
transportersmay be divided into two classes, namely; equilibrative nucleoside transporters
(ENB) and concentrative nucleoside transporte(€NFE) (Carter et al., 2001; Lin and
Buolamwini, 2007. CNTs are sodiwgiependant transporters which transport nucleosides
against a concentration gradient, whereas ENTs transport nucleosides down their
concentration gradientCarteret al., 2001; Lin and Buolamwini, 2007)he nucleoside
trangporters located in the red blood cell membrane are transporters of the ENT, type
specificallyequilibrative sensitivdENT). Itis a highaffinity nucleoside transporter that is
sensitive to inhibition byoth the nucleoside transport inhibitor 4(4-nitrobenzyl)thio}9-i -
D-ribofuranosyl purine (NBMPRand the coronary vasodilator, dipyridamoléupte and

Buolamwini, 2004; Lin and Buolamwini, 2D07

Onceinside the red blood cell cytosol, the salvaged purinessrthe parasitophorous
vacuole membrane vitarge pores present on the membrane, and are then transported
across the parasite plasma membrane by tRéasmodium falciparumequilibrative
nucleoside transporter IRENT1)EI Bissatet al., 2006; Downiest al., 2009. PEENT1 is
localised to the parage plasma membrane, and although it shares some similarities with
the human ENT family, it differs with respect to its substrate specificity, kinetictaakaef
sensitivity to NBMPR.dwever, it retains sensitivity to inhibition by dipyridamo(&! Bisati

et al., 2006 Lin and Buolamwini, 200PENT1 is a lowaffinity rapid transporter that has a
broad-specificity for bothD- and L-nucleosides and bases, and transports purines with a
much higher affinity than pyrimidinegEl Bissatiet al, 2006; Dowire et al., 2008
Riegelhaupet al, 201Q. In contrast to human ENT1,variety of purines are transported

by PEENT1,includingadenosine, inosine, hypoxanthinguanine, guanosine and xanthine
(Downieet al., 2008 Riegelhaupet al.,, 201Q. AlthoughPENT1 is the primary mechanism

of uptake of adenosine, hypoxanthine and inosine, parasites carrying a deletion of the
PENT1 gene are capable of transporting these purines, at supraphysiological
concentrations, indicating that perhaps a secondary transpagtimanism exist¢El Bissati

et al, 2006; Downiet al., 2008 Riegelhaupet al., 201Q.
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5.1.2 Purine salvage and metabolism

Purine metabolism begins in the cytosol of the infected redoblaell. Adenosine is
converted into inosineby human adenosine @amininase enzymes and then into
hypoxanthine by purine nucleoside phosphorylasenzymes (Figure 5.1) Hyde, 2007;
Downieet al., 2008).Inosine and hypoxanthinare then transported into the parasite by
PENT1(Hyde, 2007; Downiet al, 200§. Alternatively, adenosine and inosine may be
transported directly into the parasite(Figure 5.1) @ownie et al., 2008) Hypoxanthine,
guanosine, guanine and xanthimequire no further metabolism, and ateansportedinto
the parasite cytosol byPfENT1 Whereasadenne, which may be metabolised to other
bases or nucleosides within the red blood cell cytosol, enters the parasite vigPfieiT1
and norPENT1 mechanisn{&igure 5.1fjHyde, 2007Downieet al., 2008.

P. falciparum lacks an adenosine kinase gene, andherefore incapable of converting
adenosine taadenosine monophosphattAMP) (Riegelhauptt al., 2010. For this reason
upon entry into the parasite cytosol, adenosing converted into hypoxanthine, via
Plasmodium falciparumadenosine deaminase and reoside phosphorylase enzymes
(Hyde, 2007 Downieet al., 2008; Riegelhaupt al., 201Q. The ability othe Plasmodium
falciparum adenosine deaminase and nucleoside phosphorylase enzymoesitilise
methylthiopurines such asnethylthioadenosine and maylthioinosine, respectively, to
form hypoxanthine, allows for the salvage of purines from the polyamine biosynthesis

pathway, as well as from traditional purine salvage pathw@gmsvnieet al., 2008.

Given the central role for hypoxanthine in the puris&lvage pathway d®. falciparum the
Plasmodium  falciparum hypoxanthineguaninexanthine  phosphoribosyltransferase
(PHGXPRT) enzyme proves crucial for parasite suryhmtle, 2007; Hockowvét al., 2009
Riegelhauptet al., 2010. PHGXPRT provides awleéal drug targetasit shares only partial
homology with its mammalian counterpart, hypoxanthigeanine phosphoribosyt
transferase (HGPRWith the human hoshot solelydependant on the activity of HGPRT
due to the ability of mammalian cells to sheisise purinesle novo(Janaand Paliwal2007;
Hockovéet al., 2009.
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Figure 5.1: Purine salvage pathways irP. falciparum (Downie et al, 2008.
Abbreviations: Ado, adenosine; hADA, human adenosine deaminase; Ino,
inosine; hPNP, human purine nucleoside phosphorylase; Hxt, hypoxanthine;
Guo, guanosine; Gua, guanine; Xan, xanthine; Ade, adenine; Ns/Nb,
nucleoside/nucleobase; RBC, red blood cell; PV, parasitophorous vacuole;
PMNT1,Plasmodium falciparurequilibrative nucleoside transporter PfADA,
Plasmodium falciparumadenosine deamin&s MTA, methylthioadenosine;
MTI, methythioinosine; PIPNP, Plasmodium falciparunpurine nucleoside
phosphorylase; PRPP, phosphoribosylpyrophosphit¢GXPRBlasmodium
falciparum  hypoxanthineguaninexanthine  phosphoribosyltransferase;
PfAPRT,Plasmodim falciparum adenine phosphoribosyltransferase; IMP,
inosine monophosphate; MP, adenosine monophosphate; GMguanosine

monophosphate; XMP, xanthosine monophosphate.

PHGXPRT catalyses the ribophosphorylationtlodé nucleo(baseshypoxanthine, guanine
and xanthineinto their nucleoside monophosphate formisilosine monophosphateli1P),

guanosine monophosphatéGMB, and xanthosine monophosphatéXMP), respectively
(Hyde, 2007 Downie et al., 2008. A proposed second enzymBlasmodium falciparum
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adenine phosphoribosyltransferase has been suggested for the conversion of adenine to
AMP. However, the existence of this enzyme remains contentious, with evidence pointing
to the fact thatthe conversion of adenine occuis the red blood cell cytospbr that

adenine is not metabolised by the paras{f@ownieet al., 2009.

The majority of salvaged purines resuh the formation of IMP from hypoxanthine, with
IMP actingasthe precursorfor the formaton of other purine nucleotide¢Riegelhauptet

al.,, 2010Q. In order to form AMP, IMP isonverted to adenylsuccinate and then AMP by
adenylsuccinate synthetase aradlenylsuccinate lyaseespectively(Downieet al., 2008
Bulusuet al., 201). In the case of GMP formation, IMP dehydrogenase converts IMP to
XMP, whth is then converted to GMP by the activity of the GMP synthetase enzyme
(Downie et al., 2008 Bulusuet al, 201). AMP and GMP are then phosphorylated by
adenylate kinase and guanylate kinasespectively, to formadenosine diphosphateADB

and guanosne diphosphatgGLCP), which are then processed further to be used for nucleic
acid synthesisadenosine triphosphateATB generation and cell signallingdyde, 2007
Downieet al,, 2008; Riegelhaupt al., 2010.

5.1.3De novopyrimidine synthesis

In cortrast to purine salvagepyrimidine nucleotide synthesigm P. falciparumoccurs
through ade novopathwaydue to the fact that the parasitéacksthe uridine kinase and
thymidine kinase enzymes necasg for pyrimidine salvagéHyde, 2007)Consequently
exogenous pyrimidineare not incorporatednto nucleic acids, with the exception of orotic
acid (Hyde, 2007Janaand Paliwal2007;Parkeret al., 200Q. Cytidine triphosphate TR
anduridine triphosphatgUTP are synthesisedFigure 52) from the ami2 | OA R LINJB O dz
glutamine and aspartat¢Hyde, 2007 Ginsburg, 2011)Synthesioccurs via a mulstep
process, whereby orotic acid and a ribegsehosphate moiety result in the formation of
2 NP ( 2 Rronoghosph@te, which is decarboxylated to forld R A-nyioSoptm<phate
(UMP)(Hyde, 2007; Ginsburg, 2011MP is then twice phosphorylated to form UTP, and
finally converted into CTP via the action of CTP syntl@dgde, 2007; Janand Paliwal,
2007, Ginsburg, 2011)Regulation of CTP formation occwis the first enzyme in the
pathway, carbamoyl phosphate synthetase, which is activated by thboSphoribosyl
pyrophosphate enzyme, and inhibited by UHyde, 2007.
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Figure 5.2.Thede novosynthesis of pyrimidines iRlasmodium falciparunfadapted from
Hyde 2007). Yellow shaded boxes represent enzymes of the pathway.
Abbreviations: CPS, carbamoyl phosphate synthase; ATCase, aspartate
carbamoyltransferase; DHOase, dihydroorotase; DHODH,ihydrorotate
dehydrogenase; OPRT, orotate phosphoribosyltraresfe; OMPDC, orotidine
p -honophosphate decarboxylase; CTPS, CTP synthase.
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5.1.3.1The role of the folate pathway in thymidine synthesis

Thymidine synthesis irP. falciparumNBS |j dzA NS&a GKS O2y OSNEAZ2Y
monophosphate (dUMP) into deoxythymid/ Smopo@hosphate (dTMR)nd is dependent
upon cofactors of the folate pathwafHyde, 2005, 2007; Chango and Abdenredgjar,
2011). The most important of whichg,10methylenetetrahydrofolate providesthe methyl
group that converts dUMP into dTMP, fnowhich dTTP is formed, and consequently
incorporated into parasitic DNAHyde, 2005, 2007; Chango and Abdenrdajar, 201).
Blockade of the folate pathwayy either blocking the synthesis of molecules or salvage
from the host results in the death othe parasite due to thymidine starvatioms the
parasite lackthe ability to salvagéostthymidine (Hyde, 2005, 2007 Thede novofolate
pathway (Fgure 53) initiates with the purine precursor, GTP, and requires a source of
either salvaged paraminokenzoic acid” ABA)or de novo ABA(Hyde 2005, 2007

The first reaction in thele novofolate pathway involves the rearrangement thie purine
ring of GTP by GTP cyclohydrolag® form a pterin; which is linked to ABA by the
dihydropteroate synthase enzyme to foranpteroate derivative (Hyde, 2007; Nzila, 2006).
The final step in thele novofolate pathway is catalysed by dihydrofolate synthase, and
involves the conversion of the pteroate derivative to dihydrofolate via the additicendf
glutamate moiety (Nzile&2006; Hyde, 2007; Miler et al., 2010). At this stage, dihydrofolate
may also be polyglutamated by folylpolyglutamate synth@3gure 5.3Nzila, 2006; Hyde,
2007; Miller et al., 2010).

The thymidylate cycle comprises a component of the folate pathway w@ilises either
folates salvaged from the host, or the #@hydrofolate product of thede novopathway
(Figure 5.3)Hyde, 2005, 200Muller et al., 201Q. Three enzymes, namely, dihydrofolate
reductase, thymidylate synthase and serine hydroxymethpkferase are involved in the
formation of dTMP and recycling of tetrahydrofolate (Hyde, 200TiléA et al., 2010).
Serine hydroxymethyltransferase is involved in the acquisition of arcarteon (@) unit
from serine to form methylenetetrahydrofolate, hich in turns transfers the ;Qunit to
dUMP, through the activity of the thymidylate synthasenzyme, forming dTMP (Figure
5.3) (Hyde, 200 dller et al., 2010). For each molecule of dTMP formed, one molecule of
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tetrahydrofolate is oxidised to dihydrofate, which is then recycled by dihydrofolate
reductase to form tetrahydrofolate (Hyde, 2005).
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Figure 5.3Thefolate pathway ofP. falciparum(a) and its rolein the thymidylate cycle (b)
(adapted from Mduller et al, 2010. Abbreviations: GTP, guanosine
triphosphate; GTPCH, GTP cyclohydrolase I; PH®8uvdyltetrahydropterin
synthase; HPPK,-t§/droxymethyldihydropterin pyrophosphokinase; DHPS,
dihydropteroate  synthase; DHFS, dihydrofolate  synthase; FPGS,
folylpolyglutamate synthase; DHFR, dihydrofelaeductase; SHMT, serine
hydroxymethyltransferase; TS, thymidylate synthase; dUMP, deoxyuridine
monophosphate, dUMP; deoxythymidine monophosphate, dTMP.
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Following itssynthesis in the thymidylate cycleTMP is phosphorylated by the enzyme
thymidylate knase to form dTDP which is subguently converted by nucleoside
diphosphate kinase® its triphosphate form, dTTRvhichis then utilised for nucleic acid
synthesigCuiet al., 2010.

5.14 Therapeutic targets

The essential role of DNA synthesis in siievival of malaria parasite, as well as the striking
differences in purine and pyrimidine metabolic pathways tatt of the human host,
provides promising targetsfor antimalarial chemotherapy. Inhibition of nucleoside
transport via inhibition of NPPs dPfENT1, the major route of purine entry into the
parasite, would result in purine starvation and parasite ded#arker et al., 2000.
Alternatively, PENT1 may be exploited to transport cytotoxic nucleoside derivatives into
the parasite, where they woulthterfere with nucleic acid synthes{®Parkeret al., 2000;
Geroet al., 2003.

Cytotoxic nucleosideand nucleobasederivatives such as -fluoro-H -@eoxyuridine, 6
thioguanosine, @mercaptopurine riboside, Huorouracil, o -Q@zidoH Q-HemXQthymidine
(AZ7, dideoxyinosineand dideoxycytidineare validatedanticancerand antiviralagents
(Geroet al., 2003; Hyde, 2007; Cei al., 2010. The use otytotoxic nucleoside derivatives
against P. falciparum has exhibited promising resultsThe pyrimidine analoge, 5-
fluorouracil when used as an anticancagent act as an inhibitor of the thymidylate
synthaseenzyme however, it was not found to be transporte¢hto P.falciparum(Hyde,
2007) Upon substitution of the uracil moiety with orotic actd form 5fluoroorotic acid,
the compound was readily takenup by the parasite and once incorporatedto the
pyrimidine biosynthesis pathwayt inactivated parasiticthymidylate synthasekillingthe
parasite at nanomolar concentrationfHyde, 2007; Muregiet al, 2009. However,
thymidylate synthasés highly conservedmongP. falciparumand the human hostin this
manner an effectivahymidylate synthasénhibitor would be a combination of a cytotoxic
nucleoside and a nucleoside such as uridine, which can bagsa\by the hosto bypass
host cell toxicityBiaginiet al., 2003;Hyde, 2007; Janand Paliwal2007).

Following entry into the target cell/organismpro-drugs of nucleoside analoguese

phosphorylated into tha active triphosphate formsand exert thar activity by acting as
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DNA chain terminatorsA study testing the antimalarial activity oAZThypothesisedthat

the plasmodialenzyme thymiglate kinase would be capable of convertinghe AZT
monophosphate (AZTMP) pdrug to AZT diphosphate (AZTDPJhe latter would
subsequently beconverted to its triphosphatedrm (AZTTP) byucleosidediphosphate
kinase enzymeand incorporated into parasitic DNA, thereby arresting DNA replicgGon

et al, 201Q. The results obtained showed that the monophosphate-drug was more
active than the AZT parent compound; however they lacked potent antimalarial activity
(Cuiet al., 2010.

In contrast,acyclic nucleoside phosphonates (ANPs), which are currently in usdidsaan
treatments showed potent antimalarieactivity, with an adenine derivativgS}(3-hydroxy
2-phosphonylmethoxypropyl)adenine ((SHPMPA) exhibitingactivity at submicromolar
concentrations(Smeijsterset al., 1999. Other nonradenine ANP derivatives have also
shown promising antimalarialcéivity, inhibiting growth ofP. falciparumwith 1G values of

1 uM; as well as exhibiting lowxicity towards mammalian cells (Hockost al.,, 2009). The
antimalarial activity of these ANP derivatives appears to lie in their ability to inhibit the
PHGXPRT enzyme in the purine salvage pathway (Figure &ndl)thereby the production
of nucleoside monophosphatg#iockow et al., 2009; Keouglet al., 2010). ANPs, wherein
selected purine bases are linked to the phosphate moiety via a stable phosphcads
bond, act as analogues of the purine nucleoside monophosphate product &fftt@XPRT
mediated reaction (Figure 5.4) (Hockmet al., 2009; Keougkt al., 2010).
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Figure 54: One of the reactions catgded byPHHGXPR{Keougthet al., 2010).

Where: BP = pyrophosphate.
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ANPs appear to be promising antimalarial agents, @srently ANPs and immucitiip Q
phosphates arethe only known inhibitors ofPHGXPRThowever, ANPsare the only
inhibitors capable of discriminating betwe@iHGXPRT and human HGRRdckowé et al.,
2009;Keoughet al., 2010Q.

Nucleosideand nucleobas@nalogues havbeenshown to be inhibitors of numerous other
parasitic enzymes of DNA synthesis and replication, incluBilagmodium falciparum
adenosine deaminaseadenylyl cyclaseguanylyl cyclaseribonucleotide reductas (the
rate-limiting enzyme in DNA replicationesponsible for convertingibonucleotides to
deoxyribonucleotide as well as cyclidependan kinases (CDKgHarmseet al., 200%

Biaginiet al., 2003;Hyde, 200Y.
5.14.1 Theparasiticcell divisioncycleas a drug target

In mammalian cells the transition through thg,&, Gand M phases of the cell division
cycle is highly regulated by CDKs, which in their active forms are composed of a catalytic
unit (CDK) and eegulatory cyclifHarmseet al., 2001;Doeriget al., 2002; Knockaest al.,

2002. CDKs are serine/threonine kinases that, upon binding of a cyclin, shift into an active
conformation, which then facilitates configuration of the active site and ATRiquisig
(Geyeret al., 2005. CDK/cyclin deregulation in diseases such as cancer has fuelled the
search forkinase inhibitors to be evaluated fathe treatment of neurological and
cardiovascular disorders, as well as viral and parasitic infect{pfmseet al, 2001;

Knockaertet al., 2002.

The cell division cycle &f. falciparundiffers greatly from that of mammalian cells in that
during schizogony the parasite undergoes multiple rounds of division to produ82 8
merozoites, in contrast to the two daiter cells produced in mammalian cell division
(Harmseet al., 2001 Geyeret al., 2005. In this regard, parasitic cell division is regulated
differently to that of mammalian cells, with identified CDKs or @Gidted kinases
exhibiting 4660% homologyd human CDK&nockaertet al., 2002; Geyeet al., 2009.
Several genes encoding for CDKs and cyclins have been identifiethloiparumand have
shown to be inhibited by human CDK inhibit¢Boeriget al., 2002 Geyeret al., 2009.
CDKlike sequencs include;Plasmodium falciparunprotein knase 5,Pimrk, Plasmodium

falciparumprotein knase6, and thePlasmodium falciparunsyclinrelated kinasesdl -3,-4
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and -5 (Doeriget al., 2002 Geyeret al., 2005. Plasmodium falciparurprotein knase 5is
related to the human CDK1 and CDKS5; however unlike its mammalian counterparts, it
possessesn vitro autophosphorylation activityDoeriget al., 2002 Geyeret al., 2005.
Pimrk, expressed throughout the trophozoitand schizonstages, is related to the huma
CDK?7, which in mammalian cells is responsible for activating other CDK/cyclin complexes
(Doerig et al, 2003. Plasmodium falciparunprotein kinase 6, also expressed in the
trophozoite- and schizonstages, exhibits limited homology to human CDK2 andpiB@&
mitogen-activated proein kinaseand interestingly, does not require activation by cyclins
(Doeriget al., 2002 Geyeret al., 2005. Plasmodium falciparunsyclinrelated kinasel is
expressed mainly in the nedividing gametocyte and exhibits homoleg to a group of
kinases mainly found to be involved in apoptosis induction and cellular differentiation
Plasmodium falciparuneyclinrelated kinases8 and-4 are expressed in both the asexual
and gametocyte staged the parasitic life cycle, witRlasnodium falciparuncyclinrelated
kinase3 exhibiing homology to CDK1 anBlasmodium falciparunsyclinrelated kinase4
exhibing homology taCDKs an@38 mitogenactivated protin kinases(Harmseet al.,
2001;Doeriget al., 2002 Geyeret al., 2009; whilst Plasmodium falciparurayclinrelated
kinase-5 is predicted to be a CDK38 mitogenactivated proein kinaseprotein hybrid
(Geyer et al, 2005. Purine analogues have shown strong CDK inhibitory effects, by
competng with ATP for binding in the Aldhase binding site(Harmseet al., 200%
Knockaeret al., 2002; Geyeet al., 20095.

It is evident thatnucleoside phosphonates, phosphonic acids gndine/pyrimidine
derivatives are a promising class ofiovel antimalarial agents and warrant further

investgation
5.2 Materials and methods
5.2.1 Test compounds

A total of @ nucleoside phosphonates, phosphonic acids, amdrine/pyrimidine
derivativeswere received fromProfessorslvan Rosenberg and Dominik Rejmaihthe
Academy of Sciences of the Czeclpubdic, Prague, Czech Republic. The compounds were
synthesised according to the methodology laid out by Roudeiaal (2006, Suket al.

(2007, Rejmanet al. (2009, and Varg et al. (2009, and grouped according tstructural
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similarities The 90 compounds were classified into 11 structural groups, hame
PhosphonoxingTable 51), Nucleoside Lipophosphonates (Tabl@)5Lipophosphonoxins
(Table 5.3)PyrroPME (Table 5.4Ylickey Mouse (Table 5 3Pyrrolidine nucleotides (Table
5.6), Piperidine nucleosides and nucleotides (Tabl®,5%andAza sugard)/T misellaneous

nucleosides and miscellaneous (Table 5.8)

Table 5.1:The chemical names and codes of the Phosphonoximpgras well as the
(nucleo)base present. Chemical structures are representedlable 5.7.

Abbreviations: U, uracil; G, guanine.

Chemical Chemical name Base
Code

DR3111 Uridin5"-yl 3-([3R4R]-3,4-dihydroxypyrrolidinl-N-yl)propytphosphonate
DR3112 Uridin5"-yl 2-([3R4R]-3,4-dihydroxypyrrolidinl-N-yl)ethoxymethyi
phosphonate

DR3502-C | Uridin-5-yl 2-([3R$-3-hydroxypiperidinl-N-yl)ethylphosphonate
DR3679 Uridin-5'-yl 2-([3S4R-3,4-dihydroxypiperidinl-N-yl)ethytphosphonate
DR3707 Uridin-5'-yl 2-([3R4S, 5§3,4,5trihydroxypiperidinl-N-yl)ethy}
phosphonate

DR3128 Uridin-5"-yl ([3R 4R]-3,4-dihydroxypyrrolidinl-N-yl) methytphosphonate U

DR3129 Uridin-5"-yl ([3R$-3-hydroxypyrrolidinl-N-yl)thiocarbonylphosphonate U

DR3122 Uridin-5"-yl ([3R$-3-hydroxypyrrolidinl-N-yl)carbonylphosphonate U

DR3573 Uridin-5'-yl 2-([3R 4R)-3,4-dihydroxypyrrolidinl-N-yl)ethylphosphonate ]

DR3510 Uridin-p -§1-2-([3S, 4SB,4-dihydroxypyrrolidinl-N-yl)ethytphosphonate U

DR4066 Guanosirs'-yl 2-([3549-3,4-dihydroxypyrrolidinl-N-yl)ethytphosphonate G

DR4165 Guanosirs'-yl 2-([SR4R]-3,4-dihydroxypyrrolidinl-N-yl)ethytphosphonate| G

DR3095 Uridin5"-yl 2-([3R 4R]-3,4-dihydroxy2,5-dioxopyrrolidinl-N-yl)ethyk U
phosphonate

DR3096 Uridin-5'-yl 2-([3R 4R)-3,4-dihydroxy2,5-dioxopyrrolidinl-N-yl)ethy} ]
phosphonate

U

U

U

U

U

Table 52: The chemical names and codes of the Nucleoside Lipophosphonate group, as
well as the (nucleo)base present. Chemical structures are representédbiie

5.10. Abbreviations: A, adenine; U, uracil; G, guanine.

Chemical Chemical name Base
Code
DR3641 Hexadecyloxypropyl (adenospn-gd)methanphosphonate
DR3621 Hexadecyloxypropyl (uridip -¢@d)methanphosphonate
DR3960 Hexadecyloxypropyl (guanogn$d)methanphosphonate

®OC|>
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Table 53: The chemical names and codes of the Lipmgghonoxin group, as well dse
(nucleo)base present. Chemical structures are representedlable 5.11.

Abbreviations: U, uracil; G, guanine.

Chemical Chemical name Base
Code

DR4653 Ethyl uridinp @ 2-([3R 4R-3,4-dihydroxypyrrolidin1-N-yl)ethyt U
phosphonate

DR4695 2-Pivaloylthioethy! uridirp -G 2-([3R 4R]-3,4-dihydroxypyrrolidinl-N- U
yl)ethylphosphonate

DR4696 2-Pivaloylthioethy! uridirp -G 2-([3R 4R]-3,4-dihydroxypyrolidin-1-N- U
yl)ethylphosphonate

DR4137 Hexadecyloxypropyl uridip €3 2-([3R 4R]-3,4-dihydroxypyrrolidinl-N- U
yl)ethylphosphonate

DR4878 Hexadecyloxypropyl cytidip -@ 2-([3R 4R]-3,4-dihydroxypyrrolidinl-N- C
yl)ethylphosphonate

DR4850 Under pagnt G

DR4914B | Under patent G

DR4848 Hexadecyloxypropyl (R3S4R 5R)-5-(4-((3r,4s)-3,4-dihydroxypyrrolidinl- C
yl)}-2-oxopyrimidinl(2H)yl)-3,4-dihydroxytetrahydrofurar2-yl)methyl
([3r,4s]-3,4-dihydroxypyrrolidinl-N-yl)ethylphosphonate

DR4463 Hexalecyloxypropy! uridirp €4 2-([3S49-3,4-dihydroxypyrrolidinl-N-
yl)ethylphosphonate

DR4458 Hexadecyloxypropyl uridip -@ 2-([3R 5R]-3,4-dihydroxypiperidinl-N- ]
yl)ethylphosphonate

DR4459 Hexadecyloxypropy! uridip -9 2-([3R 4S,5% 3,4-trihydroxypiperidinl-N- ]
yl)ethylphosphonate

Table 54: The chemical names and codes ofetPyrroPME group, as well dbe
(nucleo)base present. Chemical structures are representedlable 5.12.

AbbreviationsA, adenine; T, thymine; U, urgdl, cytosine

Chemical Chemical name Base
Code

DR3919 [3S4R)-4-(Adenin9-yl)-3-phosphonomethoxypyrrolidine A

DR3953 [3S4R)-4-(Adenin9-yl)-3-cyclohexyloxypropylphosphoro A

methoxypyrrolidine

DR3945 [3S4R) 3-Phosphonomethoxy4-(thymin-1-yl)- pyrrolidine T
DR3769 [BR 4] 3-Phosphonomethoxy4-(thymin-1-yl)- pyrrolidine T
DR4140 3-(Hexadecyloxy)propyl (((84R)-4-(5-methyl2,4-dioxo-3,4- T
dihydropyrimidir1(2H)-yl)pyrrolidin-3-yl)oxy)methyl)phosphinate

DR4001 [3S49 -3-Phosphonomethoxyd-(uracit1l-yl)- pyrrolidine U
DR4255A | [BR43-4-(Gytosin2-O-yl)- 3-phosphonomethoxypyrrolidind.- C
carbaldehyde
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Table 55: The chemical names and codes of the Mickey Mouse group, as well as the
(nucleo)base present. Chemical structures are representedlable 5.3B.

Abbreviations: Pu, purine ring structure; /, no (nucleo)base present.

Chemical Chemical name Base
Code

BrnpNH.HCI | Dibenzylamine hydrochloride /

D1293S N°,N°-Dibenzy}9H-purine-2,6-diamine Pu

DR4461 2-Amino-6- dibenzylaminopurine Pu

DR4523 6-(N-BenzytN-3-trifluoromethylphenylmethylamino)purine Pu

DR4541 2-(6-(N-BenzyiN-3-trifluoromethylphenylmethylamino)puri®- Pu

yl)ethyloxymethylphosphonic acid
DR4651 2-(2-Amino-6- dibenzylaminopurirB-yl)ethyloxymethyiphosphonic | Pu

acid
DR3896 2-(6-Dibenzylammopurin-9-yl)ethyloxymethylphosphonic acid Pu
DR4598A | 3-(6-Dibenzylaminopurie-yl)propylphosphonic acid Pu
DR4640 4-(6-Dibenzylaminopurird-yl)butylphosphonic acid Pu
DR4599A | 5-(6-Dibenzylaminopurif-yl)pentylphosphonic acid Pu

DR3892 4-((R-3-(2-Amino-6-(dibenzylaminoPH-purin-9-yl)pyrrolidin-1-yl)-2- | Pu
hydroxy-4-oxobutanoic acid
DR3898 (R}(2-(3-(2-Amino-6-(dibenzylaminoPH-purin-9-yl)pyrrolidin-1-yl)- Pu
2-oxoethyl)phosphonic acid

DR4251 [3S4R)-4-(6-N-Dibenzylaminopurir-yl)-3-phosphononethoxy- Pu
pyrrolidine-1-carbaldehyde
DR4558 (2S539-4-(3-(6-(Dibenzylamino®H-purin-9-yl)piperidin1-yl)-2,3- Pu

dihydroxy4-oxobutanoic acid

Table 56: The chemical names and codes of Bwarolidine nuaotide group, as well as the
(nucleo)base presd#. Chemical structures are represented in Table45.1

Abbreviations: U, uracil; T, thymine; A, adeni@e guanine.

Chemical Chemical name Base
Code

K584 1-(Uracitl-yl)}-1,2,3trideoxy-3-azada-carbah -L-glyceropentofuranoss- U
ylmethylphosphonic acid

K578 1-(Thyminl-yl)-1,2,3trideoxy-3-azada-carbah -L-glyceropentefuranos3- T
ylmethylphosphonic acid

DR4028 [3S4R-[4-(4-Bromouracit9-yl)-3-hydroxypyrrolidinl-N-yl]carbonyt U
phosphonic acid

DR3616 [3S4R)-[4-(Adenin9-yl)-3-hydroxypyrrolidinl-N-yllcarbonytphosphonic A
acid

Pel4l [3S,4S]4-(Guanin9-yl)-3-hydroxypyrrolidinrl-N-yllcarbonylphosphonic A
acid

DR3876 Under patent G
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Table 57: The chemical names and codes of the Piperidine nucleoside {BR8290B)
and nucleotide (K23-K416) goups, as well aghe (nucleo)base present.
Chemical structures are representedTiable5.15. AbbreviationsA, adenine; U,

uracil; T, thymine; C, cytosine; G, guanine.

Chemical Chemical name Base
Code
K366 4-(Adenin9-yl)piperidine A
DR3994 (RSB-(Uracit1-yl)piperidine U
PipT 4-(Thyminl-yl)piperidine T
K349 B (RSP-(Adenin9-yl)piperidine A
K370_B (RSB-(Thyminl-yl)piperidine T
K351 (RSR-(Cytosin2-O-yl)piperidine C
K371 B (RSP-(Guanin9-yl)piperidine G
K523 (3S,5Rp-Hydroxy3-(uracit1-yl)piperidine U
K524 (3S,5Rpb-Hydroxy3-(thymin-1-yl)piperidine T
DR4377 [3S4R5R]-1-(3,5-Dihydroxypiperidird-yl)uracil U
DR4380 [3S4R53-1-(4,5-Dihydroxypiperidirb-yl)uracil U
DR4513 [3S4R5R-9-(3,5-Dihydroxypiperidird-yl)adenine A
DR4290B | [3S4R5R-1-(4,5-Dihydroxypiperidirs-yl)uracil U
K423 (RS-(3-(Thyminel-yl)piperidin1-yl)thiocarbonylphosphonic acid T
K418 (RS-(3-(Thyminel-yl)piperidin1-yl)methylphosphonic acid T
K422 (RS-(3-(Thyminel-yl)piperidin1-yl)ethylphosphoni@cid T
K414 A (RS-(3-(Thyminel-yl)piperidin1-yl)carbonylphosphonic acid T
K416 (RS-(3-(Thyminel-yl)piperidinl-yl)carbonylmethylphosphonic acif T

5.2.2 Pharmacological evaluation
5.2.2.1 General methodology

The methodology used was that as delsed in ®ctions 2.2, 2.3 and 2.4with some
modifications. Additional experimentation included the assessment of antimalarial activity
over a double parasitic life cycle (Section 5.2.2.2), and combination studies with the
nucleoside transport inhibitor, g@iyridamole (Section 5.2.2.3). All compounds were
assessed for antimalarial activity using ti]fhypoxanthine incorporation assay (Section
2.2.2.1), as well as for toxicity against red blood cells (Section 2.4.2). From the results
obtained, four compound with 1G, valuesof less thanl00 uM and twenty one inactive
compounds (I§pvalues>100uM), representative of all the chemical groups, were selected
for flow cytometric analysigSection 2.2.3.3) A lead compound was selected for a
combination study wh quinine (Section 2.2.2.3)as well asfor stage sensitivity and
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parasite morphologystudies (Section 2.2.3.4Due to the fact that only small amounts of
the test compounds were rece?d, some antimalarial mechanisms of action studies could
not be competed on all of the active compounds, and in the case of combination, stage
sensitivity and parasite morphology studies, the next most active compound was
investigated. In order to examine the structuaetivity relationships of the compounds, a
selection of inactive compounds were also assessed for DFRig-radical scavenging
(Section 2.3.2.1.2), iron chelating (Section 2.3.2.R.8) Rhaématin formation inhibitory
activity (Section 2.3.1.2).

Table 58: The chemical names and codes of the Aza sugars (K568 and K537), U/T
mis@llaneous nucleosides K469K545 and Miscellaneous (DR3227-K580)
groups as well as thénucleo)base presnt. Chemical structures are represented
in Table5.16. Abbreviations: T, thymineU, uracil G, guanine; Py, pyrimidine

ring structure; /, no (nucleo)base present

Chemical Chemical name Base
Code
K568 (3R 5R)-piperidine-3,5-diol /
K537 (3R 5R)-1-benzypiperidine-3,5-diol /
K469 1-Cyclopropyluracil U
DR4034 1-Cyclopropylthymine T
K470 1-(1-(Hydroxymethyl)cyclopentyl)uracil U
DR4031 1-(cis-2-Hydroxycyclopentyl)uracil U
K479 1-Cyclohexyluracil U
DR4030 1-(trans-2-Hydroxycyclohexyl)uracil U
DR4037 1-(trans-4-Hydroxycyclohexyl)uracil U
DR4011 Methyl 2-(1-uracilyl)acetate U
K480 1-(2,3-Dihydroxypropyl)uracil U
K545 1-(2,3-Dihydroxypropyl)thymine T
DR3227 9-((3S,4R%-Hydroxypyrrolidin3-yl)guanine G
DR3845 5-Methyl-1-((3R,4R,5S,6R)3,5trihydroxy-6-(hydroxymethyl Py
tetrahydro-2H-pyran4-yl)pyrimidine2,4(1H,3H}dione
DAIX-158 | Under patent A
OP35 9-(Tetrahydrothiophen3-yl)-adenine A
K580 [3S,55]1-(5-(Hydroxymethyl) pyrrolidir3-yl)uracil U

5.2.2.2Modified tritiated hypoxanthine incorporation assay

A total d sevenactive and four inactive compounds were selected from the various
chemical groupswith quinine included for comparison purposes order to assess
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whether there was any improvement in the antimalarial activity of tllenpounds over
two cyclesof DNA synthesis and divisioor two parasiticlife cycles.Duplicate 96éwell
plates were prepared so that sing{8Cland double cycléDC)results could be compared.
The methodology was thats describedn Section 2.22.1, with the exception of the
double cycle plate to which the’il-hypoxanthine isotope was added after a 72 hour
incubation periodas opposed to 24 hour incubation period as in the single cycle.lage
optimal gaseous atmosphere was maintained keylighting the candle within the glass
dessicator on a 24 hourly basiad blood smears prepared at 48 and 96 hours to monitor

parasite viability over the elongated incubation period
5.2.2.3Combination studies with dipyridamole

Dipyridamole is dighly lipophiligoyrimidopyrimidne analogue thainteracts with the lipid
phase of cell membraneshereby modifying membrane Ipids and merbrane-bound
proteinswith the resultantinhibition of both human ENT1 armdalarialPENT1(Gupte and
Buolamwini, 2004Lin and Buolawini, 2007.

Due to the fact that dipyridamole acts as a nucleoside transport inhibitor, and could
interfere with the uptake of the *H]-hypoxanthine isotopg combination studies were
carried out using the flow cytometric methodology.Dipyridamole itself possesses
fluorescent propertiesHowever, its excitation and emission spectra (E280 nm, Em=
490nm) (Lin and Buolamwini, 2001 different from that of dihydroethidium (Ex488nm,
Em=610nm), and woull, therefore, not interfere witlthe detecton of dihydroethidiumin

the FL2 channel othe BD FACSCaliburThe antimalarial activity oflipyridamole and
compounds DR463and D1293Swere assessed utilising the flow cytometric methodglog
(Section2.2.33); from which log sigmoid doseaesponse curves were constructednd
individual 1Gy, 1Go and 1Go values obtained using Enzfitte® (version 1.05) software
(Section 2.2.3.5)The test compounds and dipyridamole were prepared at concentrations
20 times higher than the I 1Go and 1Go values obtained, irorder to account for the
dilution factor of the expriment. Dipyridamole was combined with each test compouatd
different inhibitory concentratiorratios (Table 59). Following a 24 hour incubation period,
25 pl of incomplete culture media as added to each well, in the place tfe [*HJ-

hypoxanthine isatpe, before the plates were réncubatedfor a further 24 hoursunder
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optimal conditions How cytometric analysis washen performed according to the

methodologydescribed ifsection2.2.33.

Table 59: Ratios of digridamole to the test compoundsused to determine

pharmacological interactions in the combination study

Dipyridamole | Test compound(s)
1Go 0
1Go 0
1IGo 0
1Goo 1Goo
1Goo 1Go
1Go 1Go
1Go 1Go
1Go 1Go
1Go 1Go
1Go 1Go
1Go 1Go
1Go 1Go

0 1Goo
0 1Gso
0 1Go

Following acquisition of the % parasite growth for each samptegdescribed in Section
2.2.3.3,relative ratiosfor each combinationwere calculated(Section 2.2.2.3)From the

relative ratios obtainedisobologramswere constructedand the degree of thenteraction

determined(Section2.22.3).

5.3 Results
5.3.11In vitro antimalarial activity

Of the 90 compounds screened for antimalarial activity, 21.11% or 19@onas inhibited
parasite growth in a dosdependent mannerwith 1Ggvalues below 10QuM (Figure 55),
whilst the remaining compounds were incapablé inhibiting parasite growthbelow 100
uM. Of the 19 compounds, 14 exhibited moderate antimalarial activity oK Govalue>XX
50 uM) and 5 exhibited low antimalarial activity (%01 X Govalue >KLOOuM). Compounds
DR4850, DRI878 and DR463 exhibited the most promising antimalarial activitys{IC

values 13.35+0.38uM, 17.76£ 1.72uM and 19.81+ 0.80uM, respectively)however they
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proved to ke 89-, 118 and 132fold less active than gaine (1G value 0.15+ 0.01 uM)
(Table 5.11)

e Quinine
DR-4850
¢ DR-4463

% Parasite growth

Log concentrationrgM)

Figure 55: Antimalargal activityof compoundsDR4850 and DR463 compared to quinine

The Nucleoside Lipophosphonate, Lipophosphonoxin, PyrroPME, Mickey Mouse and
Pyrrolidinenucleotide groups all produced active compounds (Tableg, 11, 5.12, 5.13
and 5.4). Whereas the Piperidine nucleoside and nucleotideAza sugar, U/T
Miscellaneous nucleoside and Miscellaneous, aRtiosphonoxin structural groups

produced no compoundaith 1Ggvalues < 10QM (Tables5.15-5.17).

The three compounds comprising the Nucleoside Lipophosphonate group were all active
(Table 5.10), followed by the Lipophosphonoxin (Table 5.11), Mickey Mouse (Table 5.13),
PyrroPME (Table 5.12) and Pyrraiglinucleotide (Table 5.14) groups, of which 73%, 33%,
25% and 17% of the compounds within each respective group were active. The base
composition of the active compounds varied, 58% of the active compounds possessed a
guanine or adenine base or the basiagripe ring structure, whereas 42% of the active

compounds possessed a cytosine, thymine or uracil base.
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Table 510: Thein vitro antimalarial (1% haematocrit, 0.5% parasitaemia) and haemolytic

activity of the Nucleoside Lipophosphonate group of compoufs= 4).

Where: SC = single cycle; DC = double cycle

Chemical
Code

Chemical structure

Antimalarial
activity

Haemolytic
activity

IGovalue
UM £ s.d.

%
100 uM = s.d.

DR3641

43.14+1.67

0.61+0.04

DR3621

30.01+1.65
S.C.

27.67+2.21
D.C

1.41+0.85

DR3960

OCyeHas

33.13+2.10
S.C.

33.30+1.69
D.C.

9.32+3.50

Quinine

0.15+0.01
S.C.

0.18+0.00
D.C.

1.22+0.98

Table 511: Thein vitro antimalarial (1% haematocrit, 0.5% parasitaemia) and haemolytic

activity of the Lipophosphonoxinrgup of compounds. Values in parenthesis

indicate the % inhibition of parasite growth at 10M (n=4).

Antimalarial Haemolytic
Chemical . activity activity
Code Chemical structure ICovalue %
UM + s.d. 100 pM = s.d.
DR4658 - &
HO o \ /’\i > 100
HO—C\N\/\,‘JiO N o
)O ] (0.01+2.61) 0.38+0.08
DR4695 [M
HO, Hel [e] ‘ /Ti
7 . ) > 100
v N /TN (0.01:1.62) 0.37£0.12
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Antimalarial Haemolytic
Chemical Chermical activity activity
Code emical structure IGovalue %
UM + s.d. 100 pM = s.d.
DR4696 o 81
deo UL > 100
HO N—/ o o N No
'CHC ] j (2.16+1.61) 0.39+£0.13
H, :/\)LS
DR4137 &
) \ HCI o ‘ NH
oA TN S 49.18+0.79 4.56+1.00
H33°16\\/\/o HH HH
DR4878 o " 1"
Do G,
g', o 17.76+£1.72 5.17+3.62
DR4850 0 ]
s ;0?/ 13.35+0.38 9.25+2.08
OH OH
DR4914B S0 .
b i"? 21.05+0.71 50.20+ 3.35
DR4848
HCI Q
oA ﬁx 30.46+3.54 1.07+0.34
DR4463 b & 19.81+0.80
AN ? U S.C.
oINS LK 7.85+1.41
Hgacleo\/\/o HOH 6.04+0.31
= D.C.
DR4458 o &
WO | "
Cw N 29.98+0.70 6.32+2.33
H33C]6\/\/O HH HH
DR4459 Ho i
HO C\N HCI ° fL/T\i
Ho \Al‘:‘fo . [ 4911+4.11 1.14+1.41
uinine HCS M
Q ?5 0.15+0.01
N S.C.
O Ho 0.1840.00 1.22+0.98
Hie” Z ‘ D.C.
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Table 512: Thein vitro antimalarial (1% haematocrit, 0.5% parasitaemia) and haemolytic

activity of the PyrroPME group of compounds. Values in parenthesis indicate

the % inhilition of parasite growth at 10QM (n=4).

Antimalarial Haemolytic
Chemical . activity activity
Code Chemical structure ICovalue %
UM £ s.d. 100 uM + s.d.
DR3919 N > 100
(0.01+10.46)
vo ﬁ S.C. 0.27+0.10
\) <\ (0.01+2.10)
NH; D.C.
DR3953 OC16H33 n
\\) Qp 39.34+2.77 5.64+0.72
DR3945 > 100
S_Z o (0.01+3.47)
o Nj// S.C. 0.36+0.15
HO\P\ \ NH (ZZOi 335)
o 0 ch;_<\o D.C.
DR3769 67
> 100
0.44+0.21
o g J { (0.01+£5.17)
ONa H3C
[¢]
DR4140 H
(0] //O
HOP/\Oj NjNH 63.51+5.60 0.93+0.33
O/C3HGOC16H3$—\<
HsC []
DR4001 N
> 100
o PJ Y (2.26+3.66) 0.39:0.19
DR4255A °y“
0 (17 > 100
Nao— iNa o OYNH\ (6.41%2.78) 0.39+0.16
uinine HCZN M
Q % 0.15+0.01
N S.C.
O Ho 0.1840.00 1.22+0.98
HsC” Z ‘ D.C.
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Table 513: Thein vitro antimalarial (1% haematocrit, 0.5% parasitaemia) and haemolytic

activity of the Mickey Mouse group of compounds. Values in parenthesis

indicate the % inhibition of parasite growth &dQuM (n=5).

Antimalarial Haemolytic
Chemical . activity activity
Code Chemical structure ICovalue %
UM £ s.d. 100 uM + s.d.
Bn,NH.HCI ©\/HCI
N > 100
} (12.57+4.88) 031£0.13
N
52.63+3.79 0.39+0.10
TN
NH N/)\NHZ
DR4461 @T/—Q
> 100
N X
(m Gjﬁ@ (33.87+6.76) 0.22£0.05
cca 1 : 10
DR4523 & FQ 77.48+8.57
N S.C.
</N‘ ., CcF, 73.93+ 1.03 8.95+5.70
" N/) D.C.
DR4541 < >
) F 100
-\ >
) </NI§N F (14.26+ 4.63) 0.64+0.31
[ N N
HO—P (@]
b1
DR4651 q
N
N 79.66+2.11 0.39+0.15
X
o N N NH,
O=P—ONa
NaC‘)
DR3896 @
NA@ - 100
o ST (27.05:10.99) | 021005
i G
al [e) N
(‘DNa u
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Antimalarial Haemolytic
Chemical . activity activity
Code Chemical structure ICovalue %
UM + s.d. 100 pM = s.d.
DR4598A & @
N
> 100
N 0.46+0.13
2
0 ¢ ] P (34.61+3.17)
NaO—P
C‘)Na
DR4640 ?
" > 100
(ij (4a.10:3.07) | 047021
ONa\IP/O
DR4599A @ﬂ @
) > 100
Qj @) (25.38+ 6.03) 0.44£0.23
| NN
DR3892 v, §
\\H 57.11+1.49
" S.C.
o, o 47.73+ 1.07 0.38+0.15
QQY D.C.
DR3898 j o
O\\,_l\ONa > 100
! (2.50+3.32)
O s.C. 0.38+.17
QI%T (0.01£1.12)
:N e D.C.
DR4251 —d
[N
i W > 100
o ¢ L) (7.45£5.10) 0.40+0.17
DR4558 % - 23.85+1.76
g S.C.
=T 16.71+0.77 0.32+0.09
(|
uinine LN M
< % 0.15+0.01
N S.C.
O Ho A 0.1840.00 1.22+0.98
D.C.
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Table 5.%: Thein vitro antimalaial (1% haematocrit, 0.5% parasitaemia) and haemolytic
activity of the Pyrrolidine nucleotidegroup of compounds. Values in

parenthesis indicate the % inhibition of parasite growth at 0 (n=3).

Antimalarial Haemolytic
Chemical . activity activity
Code Chemical structure ICovalue %
UM £ s.d. 100 uM + s.d.
K584 NBOE’%
/\q > 100 0.41+0.17
' (1.93+0.76) e
ot N
<2
K578 o}
0//ﬁ
«Q > 100 0.93+1.24
(7.60+ 3.00) e
O:<N \ CHs
DR4028 o
’\r\\HOH
> 100
W (0.64+ 6.74) 0.4720.24
(\ NH
Br \O
DR3616 HO*E?ONa
N > 100
Q < (7.42+8.39) 0.31£0.03
<1
Pel41 7
OYP\O\NONa
" > 100
Op . (0.00£2.17) 0.5220.16
X
I
DR3876 R 31.08+2.33
,L s.C.
20.01+0.88 0.40+0.11
[ D.C.
R
uinine LN M
Q % 0.15+0.01
N S.C.
O Ho 0.18+0.00 1.22+0.98
HeC” Z ‘ D.C.
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Table 515: Thein vitro antimalarial (1% haematocrit, 0.5% parasitaemia) and haemolytic
activity of the Piperidinenucleoside (K36®R4290B) and nucleotide (K423
K416) group of compounds. Values in parenthesis indicate the % inhibition of

parasite growth at 10¢M (n=3).

Antimalarial Haemolytic
Chemical : activity activity
Code Chemical structure ICovalue %
UM + s.d. 100 pM = s.d.
K366 Q =
= > 100
N\V/N (6.15+1.22) 0.41+0.08
DR3994 0
N NH > 100
C{ \J)( (0.01+ 7.30) 0.40£0.17
PipT
-z > 100
™ (5.04+3.79) 0.49+0.21
O/ !
K349 B
- o=y > 100
C§N J (13.55+9.85) 0.41+0.25
HN
K370_B R
7~ > 100
§H(NH (0.01%0.07) 0.39+0.20
HN (¢]
K351 e
o MN= > 100
HNC§ \/kj (4.009.78) | 033017
K371 B /\/)% - 100
C§ N—( (19.40+ 3.76) 0.58£0.31
K523 o &KO
. | > 100
" O Z (6.24+0.12) 0.30£0.13
N
K524 o (Ejo -
>
HO.,,. NNy .00+ 0.
O : (0.01+ 3.68) 0.36+0.18
p
DR4377 LOHQ
N > 100
N —QO
HNC>< _ (0.01+1.31) 0.38+0.18
"o
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Antimalarial Haemolytic
Chemical . activity activity
Code Chemical structure ICovalue %
UM + s.d. 100 pM = s.d.
DR4380 0%40
N > 100
HU (4.35+ 1.80) 0.35+0.17
<~ "OH
“oH
N
DR4513 N 7N\ ", -
— >
HNC><N\/N (4357+048) | 049026
“on
DR4290B _ H 100
>
N
OZ(NQ Q (0.01+4.84) 0.39:0.12
H o HO OH
K423 i
HyC
Cr
N No > 100
N f (0.01+3.18) 0.31+0.13
O\P/iN
NaO/ \ONa
K418 f
M NH
NaO o ‘ ) > 100
>./ X0 (0.01+3.96) 0.42+0.22
NaO
=0
K422 O‘
HyC
\@ > 100
0 o (0.01+5.20) 0.36£0.14
K414 A f
H3c\fL£
N No > 100
% @ (0.01+ 10.66) 0.27+0.11
o\ >—N
P
NaO/ \ONa
K416 i
HsC
3 f{'ﬁ
> 100
0 N No 0.40+0.21
Naoil‘; E (2.19+5.42)
a N
ON O/
Quinine HoCEN M
0.15+0.01
N S.C.
Ho /" H 0.18+0.00 1.22+0.98
- D.C.
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Table 516: Thein vitro antimalarial (1% haematocrit, 0.5% parasitaia) and haemolytic
activity of the Aza sugars (K568 and K537), U/T miscellaneous nucleosides
(K469-K545 and Miscellaneous (BBR227-K580) groups of compounds. Values

in parenthesis indicate the % inhibition of parasite growth at ildD(n=3).

Antimalarial Haemolytic
Crlje(;?j';al Chemical structure I ?%Ct\ll\gze actozlty
0
UM + s.d. 100 pM = s.d.
K568 HOI""[j/OH
> 100
" (2.57+0.98) 0.24+0.18
H
K537 HO/""[j/OH
N > 100
| : (5.87+1.54) 0.38+0.16
K469 ﬁ
‘ NH
I~ > 100
N o (0.01+0.64) 0.31+0.15
DR4034 0
H3C%NH
W
N > 100
NN (0.01+7.21) 0.42+0.23
K470 (\(0
N NH > 100
hid (4.81+4.02) 0.26+0.13
(0]
OH
DR4031 A _o
N NH > 100
e (0.85+1.48) 0.38+0.24
, O
OH
N _NH > 100 0.21+0.12
\”/ (4.75+ 2.90)
(@]
DR4030 HO o~ O
> 100
«N .20t 0.
@‘ \”/NH (3.22+3.15) 0.28+0.16
(@]
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Antimalarial Haemolytic
Chemical . activity activity
Code Chemical structure ICovalue %
UM + s.d. 100 pM = s.d.
DR4037 O
(\E > 100 0.41+0.23
/O hil (7.20+3.10) 412l
HO ©
DR4011 o (\40
> 100
Ho/lK/N\”/NH (2.45+16.76) 0.55+0.26
(@]
K480 OH (\fo
o > 100
WNYNH (0.01%8.49) 0.25+0.08
0]
K545 o h_o > 100
N -
H@U S (5.13£2.17) 0.25+0.14
DR3227 & HCl
> 100
HO 1 N NH,
@1:( (5.362 7.40) 0.29+0.18
N NH
(@]
DR3845 OH
(o]
OH
Ho > 100
L (5.77+1.03) 0.36+0.16
%(\(
NH
H3C
[e]
DAIX-158 NH,
Nz N > 100
A\
N [ > (1353:8.97) | 025012
b
OP 35 NH,
am > 100
. (0.75+4.67) 0.39+£0.11
S
K580 o\\ E
\ N>:O > 100 0.42+0.15
(2.25+3.81) o=t
OH
N
Quinine HICEN M
0.15+0.01
N S.C.
HO H 0.18+0.00 1.22+0.98
H3C/o = D.C.
\N ‘
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Table5.17: Thein vitro antimalarial (1% haematocrit, 0.5% parasitaemia) and ragtic

activity of the Phosphonoxin group of compoundgalues in parenthesis

indicate the % inhibition of parasite grow#t 100uM (n=3).

Antimalarial Haemolytic
Cr&e)r(;\;cal Chemical structure i éit\i/\gge actoi/\;ity
UM £ s.d. 100 uM + s.d.
DR3128 ] &
Q/\o °w ° (o.0>111L(21(.)03) 0-31x0.14
DR3129 : oﬁl
M) ;MOWKO (o.o>1i01c.)20) 0.37£0.25
DR3122 ’ R B
< Zﬁwk" (6.9>7i%(.)18) 0-36£0.08
DR3573 B ﬁL
DR3510 - &
N N OoLs262) | 0:39£0.18
SRaoes | f*
] P
e A (36.;41103.62) 0.38+0.09
DR4165 sl
/CW_ LA, (23_;5{:032 | 0:39%0.9
DR3095 - EL
o 0T
. § . \g* (6.3>2i02(.)41) 0.4320.19
DR3096 &
0 B
. § /wk (10.?5102.75) 0.48+0.21
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Antimalarial Haemolytic
Chemical cn cal st t act|V|ty act|V|ty
Code emical structure IQovaIue %
UM £ s.d. 100 uM + s.d.
DR3111 i
v I > 100
PO (9.50+4.45) | 029010
DR3112 @ i
TONAANL, L > 100
4 be (354x434) | 043014
DR3502C &
P . LXK > 100
Q/\/ONa R (0.01%4.81) 0.40+0.43
DR3679 & > 100
i, UL (15.20+0.26)
IOC% s.C. 0.34+0.20
e (0.01+1.60)
D.C.
DR3707 &
P . (X > 100
ON/\/(\JN W o (6.0612.21) 0.35+0.16
Quinine LN 1
0.15+0.01
X S.C.
Ho A 0.1840.00 1.22+0.98
o™ @ D.C.

5.3.1.1Antimalarial activity over a double parasitic life cycle

Of the sevenactive compounds assessed for improvement in antimdla@ivity over a
double parasitic life cycldour exhibited statistically significanteductions(p < 0.05) in

their IGgvalues.

The greatest improvement was that obmpoundDR4463,where a 33-fold reductionin

its 1Go value occurredover a doublecycle (Figure5.6). A 16-, 1.4 and 1.2fold decrease
occurred in the 1§ values ofcompoundsDR3876, DRI558 and DR3892 respectively
over a doublecycle(Figures.6).
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B 5 3L.08
5 C 2.33 23.85
T o 19.81 20.01 °1.76
€ (& 257 co0s80 °0.88 1671
= = °0.77
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°0.31

0

DR-4463 DR-3876 DR-4558 DR-3892

Figure 5.6:The improved antimalarial activity of compnds DRI463, DR3876, DR4558
and DR3892 over a double parasitic life cy¢ie=4).

GCompound DR3960 showed no improvement in antimalarial activity over a double cycle
(Table 5.0), and compoundsDR4523 (Table 5.B) and DR3621 (Table 5.0) exhibited
minimal reductions intheir I1Go values None of the four inactive compounds selected
showed any improvement in antimalarial activity, with compound-38R9 exhibiting a
slight decrease in activitgyver a double cycléTable 517). Similarly, quinine exhited no
statistically significant improvement in antimalarial activityer a double cycle, showiray
slight increase in its égvalue over a double cyc(éGvalue: 0.18: 0.00uM) as opposed to

a single cycle (¥gvalue: 0.150.01uM).

5.3.12 The effect of methodology on antimalarial evaluation

Of the four active compounds selected for comparison in the two methodologies, only DR
4878 showed a statistically significant difference<(n05) in its 165 value as determined by
the tritiated hypoxathine assay (24.7% 0.26 uM) and flow cytometric analysis (16.722
0.73uM) (Table5.18). Of the 21 inactive compounds selected from the various structural
groups for rescreening using the flow cytometric methodologyx compounds, namely
DR4598A, DRI0O66, DR4461, DR3227, OP 35 and D#34, showed discrepancies
betweenthe two methodologiegTable 5.18)
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Table 518: A comparison of the Wgvalues and % parasite growth inhibitions, at a 2%
haematocrit and 2% parasitaemia, obtained from th#}fhypoxanthine

incorporation assay and flow cytometfy = 6) N.D. = not determined.

Antimalarial activity

[*H]-hypoxanthine Flow cytometric analysis

Compound incorporation assay
IGovalue % Inhibition | IGgvalue (UM) % Inhibition

(UM) at 100uM at 100uM
DR4878 24.77 £ 0.26 16.72+0.73
DR4463 28.09 + 3.26 20.49+141
DR4850 30.04 + 2.75 29.91 +1.88
D1293S 57.29+284 57.72 + 3.54
DRA4598A > 100 30.58 + 0.16 > 100 14.01+£9.70
DR4066 > 100 16.47 £ 4.04 > 100 0.01 +£6.29
DR4461 > 100 12.16 £ 6.18 > 100 66.94 + 4.35
DR3111 > 100 9.47 +3.71 > 100 9.20+4.20
DR4695 > 100 9.39+2.04 > 100 0.01 + 3.47
K414A > 100 8.61 + 3.63 > 100 11.80 £ 3.52
DR4028 > 100 7.95+1.53 > 100 11.02+5.74
K480 > 100 7.89 £ 3.02 > 100 6.93 £ 2.69
K523 > 100 7.38 £3.31 > 100 4.32 £6.75
DR4255A > 100 7.34 £0.38 > 100 0.01+£3.82
DR3227 > 100 7.27 £4.92 > 100 28.33+3.84
DR4034 > 100 7.17 £5.50 > 100 21.70 £ 4.80
PipT > 100 6.82 £ 3.95 > 100 5.68 £ 0.20
K545 > 100 6.33 £ 0.80 > 100 5.31 +4.45
K580 > 100 552 +£2.62 > 100 1.08 + 3.27
DR3707 > 100 4,72 +2.79 > 100 9.99 £ 6.00
Pel4dl > 100 4,17 +2.17 > 100 6.89 £ 2.09
OP 35 > 100 3.90 £ 6.25 > 100 23.44+4.18
DR3919 > 100 3.60 £ 4.08 > 100 8.46 £ 6.16
DRA4377 > 100 3.04 £2.49 > 10 4.48 + 4.89
DR4001 > 100 2.63 £ 0.56 > 100 1.46 £4.35
Chloroquine | 0.012 + 0.0013 0.014 = 0.00068
Quinine 0.15+ 0.0014 0.058 + 0.0026
Dipyridamole N.D. 35.41+7.31

5.3.21In vitro haemolytic activity

The haemolytic activity of the compoundas generally low, with 78 compounds resulting

in less than 1% haemolysis at 1J0d. Eleven compounds, namely {3R37, DRI878, DR

4850, DRI848, DRI463, DRI458, DRI459 (Table 5.11), BB621, DR3960 (Table 5.10),

DR3953 (Table 5.12) and BRB23 (Take 5.13), resulted in less than 10% haemolysis at 100
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MM. Compound DRR914B possessed the highest haemolytic activity of the compounds
(50.20 = 3.35% haemolysis at 100 uM) (Table 5.11). However, it did not appear to correlate
with its antimalarial activityas at a concentration of 50 uM, corresponding to thg VW@lue

of DR4914B (51.67 + 4.16 uM), the haemolytic activity was greatly reduced to 0.71 +
0.16%.

5.3.3 Combination studies

The isobologramdepict thevariablepharmacological interactionsetween compoundDR
4463 in combination with quinine, as well asompounds DR4463 and D1293% in

combination with the nucleoside transport inhibitor, dipyridamg@kgure5.7).
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Figure 57: Isobolograms depicting the pharmacological interactionsarhpoundDR-4463
in combination with quininga) (n =3), as well acompoundsDR4463(b) (n =

4) and D12935(c)in combination with dipyridamolén = 3).
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¢KS 1 CcL/ F2N) S OK SELISNAYSyYy(G o1 a&a O tOdzA I GS
(Appendix E)Compund DR4463, when combined with quinineexhibited an additive

Ay G SN OFABY+ 047) Figure 5.73) and when combined with dipyridamole
exhibitedan additivel y G 32y AaGA O G2 I yICEIBAIHOAD,withGhe NS | |
greatest antgonism observed in combination ratios of dipyridamole to-43B3 of

1Go:1Go, 1G0:1Gyo, as well asiGo:lGy (Figure 5.7h) Similarly, combinations afompound

D1293S and dipyridamole also exhidit an additiveantagonistic to antagonistic
interaction { C E 1.87 £ 0.34), with the greatest antagonism observed at the ratifs

|C50:|Cgo, |C50:|Q_o, |Cgoi|Cgo, as well aSC10:IC10(FigureS.7c).
5.3.4 Morphologicaland stagespecificeffects ofcompoundDR4463

The morphological and staggpecific effecd of compound DR4463 at its 1G, value (20
pMM), when compared to an untreated control, are defed in Fgures 58 and 59. No
notable changes in parasite morphology occurred during the-stage, with the treated
parasites progressing into the early ploozoitestage (Figure 5.9), where haemozoin
crystals were evident (Figure88\). Thereaftertreated parasites progressed through the
mid to late trophozoite-stage (Figure 5.8) with no distinctmorphological changes (Figure
5.8B). However, yon progres®n into the schizonstage, development of the treated
parasites appeared to be slightly stalled, with most parasites appg to be in thelate
trophozoite- and early schizonstages instead of the earlyo mid schizontstageas inthe
untreated control(Figure 5.8), and with no distinct merozoite formation as noted in the

untreated control(Figure 580).

Thereafter the untreated parasites progressed into the late schizand early ringstages
(Figure 5.9), with 71% of parasites in the rirgjage &ad 29% of parasites in the late
schizontstage(Figure 5.8), to produce an overall parasitaemia of 4.81% contrast,the
total parasitaemia of thetreated parasiteswas 2.4%, andappearedto be stalled
predominantlyin the late trophozoite (40%) and nxied earlyto late schizontstages (32%)
(Figure 5.9), with late trophozoitestaged parasites exhibitinggsisof possiblecytoplasnic

vacuolation (Hamzaht al.,, 2004 Totinoet al., 2009 (Figure 5.8).
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Figure 59: Flow cytometric analysis depicting the effects of compounddB&3, at the
IGo value (20 uM), on parasite development. WheréL2H represents the
maximum fluorescent intensity of dihydroethidiymthe green line

represents parasites treated with compound B&63 and the red line

representsthe parasite contro(n=1).

Examination of the blood smears four hours postasion, o four hours into the next
cycle showed the overall parasitaemia of the treated parasites to be 3.51%, as opposed
to the parasitaemia of 7.45% of the untreated control. The majority of the parasites
were in the ringstage (73%), with the remainder in thelszontstage (27%), as opposed

to the untreated control, where 93% of parasites were in the sstege, and 7% were in

the late schizonstage (Figures 5.8E). Of the schizonts present in the treated parasite
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sample, distinct merozoite formation was notatge (Figure 5.8E), however the number
of merozoites formed appeared to be greatly reduced from the untreated control of
Figure 5.8D. The increase in the percentage of-staged parasites indicated that the
schizonts (Figure 5.8D) had progressed througk cycle, and were capable of

reinvading red blood cells.

Parasites treated with compound BHR63 at the Ig; value (10uM) exhibited similar
developmental abnormalities as those treated with compound44RB3 at the gy value.
However, an examination dflood smears prepared four hours peastvasion showed
that the number of merozoites formed by treated parasites appeared similar to that of

the parasite control of Figure 5.8D.
5.3.5 Antimalarial mechanisms of action

The effects of select compounds brhaematin formation, as well aanti-oxidant and
metal chelatingactivity were determined Table 519). A total of 35 compounds were
selected from the various structural groups, in order to examine struehatesity
relationships. Of the 14 compounds posseg antimalarial activity, five were potent
inhibitors ofi -haematin formation, and showed significant differences (p < 0.05) in their
activity when compared to chloroquine §iCvalue: 29.64+ 3.35 uM) (Table 5.19).
Compound DR137 proved to be the most potent ggalue: 8.29 1.11uM), and was
3.6-fold moreactive than chloroquine. Compounds 2858, DRI459, DR1463 and DR
3621 proved to be on average twice as active as chloroquine. CompourdiSZ3RDR
4878 and DRI914B were capable of inhibiting more than 75% d#faematin formation

at 400 puM; however treir 1G, values were well above 10QM (Table 5.19). The
remaining six compounds inhibitedhaematin formation by between 13% and 53% at
400 pM. Of the 21 compounds which lacked antimalarial activity, compound 338A
was noted to be a strong inhibitorf 6-haematin formation (163 value: 9.19+ 0.39uM),

and was 3.Zold more potent than chloroquine. The remaining 20 compounds, as well
as dipyridamole, were only capable of between 0.01% and 46% inhibitory activity at 400
UM (Table 5.19).
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Table 519: The i -haematin inhibitory free-radical scavengingand iron chelating

activity of select compoundsvalues in parenthesis indicatehere 1G

values(< 100>M) were obtained(n =5). N.D. = not determined.

» LYKAOAGA

haematin formation

% DPPHfree-radical

% Fe(ll) chelation

Compound scavenging activity
at 400 uM (= s.d.) at 240 uM (= s.d.) | at 200 uM (= s.d.)

DRA4137 (8.29 £1.11) 5.55 + 2.30 N.D.
DRA4598A (9.19 £ 0.39) 0.01 +2.16 12.00 + 3.35
DR4458 (10.77 £ 1.12) 25.26 + 3.16 1.51+0.34
DR4459 (11.39 £ 1.71) 29.62 + 2.47 N.D.
DR4463 (13.39 £+ 2.16) 13.85+1.03 N.D.
DR3621 (13.95 £ 0.65) 5.03 £ 1.95 467 +1.24
DR4523 97.30 + 2.78 4.89 +2.53 0.01 £ 6.53
DR4878 75.74 + 4.80 0.01 +£4.53 1.33+0.83
DR4914B 75.57 + 7.68 23.43 + 2.06 3.64 +2.90
DR4850 53.31+9.15 31.60 + 5.34 4.80 + 1.05
DR3876 47.72 +7.27 N.D. N.D.
DR4461 46.10 £ 7.91 6.32+1.72 2.43+£2.00
DR4001 42.70 £ 10.01 0.01 £ 4.25 6.72 £3.14
DR3919 38.42 £ 10.10 0.01+2.13 3.69 + 3.43
DR43848 34.43 +5.43 N.D. N.D.
K414 _A 31.99 +8.76 12.47 +1.64 34.86 + 8.44
DR4558 27.27 +4.20 N.D. N.D.
D1293S 15.49 +5.17 N.D. N.D.
DR4028 14.38 + 3.53 0.01+4.51 7.19+2.18
DR3641 13.22 +5.33 N.D. N.D.
DR3111 11.94 + 2.62 0.01 +4.35 5.37 +2.62
OP 35 11.81 +0.64 7.66 +5.78 1.02+1.06
DR4695 10.50 + 2.42 21.13+2.76 3.77 +2.15
K580 9.56 + 2.86 0.01 + 3.16 2.20+1.52
K545 6.93 +2.76 3.60 +1.09 2.36 + 2.04
PipT 6.75 + 4.52 4.03 £ 2.69 2.40 +1.05
K523 6.25 + 4.06 0.01 +2.29 0.01+1.71
DR3227 6.15 + 2.43 11.07 £ 0.87 0.01 +4.30
DR4034 5.25 +4.89 3.48 + 1.50 2.34 +0.94
DR3707 3.13+2.14 0.01 + 3.70 12.85 + 2.69
Pel4l 1.17 £0.23 0.01 +4.04 2.20+1.94
DRA4377 0.01+12.81 3.25+0.80 1.35+1.05
DRA4255A 0.01 + 10.54 9.35+1.44 7.50 +3.03
K480 0.01+7.14 2.50+1.09 0.01+1.50
DR4066 0.01 £5.75 0.01 £ 3.59 3.01+£2.00
Dipyridamole 21.75+£9.92 2.30+£0.75 0.01 £3.26
Chloroquine (29.64 £ 3.3% 3 0.31+£3.28 70.68 £ 0.97
Quinine (63.00 + 3.2% 9 2.53+1.17 0.01+6.08
EDTA N.D. N.D. (23.90+£1.83 9
Ascorbic acid N.D. (19.31£2.62 a N.D.
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None of the 35 compounds, as watl dipyridamole, exhibited freeadical scavenging or

iron chelating activity comparable to the respective controls, ascorbic agivélDe:
19.31+2.62uM) and EDTA (¥¢value: 23.9G 1.83uM). With freeradical scavenging

activity ranging from 0.01% to 32% at 24@ and iron chelating activity ranging from
0.01% and 8% at 200 uM (Table 5.19)

5.4 Discussion

The antimalarial activity of the nuwedside phosphonates, phosphonic acids and

purine/pyrimidine derivatives tested in this study exhibited variable antimalarial activity,

not only between the various structural groypsut also within the groupg§Tables5.10-
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Figure 5.10:Active antimalarial compounds of the Mickey Mouse, PyrroPME and

pyrrolidine nucleotide groups.
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When examining the general antimalarial activity of the various structural groups, it can
be seen that the Lipophosphonoxin and dioside lipophosphonate groups had the
best antimalarial activity, producing 11 of the active compounds, wi§vElues ranging
between 10pM and 50uM (Tables 5.13 and 5.14). Followed by the Mickey Mouse,
PyrroPME, and Pyrrolidine nucleotide groups ckhihad five, two, and one active

compound(s), all producing one drug with agoMalueof less than 50 uM (Figure 5.10)

The Piperidine nucleoside and nucleotide, Aza sugar, U/T Miscellaneous, Miscellaneous,
and Phosphonoxin groups exhibited disappmmigtantimalarial activity; with compounds

of these groups only capable of inhibiting parasite growth at @Dby a maximum of
43.57+ 0.48%, 2.19% 5.42%, 5.8* 1.54%, 7.2G: 3.10%, 13.53 8.97% and 36.84
2.62%,respectively (Tables 5:83.7).

In contast, an examination of the anprotozoal effects of Phosphonoxins against
Giardig the protozoa responsible for the majority of reported waterborassociated
cases ofdiarrhoeain the United Statesshowed thatcompoundDR3510was as active
asexistingtherapeutics against the W8 strain ofGiardia lamblia(Suket al., 2007). The
activity of this Phosphonoxinvas attributed to the chelation ofmetal iors, most likely
calcium,which are proposed to be at the active site of the cyst wall synthase enzyme
thereby inhibiting trophozoite cyst wall formatigisuket al., 2007).The metal chelating
activity was attributed to donor groups in the aminoalkylphosphonate moiety,
speculating that the Zarbon linker between the amino and phosphonate moieties
allowed for the correct conformation for chelation of the metal ion (Setkal., 2007).
However, in this study, the linker between the amino and phosphonate moieties
appeared to play no role in antimalarial activity, with compounéithe Phosphonoxin
group possesing the 2C linkerdisplaying no antimalarial activity(Table 5.17)
Additionally, when tested for their ability to chelate(ll), rone of the Phosphonoxins

displayed any metal chelating activity (Table 5.19)

What did appear to play a role in antinaalal activity was the attachment of a bulky
(GeHss) aliphatic side chain to the phosphonate group, withcamparison of e
Phosphonoxin(Table 5.¥) and Lipophosphonoxin(Table 5.1) groupsshowing that they

exhibited strong structural similarities, whit the only diference lying inthe addition of
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this side chainA study conducted by Rejmaat al. (2011) showed that the addition of
the aliphatic side chain to the Phosphonoxin group, to produce Lipophosphonoxins
(Figure 5.1), resulted in substantialljncreased antibacterial activity (Rejmam al.,
2011). It was concluded that the negative charge of the phosphonate group of
Phosghonoxins hampered cellularptake, whilst the addition of the aliphatic side chain

faciitated cellular uptake (Rejmaet al., 2011).

IMINOSUGAR LINKER
MODULE MODULE
(IM) (LM)

OH OH
NUCLEOSIDE
MODULE

(NM)

Figure 5.11:The general structure of the Lipophosphonoxin group of compounds

(Rejmaret al., 2011).

This substitution appei@d to confer antimalarial activity tthe Lipophosphonoxigroup

of compounds,with |G values ranging from 18M to 49 uM, aswhen the side chain
wasshortened, orsubstituted withother moietes, the antimalarial activitwaslost. This
was observedwith compoundsDR4658, DR4695 and DR4696 (0.01 + 2.61%,0.01 £
1.62%and 2.16 £ 1.61% inhibition of parasite growtht 100 uM, respectively)Table
5.11). Similarly, Rejmaret al. (2011)found that when the aliphatic side chain was
shortened, as was the case with compound -48888, antibacterial activity was
abolished. They also found that compounds-£8H#8 and DR463, both having the
bulky side chain substitutiorshowed some of the most significant antibacterial activity,

with these compounds also exhibiting some of the best antimalarial activity in this study.

Theheterocyclic substitution attached to ththosphaate group appeardto not play a
role in the antimalarial activity of the compounds, as thecleosidelipophosphonoxin
group (Table 5.0) lacked this substitution, yet still retaied antimalaral activity similar
to that of the Lipophoghonoxins The sulstitution that did appear to play a role in

antimalarial activitywasthe hydroxyl groupon the heterocycliaing. A comparison of
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the structures of compounds B&RI58and DR4459showed that the addition of an extra
hydroxyl group on the heterocyclic rimgsulted in al.6-fold decrease irthe 1Go value
(Table 5.1). The orientation of the hydroxyl groups also appeared to play a role, with
compoundsDR4850 (IG value 13.35+ 0.38 uM) and DR4914B (I6 value 21.07 +
0.71 uM) having identical chemicaltrsictures with the exception othe orientation of
these groups on théeterocyclicing (Table 5.1). The bond orientation of the hydroxyl
groups on the pyrrolidine ringlsoappeaedto play a role in the haemolytic activity of
the compound, with compaund DR4850 exhibiting 9.2% 2.08% haemolysis at 1QM
compared t050.20+ 3.35%for compound DRI914B(Table 5.1).

The base composition of the cgmunds appeared to play a role in thantimalarial
activity of the LipophosphonoxinsAlthoughthe structures ofcompounds DRI137 and
DR4850 werealmost identical the base attached to the ribose moietyas uracil in
compound DRI137 and guanine incompound DRI85Q Thisresulted in the 3.7-fold
decrease in atimalarial activityobserved in compound D&L37 (Table 5.1). Similarly,
the only difference between compounds 3814B and D848 was that compound
DR4914B had a guanine basand compound DRI848 a modified cytosine base,
resuling in compound DRI914B being 1%old more active than compound B4848
(Table 5.1).

Overall the base compsition of thecompounds did not appear to e determinant

of antimalarial activity, with the three most active compounds {4880, DRI878 and

DR4463) having guanine, cytosine and uracil bases, respectivalie(5.11). Similarly,

the base composition of the Nucleoside Lipophosphonates nota determinant of

antimalarial activity, withcompoundsDR3641, DR3621 and DR960 having adenine,

uracil and guanine bases, respectively (Tabl®)5.When examining thetructure of

compound DR3641, which had the highestdlralue (43.14+ 1.67 uM) of the three

Nucleoside Lipophosphonates (1 KS NRAo62aS Y2ASie& dpos@ionRSKa RN
of the ribose moietyTable 5.0).

An examination of the PyrroPME group sleal that the only two active compounds in
this grouppossessd the same bulky aliphatic side chain attachment to the phosphonate

group (Figure 5.10 Table 5.1 The base composition did not play a role in the
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antimalarial activity of the compounda this group. Compounds DR8919 and D945
were identical except that DRB919had an adenine base and £3845a thymine base,
yet both displayed no antimalarial activity (TableZ.1However, uporreplacement of
the hydroxyl groupof compound DRB919with a hulky aliphatic side chaito produce
compound DRB953, the antiméarial activity was greatly improved @§value: 39.34t
2.77 uUM). A similar trend was observed when comparing compound B845 to

compound DR1I140 (16 value: 63.5% 5.60uM) (Table 5.2).

Structural analysis of thMickey Mouse groupTable 5.8) showed that the phosphonic
acid derivatives exhiked no antimalarial activitywith the exception ocompoundDR
4651, which exhibé&d poor antimalarial activity (Kg value: 79.66+ 2.11 pyM) (Figure
5.10 Table 5.13 When comparing the structures of compounds-2661, DRI598A,
DR4640 and DR599A, all exhibit structural similarities, with the exception that
compound DR4651 had an amino group at th€ position on the purine rincand
contaired an ethyloxymethyl linker between the purine ring and phosphonic acid
moiety. Whereas compounds BD&98A and DR640 contained propyl and butyl linkers,
respectively(Table 5.B). Acomparison of compound®R4541 and DR523 showed
that the attachmentof a trifluoromethyl group at the €position of the purine ring
conferred weak antimalarial activitp compound DRI523 (I1G value: 77.48 8.57 uM).
However, upon additionof a phosphonic acid group via an ethyloxymethyl linkire
antimalarial activiy was abolishedas observed in compound BiR41 (14.26+ 4.63%
inhibition at 100 pM) (Table 5.8). A comparson of the chemical structures of
compounds DR892 (G value: 57.11 1.49uM) and DR38%8 (2.50+ 3.32% inhibition

at 100uM), whichwere the ame exceptDR3892was an oxobutanoic acid derivative
and DR3898 a phosphonc acid derivative This indicateshat the oxobutanoic acid
moiety appeared to confer antimalarial activity, whereas the phmspc acid moiety

abolished it (Table 53).

Compounls D1293S, Ba.NH.HC| and DBR461 are closely related to each otherheve
compoundDR4461is a composition oicompoundsD1293S and BaNH.HCl in a 1:10
ratio. It can be seen that the dibenzylamine {BiH.HCI) component exhibits no

antimalarial activiy on its own (12.5% 4.88% inhibitiorof parasite growthat 100uM);
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whilst the addition of compound D1293S to producecompound DR4461 slightly
increasel the antimalarial activity (33.8% 6.76%inhibition of parasite growthat 100
uM) (Table 5.8). Which was expected sinceompoundD1293S on its own exhibed
moderateantimalarial activity(IGo value 52.63+ 3.79uM) (Table 5.3).

Of the Pyrrolidine nucleotide group, onlgompound DR3876 exhibited antimalarial
activity (IGo value 31.08 £ 2.33 uM) (Figure 5.1Q)When comparing compounds PR
3616, Pel41 an®R3876 the latter differed from the other twoin that it containeda
guanine basewhilst the others contained an adenine bas@th no hydroxyl group on
the pyrrolidine ring and it possessed methyl linker between the phagshonic acid and
carbonyl groupqTable 5.%). However, these structural modificatisrdid not greatly
improve its activity over a double parasitic lifect®; only contributing to a 1:6ld
decrease in the Kg value (Figureb.6). When tested for activity againgtuman purine
nucleoside phosphorylasethe enzyme responsible for catalysing the formation of
hypoxanthine from inosine and the cleavage of guanine and hypoxanthine nucleosides
to form the corresponding base and sugsosphate, D. Rejman and-emrkers found
that two compounds were potent inhibitors of this enzyme, one of which was
structurally similar to compound BB876 (D. Rejman; unpublished observatiohs)his
respect, compound DB876 may have acted to inhibhuman purine nucleoside
phosphorylasepresent in the erythrocyte cytosol. divever, inosine metabolism would
still occur followingits transport intothe parasite cytosdby PEENT1and then via theP.
falciparumpurine nucleoside phosphorylassmzymegHyde, 2007; Downiet al., 2008;

Riegelhaupet al., 2010)

When comparing compounds K584, K578 and4DB8, the latter compound was
hydroxylated on the pyrrolithe ring and contained a brormsubstitution on its uracil
base (Table 54). However, thebromo-substitution did not improve antimalarial
activity, with compound DRR028 exhibiting a similar lack of antimalarial activity as seen
for compounds K584 and K578 (Table4).1

In contrast, the peridine nucleoside and nucleotide group produced no iaet
compounds regardless of the various structural differendastween the compounds

(Table 5.%). However, when comparing the Piperidine nucleosides, compounds DR
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4377 and DRI513, which are identicagxcept for the adenine base ebmpound DR
4513 and uracil base oDR4377. It was observed thatompound DRI513 exhibited
slightly better inhibitory activity (43.5% 0.48 % growth inhibition at 100 pMwhen
compared tocompoundDR4377 (0.01+ 1.31% growth inhibition at 100 uM(Table
5.15). Similarly, he Aza sugar, U/T miscellaneous aiiscellaneousgroup of
compounds displayed no antimalarial activity despite structural variatisush as the
hydroxylation of piperidine/pyridine ringsand attachment of sulphucontaining

heterocyclic groupg§Table 516).

Derivatives of acyclic nucleoside phosphonates, prodrugs of the triphosphate inhibitors
of DNA replicationhave previouslybeen shown to exhibitpotent antimalarial activity

The most active of which, an adenine derivative, exhibited antimalarialigctn the

low micromolar concentration range @&value: 0.18t 0.07 uM) against the K1 strain of
Plasmodium falciparun(Smeijsterset al, 1999. The antimalarial activity of these
compounds wasttributed to the inhibition of plasmodial DNA polymeras thereby
acting asDNAchain terminatos (Smeijsterset al., 1999. It does not appear as if the
compounds tested in this study acted in a similar manner, due to the fact that the
activity of nucleoside phosphonate/phosphonic acid derivatives contaipyrgnidine
bases (Tables 5.1015, 5.17) were comparable to those containing the purine ring
structure (Table 5.3) or purine base (Tables 5-8017). With Smeijstes et al. (1999)
reporting that pyrimidine analogues of acyclic nucleoside phosphonats® wactive at
concentrations exceeding 25@M, which is validated by the fact that the parasite does
not incorporate exogenous pyrimidines into its DNA (Pakeal., 2000; Hyde, 2007).
Moreover, if the compounds acted by incorporation into parasitdAD a much lower
IGo value would be expected (<|M), together with a greater difference betweens{C

values in the double versus single cyaig@arasite growth (Figure 5.6

Select compounds from thEhosphonoxin, Piperidine nudside and nucleotideAza
sugar, U/T MiscellaneousMiscellaneous, Nucleoside Lipophosphonate, PyrroPME,
Mickey Mouse andPyrrolidine micleotidegroups (Table 5.20) were screened against the
cancerous white blood cell lines, L1210 (murine lymphodgtikaemig, HL60 (human

acue promyelocyticleukaemig, CCREEM (huma acute lymphoblastiteukaemig; as
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well as an epithelial cancer cell line HeLa S3 (human adenocarcinoyragollaborative

laboratory.

Table 5.20: The compounds tested for cytotoxty (D. Rejman; personal

communication)

Group name Compound
Phosphonoxin DR3573 DR 3679DR3707
Piperidine nucleoside and nucleotide DR3994 PipT
K469 DR4034, K470
DR4031, K479, DR030
DR4037, DRA011, K480
DR3227, DR3845

Aza sugars, U/T Miscellaneous and Miscellane

Lipophosphonate DR4696 DR4878, DRI463

Nucleoside Lipophosphonate DR3641, DR3621, DR3960

PyrroPME DR3953,DR3919, DR3945
DR3769, DRI001

Mickey Mouse DR3892,DR3896 DR3898

Pyrrolidine Nucleotide DR3876,DR4028 DR3616

Of the compounds screened for cytotoxicity that possessed antimalarial activity (DR
3641, DR3621, DR3960, DR3953, DR3892 and DR876), onlycompound DR3621
exhibited any cytotoxicityvhen screened at a concentration of XM, inhibiting cell
growth at 1@ values 0f15.72+ 0.87uM, 14.10+ 0.77uM, 14.44+ 0.14pM and 13.9Ct
0.19 uM against the L1210, HL60, C&¥FM and HelLa S3 cell lines, respectivily (

Rejman; personal communication).

Similarly none of the Lipophosphonates tested for cytotoxicity agaiesythroid
progenitor cells (Table 5.20Jerived from human umbilicadord blood, exhibited potent
effects on cell viabilitybut did inducelow levels of apoptosis (Rejmat al., 201)). The
lack of appreciable anticancer activity effects on cell viabty on normal cellsvould
then indicate that these compmds, with the possible exception of compound-B621,
do not act to inhibit DNA replication even in mammalian célislike the triphosphate
forms of 6-mercaptopurine and 4hioguaninethat are in@rporated into RNA or DNA,
thereby acting as chain terminatorsthat havelGy values in the low micromolar range
against theHEK293 (transformed human embryonic kidney) cell line (Wielatgal.,
2002).However, none of the compounds, with the exceptiohcompound DRI914B
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(50.20+ 3.35 % haemolysis at 1QM; Table 5.1}, displayed toxicity against the host
red blood cell (Tables 5.417) Possiblyndicating that the activity of the compounds
was as a result of a direct effect on the parasite by nagitms other than inhibition of

DNA polymerase enzymes.

Thirteen (Tables 5.0-5.12) of the nineteen active compoundsxhibited amphipathic
properties andmay have been capable of permeatingell membrans, in a similar
manner todipyridamoleand amantadine Amantadine is primary amine used to treat
and prevent Influenza Abut displays antimalarial activity in the micromolar
concentration range against the chloroquinesistant (FCR) strain ofP. falciparum

(Evans and Havlik, 1993

Whilst the remainig sixactivecompoundg(Tables 5.16 and 5.17) weneodified purine
bases which may haveinhibited nucleoside transporby PEENT1in a manner similar to
NBMPR whichinhibits humanequilibrative nucleoside transporteia mammalian cells
(Akakiet al., 20®; Lin and Buolamwini, 20Q7n this respect, the mechanism of action
of these compounds malje in their ability to inhibit thetransport of nucleosides N-
Diphenylethylp -@henytcarboxamidoadenosine (Figure 58)2a nucleoside derivative
bearing a snilar modified purine base to that @ompoundD1293S(1G, value: 52.63 +
3.79 pM; Table 53), has beenshown to inhibit thegrowth of a chloroquineesistant
strain of P. falciparum(IGy value: 1.8uM), with its mechanism of actioattributed to
the inhibition of PENT1 (Rodenket al., 200§. However, he 25fold difference in
activity between N-Diphenylethylp -phenytcarboxamidoadenosine and compound
D1293Spointed to the fact that D129% may not have acted to inhidMENT1.
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Figure 5.12: The chemical structue of a) NC-diphenylethyip -Pheny-
carboxamidoadenosingRodenko et al, 2006) and b) compound

D1293S.

In order to determine whether compound D12&3didin factactto inhibit PEENTL, it
was selected, together witthe amphipahic uridinephosphonatederivative compound

DR4463 (Table 5.11), for combiration studieswith dipyridamole a known PEENT1

inhibitor (Section 5.3.3).In both cases an additiveantagonistic to antagonistic

interaction was observe@Figure 5/ b and ¢ Appendix [E An antagonistic interaction
between two drugs may point to the fact that both drugere competing for activity on
the same target, or that binding of one drug to the transpomexsinhibiting the uptake
of the other(Bell, 200%.

However,in this case, the noted antagonism didt appearto be due tocompounds
DR4463 and D129% ading on the same target as dipyridamokxamination of blood
smears oparasites treated with compouwts DR4463 andD1293S showedhat parasite
developmentwas affected primarily inthe schizontstage, whereasxamination of
dipyridamoletreated parasites shoed that parasite development was halted in the
early trophozoite-stage,which issimilar to paraites carrying a disrupteBfENT1 gene
(El Bissatet al., 2006) This interference in stage progressiby dipyridamolewould be
expected since thegene expression of nucleoside transporters begmnthe ringstage
with maximal expression at 32 hourstonthe parasitic cyclgdMartin et al., 2005 El

Bissatiet al., 200§. The poor antimalarial activityof compound D1293 (IG, value:
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52.63 + 3.79 uM) (Table 5.8) compared to that of Ridiphenylethyp -Phenyt
carboxamidoadenosinemay possiblyhave b&n due to the fact that Rodenket al.

(2006) attributed thePR b ¢ m A Y KA 0 A (i 2 NE -calbd@amid@asieinasine 2 ¥ G ¢
derivatives to a combination of the®liphenylethyl group on the adenine base and an
FNBYIFGAO NBaAaARdIzZS 2y (K Sietypwith fejagenént & yhe 2 T {0 K

aromatic residue with a methyl group resulting igg@aluesgreater than10 puM.

In addition, if these compounds acted BENTL1 inhibitors, a discrepancy between their
|Gy values as determined by th§H]-hypoxanthine incorporation assay and flow
cytometric analysis wouldhaveoccurred since they would havenhibited the uptake of

the radiolabelled isotopéTable 5.18)

However, sme authors suggest th&®fENT1 is insensitive to dipyridamolarkeret al.
(2000)cloned FENT 1from the 3D7 strain oP. falciparumand expressed iin Xenopus
oocytes and found that 10 uM dipyridamole had no effect onPENTmediated
transport of adenosine. In contrastCarteret al. (2000) reported that PENT1 cloned
form the 3D7 (chloroquine-sensitive) and W2 ¢hloroquineresistant) strains and
expressed inXenopusoocytes was sensitive to 10 pMlipyridamole which inhibited

adenosine uptake by 85%.

In this study, dipyridamole exhibited a direct effect on the parasite, inhibiting parasit
growth inthe micromolar concentratiomange (Table 5.18However, the concentration
of dipyridamoleusedin the combination studynay have resultedn the inhibtion of
human ENT21found inthe red blood cell membraneThis couldpossibly result in the
decreased transport of both purine and pyrimidine readides and base analoguieso
the red blood cell which may also be the cause of theted antagonism(Figure 5.7)
(Downieet al., 2008. There isalsothe possibility thatcompoundD1293Sinhibited a
non-PEENT Ipurine nucleoside transprter (Figure 5.1)however in that case an additive
or synergistic interaction with dipyridamole would be exjeet

Examination of the stagspecific and morphological effects abmpound DR4463
showed some cytoplasmic vacuolisationn the late trophozoitestage and a lag in
schizont development and merozoite formati¢Rigure 5.&,D and EThere wasalsoa

possible reduction in the number of merozoites formed or inability of merozoites to
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invade red blood celjswith schizonts that bd progressed through the cycle to form
early ringsonly resultingin an increase parasitaemiaof 3.51%(Section5.3.4). In the
latter case it is possible thatompound DR4463 mayhave inhibited the sialic acid
dependantbindingof the merozoiteto the red blood cell in a manner similar to that of
polyanionic compounds, such asligodeoxynucleotides(Ramasamyet al, 1996;

Kanagaratnanet al., 1998)

The process ofmerozoiteinvasion begia with the attachment of the merozoite to the
red blood cell via merozoite membrane proteinghich potentially act as erythrocyte
ligands (Figur&.13A).

Figure 5.13The invasion of a red blood cell by a merozoite (Cowstaat, 2006).

Following merozoite attachment, merozoite reorientationcacs (Figure 5.13B) so that
the apical end of the merozoite is adjacent to the red blood cell; thereby facilitating the
secretion of substances from merozoite organelles that are vital to the attachment of
the apical end of the merozoite to the red bloodlicand pit formation. Thereafter, the
merozoite is propelled into the red blood cell (Figure 5.13C and D) by the action of the
actinrmyosin pump and finally, upon entry into the red blood cell, the merozoite protein
surface coat is removed by parasitiof@ases (Figure 5.13E) (Bozdethal.,, 2003; Soni

et al, 2005; Cowmaet al., 2006).

In addition the amphipathic nature of compoun®R4463 may have facilitated its

incorporaton into the lipid bilayer of the red blood cell membrane, where it atér

membrane shape and compositio(Evans and Havlik, 1993; Zieglketr al., 2002).
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Resulting in altered fluidity of the membrane and affectinmarasiteinduced
modification of the redblood cell membrane, such asanspot channels,exo- and
endocytosis, as wells adhesionmakingthe menbrane unfavourable for invasion by
merozoites(Evans and Havlik, 1993; Ziegiml., 2002) In addition,receptormediated
processesmay have been disrupted by compound -B463 resulting in thenoted
cytoplasmic vacuolisatigmossibly due to the induction of autopha@igvans and Havlik,
1993 Lopezet al., 2010) Amphiphileshawve displayed growth inhibdry propertiesin the
range of 728 uM in the 3D7 strain oP. falciparumusing fH]-phenylalanine as a growth
indicator. Ths activity was slightower than the 16 value range observedith the
ampbhiles in this study (184 uM) using fH]-hypoxanthine as a growth indicatéiegler
et al, 2002, 200%

Alternatively, the aliphatic side chains mhgve confered the lipophlicity needed to
facilitate the entryof the compounds into the red blood ceind may have been cleaved

off following entry In this manner, the side chain may nlaave contributed to the
inhibition of parasitegrowth. In all of theamphipathiccompound;, the side chairwas
linked to the phosphonate/phosphonic acid group by a phosphoester lfoatle 5.0-

5.12), which is prone to attack bgsterase enzymegresent in the re blood cell cytosol

(De Clercq, 20Q7Varsk et al, 2009. Similarly, nucleosidephosphonates and
phosphonic acid derivatives containing a phosphoester linkage to the rinogety are

also LINPy S (2 IrudebtiOdses (dyde, 29A7 Mehrotra et al, 2010Q.
Nucleotidases are capable of cleaving the phosphoester bond of both parde
pyrimidine nucleoside monophosphates to form the corresponding nucleoside, and are
involved in the catabolism of ATP to form adenosine, providing a key source of
hypoxanthine for the parasit§dHyde, 2007 Mehrotra et al, 201Q. In contrast a
phosphde-carbon linkage between the ribose and phosphonate/phosphonic acid
moieties provides metabolic stability against attack by catabelnzymegDe Clercq,
2007; Vask et al,, 2009. However, itdid not appear as if the possible cleavage of the
phosphate goup from the Lipophosphonoxin group afompounds(Table 5.1) had a
detrimental effect onantimalarialactivity. A comparison of the antimalarial activity of

compounds whichhad a phosphoester linkage between the ribose and phosphonate
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moieties, such as ampound DR4850 (IG, value: 13.35+ 0.38 uM; Table 5.1), and
those with a phosphatearbon linkage, such @®mpoundDR3960 (IGo value 33.13+
2.10uM; Table 5.0) highlights this Following possible modification by enzymes in the
red blood cellcytosd, the (nucleo)basalerivatives and nucleoside analogues ntlagn
have been transported into the parasite by?ENT1 andn the case of some purine
derivatives,possibly noAPEENT1 mechanism®ownieet al., 2008 Riegelhauptet al.,
2010.

Following theentry of the pyrimidine(nucleo)baseand nucleoside derivatives into the
parasite, thelag in schizont development and possible reduction in merozoite formation
may havebeen due to the pyrimidine analogues and pyrimidioentaining nucleoside
phosphonate/phosphonic acidsding as sulisate analogues, therebyeakly inhibiting
critical enzymes of DNA synthesis and divig®aragéia et al., 201). One such enzyme
A& RS2 E eudghdspRate/nBcle@idphydrolaseand is responsibé for catalysing

the hydrolysis ofR S 2 E & dzNtlipRdsph&e (dpTBH to dUMP, thereby providing the
dUMP necessary for dTTP synthesis in the thymidylate.dydealso responsible for the
low dUTP:dTTP ratio necessary to prevent the inclusion of uracil into DNA by plasmodi
DNA polymerasesihe enzyméas been shown to be inhibitdaly both cyclic an@cyclic
deoxyuridine analogueswith some inhibiting enzyme activitat submicromolar

concentrationgK range: 0.598 uM) (Barag#&aet al., 201J.

Similarly, orotidinep -€honophosphate decdmoxylase, responsible fahe carboxylation
of OMP to UMRFigure 5.2)has been shown to be inhibiteloy pyrimidine nucleotide
derivatives(MezaAvinaet al, 201Q. Enzyme inhibition results from the interaction of
the phosphoribosyl moiety of the derivative with the enzyme through hydrogen
bonding of the hydroxyl and phosphoryl ieties (MezaAvina et al, 2010Q.
Furthermore, the plasticity obrotidine-p -@honophosphate decarboxylassables itto
accept various nucleotide derivativess ligands, including purine derivativfgeza
Avinaet al., 201Q. Taking into accounthe low affinity transport othymine and uracil
bases and nucleosidederivatives along with the relatively high 16 values of the

compoundgTables 5.0-5.12), it seems unlikely that this enzyme was inhibited.
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However, prine bases ancdhucleosidesare transported byPENTL at a higher affinity
than pyrimidine derivativesdue to the reliance oP. falciparunon purine salvage from
the host (El Bissatet al, 2006 Downieet al., 2008 Riegelhauptet al, 201Q. The
increased transport of purine base and nucleoside derivatitagether with the fact
that PEENTL1 is capable aiccommodatinga wide variety of alterationsn natural
substrates makes purine metabolisran excellent drug targgiRiegelhaupet al., 2010)
PENT1 has been shown to transpdtbercidin (Figure 5.14), a #deazaadenosine
analogue and 9deazahypoxanthing¢Figure 5.18), with an affinity similar to the natural
substrates, adenosine and hymoxhine, respectivelyindicating that alterations on the

N’ and N positions on the purine ringid not inhibit substrate recognitionHowever,
alteration of the ribose moiety in immucillins (Figure 5.14c), which ade&a purines
containing a cationiaitrogen in the place of oxygen in the ribose moiety, appeared to
decrease or inhibit transportation of the nucleoside derivatives, possibly due to the

altered charge of the moiety (Riegelhaugital., 2010).

Hoo
NH, N NH
a0 0 A
Ho N N/J H || HO Ha,
© N NH §
\/_\( Q|
OH OH CH N/ OH OH
a) b) €)

Figure 5.14The chemical structures of tubercidja) 9-deazahypoxanthiné) and
immucillinrH (c), showing where the base was modifi@diegelhauptt al.,
2010.

The metbolism of adenosine into inosine and then hypoxanthine Foyfalciparum
adenosine deaminasand P. falciparum purine nucleoside phosphorylasenzymes,
respectively(Figure 5.1)maintains a low internal adenosine concentration which drives
the uptake of @enosine into the parasite until equilibrium is reach&iegelhaupet al.,
2010. In addition,parasiteinduced new permeation pathwaysithin the red blood cell

membrane are not saturable for concentrations in the millimolar raf@ero et al,
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2003, possibly creating a situation where adenosine derivatives hygmemcentrate

within the parasite, exerting toxic effects

P. falciparum has been shown to proliferate under conditions where adenine,
adenosine,guanine, guanosine or xanthingas presentas the sole purine sourceat
concentrations as low as|#M (Downieet al., 2008;El Bissatet al., 2009. k maythen
seem possible that the parasite util¢he adenine/guanine derivatives or nucleosides
as an alternate purine source, incorporating them irite DNA, resulting in their
antimalarial activity However, a lower 1@, value would be expected due to DNA chain
termination, and Gy results as obtained by th¢*H}-hypoxanthine assay and flow
cytometric analysis would show large discrepancies duthéolack of incorporation of

the hypoxanthine isotope into parasitic DN#hich was not the case (Table 5.18)

Guanine/guanosine derivativesre alsotaken upvia PENT1, which may also resultan
hyperconcentration of the derivatives within the parasitwith reports that guanine
and guanosine are toxic to the parasite at concentrations aboveMb@E! Bissatet al.,
2008. Aternatively, both guanine and hypoxanthine are phosphoribosylated by the
PHGXPRT enzymehich exhibits similar affinities fanypoxanthine and guanine (Km
values= 0.46 uM and 0.30uM, respectively) In this manney the guanine/guanosine
derivatives mayhave competed with hypoxanthine for phosphoribosylation, which
ultimately would havelead to decreased ATP levels for nucleid a&ynthesis and cell
signalling(Downieet al., 2008. Alternatively, adenine nucleoside derivatives may axt
structural analogues foenzymesubstrates, and therebinhibit enzymes involved in the
sequential conversion of IMP tenylsuccinatend firally to AMP(Bulusuet al., 201J.

One such nucleoside derivativB;aminoimidazoled-carboxamide ribonucleode, has
beenshownto inhibit lasmodiumfalciparumadenybsuccinate lyasghereby inhibiting

the conversion of adenylsuccinate to AMBthough, it only exerted its antimalarial
effect at very high concentrations @g€value 167 + 5uM) (Bulusu et al., 201).
Notwithstanding possible enzymatic inhibition, any minor disturbance of purine uptake,
the salvage pathway, or purine nucleotide synthesisPi falciparumwould result in

growth arrestin the schizont stag@Bulusuet al., 2011)
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The structural diversity of the compounds and the presence of reactive functional
groupgon the side chainscould contribute to the compounds having medisms of
action other than those proposedbove These could include inhibitioof i -haematin

formation, freeradical scavengingr metal chelaion (Table5.19).

Aminoalkylplmsphonatescontain donor groups capable of chelating metals, thereby
inactivatingmetalloenzymegKisset al.,, 1994. However, none of the compounds in this
study exhibited any Fe(ll) chelating activity, witihhe Fe(ll) chelating activity of the 27
compounds tested ranging from 0.811.50% to 34.8& 8.44% at 20QuM (Table 5.19).
The lack of activity of the compounds could be due to the fact that a higher drug
concentration was needed with H Z-bip§ridyl, a nitrogercontaining heterocyclic
bidentate Fe(ll) chelatgonly capable of chelatingon in a ratio of 3:1 of drug tée(ll)
(Elandallousset al., 2003) Therefore, as is theDl a S g-bigyrdyl, 8 THr&kio of
drug to Fe(ll) may have been neededchelatethe free Fe(ll) concentration of 20QM

used in this assay

In a similar mannemone of the 30 compounds tested elslted any DPP¥ree-radical
scavenging activity, witlfree-radical scavenging activity ranging from 0.@12.13% to
31.60% 5.34% at 24QM (Table 5.1% Despite the fact that the compounds contained
amine groups and were hydroxylatedjth these groupsonferring antioxidant activity
(Saito and Ishihara, 1997; von Gadeinal,, 1997; Nishiyamat al., 2002) Spanouet al
(2007) also found that pyranonucleoside analogues of*Menzoyl cytosine and N
benzoyl adeninalid not exhibitany DPPHfree-radical scavenging activityattributing
their inactivity to the size of the analoguegsultingin sterc hindranceand preventing

their accessibility to the radical site DPPH

In contrast, of the 35 compounds screened fahaematinformation inhibitory activity,
six exhibited potent activityFigue 5.15), with some compounds proving to be ove63
fold more active than chloroquineOf the six compounds, five belonged to the
Lipophosphonoxin(Table 5.1) and NucleosideLlipophosphonate groupgTable 5.0),
whereas one belonged to the Mickey Mouse grdlipble 5.3).
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Figure 5.5: The inhibitoryactivitiesof compounds from the Lipophosphona@R4137,
DR4458, DR1459 DR4463) Nucleoside Lipophsphonate(DR3621)and
Mickey Mouse groupfDR4598A)

Thel -haematin inhibitory activityof the aliphatic side chain of thEpophosphonoxin
and Nucleosidelipophosphonate groups appesd to parallethe antimalarialactivity of
the compounds The Phosphonoxin compoundDR3707 (Table 5.%) is similar to the
Lipophosphonoxin compoundDR4459 (Table 5.1), except for the aliphatic side chain
This structural differenceesulted in an increasen i -haematin formation inhibitory
activity from 3.13+ 2.14% at 40QuM (compound DR3707)to an 1o value of 11.3%
1.71uM (compound DRI459)(Table 5.19) The activity of thdipophosphonoxins and
Nucleoside Lipophosphonates may battributed to the increased lipophilicity and
affinity for haematinconferred by the aliphatic side chaimwhich itself may alsohave
interacted with the porphyrin ring of thd=e(lll}protoporphyrin-IX (Egaret al., 200Q.
Smilarly, the side chain mapaveprovided the correct conformation for compieng of
the heterocyclic mty to the porphyrin ring thereby preventing the interaction of a
carboxylate group of one porphyrin ring to ttire(lll) of another porphyrin rinChemaly
et al, 2007. Alternatively, it mayhaveallowed for the hydroxyl groups present on the
piperidine and pyrrolidine ring systems to interfere with hydrogen bondingveen the
dimers(Chemalyet al., 2007; Komnetsov and GomeBarrio, 2009, thereby preventing

dimerisation and/or chain formation.
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Compound DRI598A exhibited no antimalarial activity (34.6B.17% growth inhibition

at 100 uM) (Table 5.8), however provd to be a potent inhibitor ofi -haematin
formation, being 3.2-fold more active than chloroquiné~igure 5.5; Table 5.1% The
structure of DR4598A (Table 5.B) is vastly different from those of the
Lipophosphonoxins and Nucleoside Lipophosphonate inhibidrs of i -haematin
formation. It is not a nucleoside derivative andoes not have an aliphatic side
substitutiory but rather contains a purine ring system substituted with dibenzylamino
and propylphosphonic acid groug3able 5.8). CompoundsDR4598A andDR4523
exhibit some structural similaritieswith the exceptions thatDR4523 lacks the
propylphosphonic acid substitution on the purine ringnd has a trifluoromethyl
substitution on one of its benzene ringBable 5.8). These differences accounted far
19-fold decrease in -haematin inhibitory activity in compound B#23 (IG, value:
174.90+ 4.28 pM). The trifluoremethyl substitution of DR523 may have conferred
weaki -haematin inhibitory activity and antimalarial activity in a similar fashion to the 7
chloro group ontie aminoquinolines (Egaat al.,, 2000). However, compound BR98A
frO0l1a GKAA &dzo &l A dzihaengtin inhbRory &c@ivity. Raliting to y a
the propylphosphonic acid substitution as a contributing factor in its activity. Possibly by
compding with the carboxylate of the propionic acid groups of a porphyrin ring for
coordination to the Fe(lll) of another porphyrin ring. The lack of antimalarial activity and
strong | -haematin inhibitory activity of compound BP#98A indicates that the
phosplonic acid group contributed to it$ -haematin inhibitory activity, but also
hampered its ability to move through membranes. With most of the phosphonic acid

derivatives tested in this study exhibiting no antimalarial activity (Tables®13).

Althoughsome of the analogues exhibd both antimalarial and -haematin inhibitory
activity, there appeagd to be no correlation between the twactivities(r*= 0.43. This
is highlightedby the fact thatcompoundDR4463 exhibied potent ex vivoi -haematin
inhibitory activity (IG value 13.39 £ 2.16 uM) (Table 5.19) However, haemozoin
crystalswere clearly visible when examining its effect oarasite morphology(Figure
5.8A-D), indicating thatperhaps the compound did not concentraite the food vacuole

or thatinhibition of haemozoin formation is not its primary mechanism of action
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It can be concluded from the results that the compounds exhibit fairly poor specificity
for DNA synthetic and replication processe$dialciparum However, certain structural
modifications could greatly enhance the activity of the compounds. One such example is
compoundDAIX-158, an adenine derivative which exhibited poor antimalarial activity
(13.53£ 8.97% inhibition at 10QuM) (Table 5.6). A study conducted by Hockdet al.
(2009, foundthat an acyclic nucleoside phosphonate derivative with a similar structure
to that of DAIX158 exhibited poor inhibition of thePHGXPRT. dwever, upon
modification of the basdrom an adeningo a guanine or hypoxanthinéFigure 516a),
enzyme inhibition was greatly enhanc€Hockow et al, 2009. Similarly, DAX-158
closely resembles(S)(3-hydroxy-2-phosphonylmethoxypropyl)adenine ((SYHPMPA)
(Figure 5.1618) 0 dzii A (-hyéroxy indietyaitbGted doQhe antimalarial activity

of ((SYHPMPA) (0.18 0.07 uM against the K1 chloroquinegesistant strain of P.
falciparun) (Smeijsteret al., 1999.

OH CH,OH
a) b)

Figure 516: Nucleoside phosphonic acids previouslyessedfor antimalarial activity.

Where a = phosphonoettoxyethyl hypoxanthingHockow et al., 2009)
and b = 3-hydroxy2-phosphonylmethoxypropyl adenine(HPMPA)
(Smeijster=t al., 1999).
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ANPderivatives provide an excellent drug scaffold in that theyndbcontain the classic
glycosidic linkage, nor do they contain the phosphoester bond prone to hydrolysis
However, ANPs would need to be delivered in the form of a-drag due to their

inability to cross membrane@ockow et al., 2009.

Similarly, idal drug scaffolds have been proposed for CDK inhibitoRfofk based on
structure-activity relationships of Pimrk inhibitors active in submicromolar
concentrations with these Pimrk inhibitors alsoexhibiting no activity against human
CDKsIn this manrr, the ideal pharmacophore should contain two hydrogen bond
acceptors and two hydrophobic sites, one of which should be an aromatidFiggre
5.17) (Geyeret al., 2005) In addition,Harmseet al. (2001) found that substitution on
the purine ring at €appeared to play a role in the ability of purine derivatives to inhibit
parasite growth through the inhibition of plasmodial CDKs, with bulky aromatic rings in

the R orientation abolishing antimalarial activity.

Figure 517: The ideal pharmacophore fanhibition of Pimrk (Geyeret al., 2005)

Inhibition of the pyrimidine synthesis has typically involved inhibition of enzymes of the

folate pathway due to the necessity of folate cofactors in the conversion of dUMP to dTMP

making this pathway ausceptble antimalarial targe{Hyde, 2007; Nia, 2006).The parasite

transports pyrimidineswith a low affinity however it readily takes up orotate derivatives

(Baldwin et al, 2007; Hyde, 2007; Mureget al, 2009) In this manner,orotic acid

derivativesor active metabolitecould becapable of inhibiting enzymes such as thymidylate

synthaseand would warrant further investigation However, a pyrimidine such as uridine
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would need to be cadministeredto protect the host from toxicity(Baldwinet al., 2007,

Hyde, 2007; Mureggt al., 2009.

Alternatively, an ideal pharmacophore hdseen proposedasan inhibitor of the orotidine-

p -honophosphate decarboxylasnzyme that is required forconversion of OMP to UMP
(MezaAvinaet al., 2010. The ideal pharmacophe has various components contributing to
its activity (Figure 518). Component A is involved indlorientation of the nucleobasand
substitutionsof iodo, azido or nitrileon component B influence the inhibitory activity of the
ligand Whereas componer C, the phosphoribosyl moiety, forms hydrogen bonds with the
Syl @YS @Ay Rhydks®yl moddes2 ¥ G KS NARo62aS INRAzZIZ | &
moiety (MezaAvina et al, 201Q. In addition, various modifications of the nitrogen
containing heteocyclic areaccommodatedwithout affecting the inhibitory activity These
include the substitution of a pyrazole ring structure even apurine base with XMP also
actingas a strong inhibitor obrotidine-p -honophosphate decarboxylasAdditionally,the
substitution of apurinebase for gpyrimidinebasemay bebeneficial in order toamprove the

transport of the inhibitor into the parasitéMezaAvinaet al., 2010Q.

O
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Figure 518: The ideal pharmacophore of aorotidine-p -honophosphate decarboxylase
inhibitor (MezaAvinaet al., 2010Q.

When combined with quininecompound DR4463, a uridine phosphonate derivative,
exhibited an additive interactionFigure 5/a; Appendix [k with the two compounds
inhibiting parasite growthat different stages of the axual life cycle Although these

nucleoside phosphonates, phosphonic acids and purine/pyrimidine derivatives did not
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warrant further investigation,structural modificatios to improve the lipophilicity and
specificity of the compoundsvhilst maintaining o improving the ability of the compounds
to act inan additive or synergistic manner with quininemay provide a new generation of

derivatives verth investigating
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusioa

The metronidaale-thiosemicarbazone analogues were most active of the three classes of
novel compounds testedwith gx of the eight compounds possessittg, values below 10
UM (Table 3.2) The activity of this group of compounds appeared toabiibuted to the
presence of athioamine moietyon the Rgroup, as when thisnoiety wasreplacedwith a
nitrogen-containing heterocyclic (compounds ¥ and ¥6) (Figure 3.7) theantimalarial
activity decreased t61.91+ 6.03% growth inhibition at 10AM and an 16, value of 7107 +
8.97uM, respectivelyTable 3.2)Although, the presence of a quinoline ring structure at the
Rgroup also conferrg antimalarial activity, as observeéa compound Y7 (1Go value: 3.79%
0.72 uM; Table 3.2, which lackedthe thioamine moiety Metronidazole exhibited no
antimalarial activity (22.94 5.61% growth inhibitio at 100uM; Table 3.2 which may have
been attributed to the lack of activation and subsequent accumulation of the drube
parasite In addition, the metronidazole moietgnay have hindered the rotation of the

compounds, resulting in their podte(ll)chelating activity (Table 3.4)

In addition to the numerous mechanisms of action attributed to the thiosemicarbazone
group, the set of analoguesn this studywere potent inhibitos ofi -haematin formation
(Figure 3.7)with a strong correlation = 0.87)noted between antimalarial and-haematin
inhibitory activity. Side chains wherein thegRoup was a Zhloro-benzyl amine (compound
Y-3), a cyclooctyl amine (compoundly, or a 1,23,4tetrahydroquinoline (compound -Y)
were the most potent inhibitors of -haematin formation (Figure 3.7) The additive
pharmacological ieraction with quinine anddihydroartemisinin(Figure 3.4)the lack of
toxicity towards the host red blood csl(Table 3.2) as well as the strong arntixidant

activity (Table 3.4pf the compounds would all proveeneficial inthe treatment of malaria

The antimalarial activity of the chloroquirehalcones was disappointing when compared to
chloroquine(IGo value: 00065+ 0.0002uM) or quinine (I value:0.14+ 0.0007uM), with
the most active, compound-E3, possessingn 1@ value of 31.31+ 0.87 uM (Table 4.2)
Hybridisation of the chloroquinoline and chalcone moieties abolighedstrong -haematin
inhibitory activity of the chloroquinoline moiety,with compounds A4, F8 and F3
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inhibiting i -haematin formation by between 89% and 93% 4Q0 uM (2:1 ratio of
drug:haen) (Table 4.3 However, at 100uM they only inhibited -haematin formatim by
between10% and 23%Section 4.3.4.1), whicimay have been attributedo the placement

of the chlore groupon the C positionand notthe C position of thequinoline ring

Sructure-activity relatonshipsshowed that compounds ith a pyridine ring &R were the
most active possibly due to an interaction with the malarial protea&scipain2 (Mishraet
al., 2008) In the case of the compousdwvhich had a bromoor chlorosubstituted phenyl
ring at R, the positioning of themethyl and hydrogen suitutions at R, Rand R were the
main determinant in antimalarial activityand not the position of the chloroor bromo
group (Table 4.2) Chalcones have previouddgenshown to alkylate proteins, Wwich would
be a concern in thattimay induce het cell toxicity, although none of the compounds
exhibited any hBemolytic effects in this study.d3pite ths, future derivativesshould be
screened against a normal cell line for cytotoxicipmpound A3 exhibited aavourable
interaction with quinine(Figure 4.5) which is promising for the development of second
generation compoundss the WHO advocates the use of combination therapies for the
treatment of malaria (WHO, 2010b).

The antimalarial activity of thenucleoside phosphonates, phosphonic acidsd
purine/pyrimidine derivatives were weakwith only 19 of the 90 compounds tested
exhibiting antimalarial activity below 10@M, and no compounds exhibiting activibelow
10 uM (Tables 5.14.17) The compounds showedariableactivity, not only betwee the
11 structural groups but also within each grougverall, all compounds witan aliphatic
side chain possessed antimalamativity, with compoundsDR4850, DR4878 and DR463
possessing the bestdgvalues of these compounds §values: 13.3% 0.38 uM, 17.76 £
1.72uM, 19.81+ 0.80>M, respectively) (Tables 5.11 This could possibly be attributed to
the increased lipophilicitypf the compounds, or the facilitation d¢fie incorporation of thee
compound into lipid membranes where they could have acted to inhibit merozoite
invasionof the red blood cell or disrupt transport channels in the membrane (Evans and
Havlik, 1993; Ramasamay al., 1996; Kanagaratnaet al., 1998) Some compounds lacking
the aliphatic side chain substitutipisuch as compounds BF58 and DR3876 (IG values:
23.85 + 1.76 uM, 31.08 + 2.33 pM, respectively) (Tables-R148 also displayed
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antimalarial activity, which may have been due to weak inhibition of enzymes involved in
DNA synthesis and division. However, no particular base appeared to confer anianal
activity, nor did antimalaal activity significantly improve over a doulparasiticlife cycle
(Section 5.3.1.1, Figure 5.@hdicating the lack of selectivity of the compounds toe
inhibition of DNA/RNA synthesis and replication.

Interestingly, some compoundsuch as compound B&RL37 exhibited strong -haematin
inhibitory activity (IGo value: 8.29% 1.11 uM; Table 5.18 however, -haematin inhibitory
activity did not correspondto the antimalarial activity of the compounds. This was
highlighted in morphological studies witbmpound DRI463, which wa a potentex vivo
inhibitor of i -haematin formationin the i -haematin inhibitory activity assaylGy value:
13.39+£ 2.16uM; Table 5.19 yethaemozoin crystals were clearly visiievitro (Figure 5.8)
indicating that thesecompounds work outside ofhe food vacuole or are incapable of
enteringthe food vacuole. Generallhe compounds caused no red blood cell lySiables
5.105.17) with the exception of compound DA14B(50.20+ 3.35% haemolysis at 100
MM; Table 5.1 When testel for cytotoxicity against cancer cell lines and erythroid
progenitor cells a selection of 3%ompounds(Table 5.20fid not exhibit toxicity, with the
exception of compound BB621which inhibited growth of the cancer lines atsd®@alues

ranging from 14uM to 16 uM.

A mmparison of the results obtained by th#]-hypoxanthine incorporation assay and flow
cytometric analysis revealed some statistically significant differerfpes 0.05) Results
obtained byflow cytometrycorrelatedto blood smear analysia which bothnon-viable and
viable parasites were counted, indicating a lack of specificity for viable parasitesTasly.
fluorochrome used in this study was selected due to the fact that it is oxidised into its DNA
intercalating form in only viable parasites; howeyirwould appear as if the farochrome

was spontaneous oxidised in nemable parasitesThe methodology praded a means in
which the stagespecific activity of compounds caube quantitateq however due tothe
overlap in stagesthe preparation ofduplicate samples folassessment bylood smear

analysis is crucial.
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6.2 Recommendations
6.2.1 Metronidazole-thiosemicarbazone analogues

U Thiosemicarbazones have numerous proposed mechanisms of action, in this respect it
would be worthwhile to further examie this class of compounds, such as testing their
ability to chelate transition metals other than Fe(ll), generate reactive oxygen species,
and inhibit Plasmodialcysteine protease enzymes, from which additional structure
activity data could be generatednd a potent second generation of compounds
synthesised.

U In addition, replacement of the metronidazole moiety with other nitrogmmtainng
heterocyclis or an aliphatic amine side chain may faate the metal chelation activity
of the compounds.

U It would also be worthwhile to test the activity of the compounds against the sexual
stages of the parasitic life cycle, as a compound that is active against both asexual and
sexual stages would be highly beneficial as it would not only tteadisease but also

block transmission of the disease.
6.2.2Chloroquinolinechalcones

1 The chalcone structure provides an ideal drug scaffold, thereby provigipgrtunities
for structural improvements tincreasethe lipophilicity of the compounds, and facilitate
the accumulation of the compounds in the food vacuole, via the substitution of
nitrogen-containing groups atR

1 In addition, the chloroquinolinemoiety can be modified to improve -haematin
inhibitory adivity, whilst also circumventing drug resistance walhiis proposed to be
conferred by the aminoalkyl side chain of chloroquin®angapandwet al., 2007 van
Schalkwyk and Egan, 2006)

1 Further experimentation into the antimalarial mechanisms of action attributed to
chalcones, such as an examination of tligiect effecton the falcipain2 enzymeability
to form complexes wh GSH and inhibitory activities on parasiteinduced new
permeaion pathways and plasmodial CO®Would be worthwhile examing, in order to

provide structureactivity information for tle further development of derivatives
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6.2.3 Nucleoside phosphonates, phosphonic acids and purine/pyrimidine derivatives

A Derivatives of nucleosides and nucleobagesincrease their specificity for parasitic
enzymes of DNA synthesis wouwltsobe worthwhile investigating; @ch as, a series of
F 080t A0 ydzO0f S2aARS LIK2aLKz2ylidSaz 6A0GK | K
hydroxyl moiety However, these compounds would need to be delivered in the form of
a prodrug to facilitate their entry into the parasite

A Similarly, an orotic acid or orotidine derivative which may act to inhilsie novo
pyrimidine synthesis or the conversion of orotidine monophosphate to uridine
monophosphate would also be worth investigating.

A Additionally, it wouldbe interesting to eamine other pyrimidine derivatives &sed on

the structure and inhibitory activity gdyrimethamineagainst dihydrofolate reductase.
6.2.4 Flow cytometry

x  The development of a double staining technique, wherein an-Bpé&ific florochrome
is used together wh dihydrethidium so that both DNA and RNA could be quantified
would be beneficialas it may provide a more accurate assessment of parasite ityabil
and life cycle progressiotdowever, fluorochromes are also costly, and dihydroethidium
requires three vashing steps, making the methodologyme consumingand not
necessarily suitable for Jgvalue determination

x Additionally, any compound that could alter the intracellular pH, thereby affecting the
binding of the probeto parasitic DNApr result influorescent interference due to a
similar emission spectra to thaof the fluorochrome, or causelumping of red blood
cells wauld skew the results obtained usirtlgis methodologyIn this respectduplicate
samples for microscopic analysis would need to beppred to validate the results,

negating this method as a highroughput screening methad

In the case of the metronidazsthiosemicarbazone analoguethe effects of the
compounds on the parasitic targeexaminedwere clear. The mechanisms of actiontioé
chloroquinolinechalcones and nucleoside phosphonates, phosphonic acids and
purine/pyrimidine derivatives were not as evidentbwever, their effects on parasite

morphology, parasitic life cycle progression and pharmacological interactions with stindar
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antimalarial drugs provided some insight into their antimalarial mechanisms of adtn.
results of theassays used in this study provided valuable struchetvity relationships for
the rational drug desigof second generationsf the compoundsPriorority should be given
to the further development othe metronidazolethiosemicarbazone analoguesnce they
were the most active class of compounds agairBt falciparum had additive
pharmacological interactionwhen combinedwith standard antimalaris, and that phase |
clinical trials ofthe thiosemicarbazonalerivative Triapiné® showed that the drug was

generally weltolerated by patients (Gilest al., 2003.

190



REFERENCES

Abdalla, H., Matambo, T.S., Koekemoer, ktlal. 2008. Iisecticide susceptibility and vector
status of natural populations dnopheles arabiensfsom SudanTrans R Soc Trop Med Hyg
102, 263271

Abid, M. & Azam, A. 2005:N-substituted thiocarbamoy8-phenyl2-pyrazolines: synthesis

andin vitro antiamoebicactivities. Eur J Med Chem 40, 934&2.

Abid, M., Agarwal, S.M., Azam, A. 2008. Synthesis and antiamoebic activity of metronidazole

thiosemicarbazone analogues. Eur J Med Chem 43,-2038.

Abid, M., Bhat, A.R., Athar, et al. 2009. Synthesis, spectratudies and antiamoebic
activity of new IN-substituted thiocarbamoyB8-phenyt2-pyrazolines. Eur J Med Chem 44,
417-425.

Akaki, M., Nakano, Y., Ito, ¥t,al. 2002. Effects of dipyridamole ¢Hasmodium falciparum
infected erythrocytes. Parasitol Res, 88441050.

Aki, H. & Yamamoto, M. 1991. Drug binding to human erythrocytes in the process of ionic

drugrinduced hemolysisBiochem Pharmacol 41(1), 2338.

Alonso, P.L. 2006. Malaria: deploying a candidate vaccine (RTS,S/AS02A) for an old scourge
of humankind.Int Microbiol 9, 8293.

Amador, R., Moreno, A., Valero, V., et al. 1992. The first field trials of the chemically
synthesised malaria vaccine Spf66: safety, immunogenicity and protectivity. Vaccine 10(3),
179-184.

Apte, S.H., Groves, P.L., Roditl§.,et al. 2011. Higkthroughput multiparameter flow
cytometric analysis from micrquantities of Plasmodiurrinfected blood. Int J Parasitol
41(12), 12851294,

Arnot, D.E., Ronander, E., Bengtsson, D.C. 2011. The progression of theyitracytic
cell cycle ofPlasmodium falciparurand the role of the centriolar plagques in asynchronous

mitotic division during schizogony. Int J Parasitol 41801
191



Athar, F., Husain, K., Abid, Mt al. 2005. Synthesis and afimoebic activity of gold(l),

ruthenium(ll), and copper(ll) complexes of metronidazole. Chem Biodivers 215310

Auffret, G., Labaied, M., Frappier, & ,al 2007. Synthesis and antimalarial evaluation of a

series of piperazinyl flavoneBioorg Med Chem Left7, 959963.

Balconi, E., Perati, A., Crobu, Dgt al. 2009. The ferrodoxitNADP reductase/ferrodoxin
electron transfer system d?lasmodium falciparunFEBI276, 42494260.

Baldwin, S.A., McConkey, G.A., Cass, €.Bl, 2007. Nucleoside transport as a potential

target for chenotherapy in malariaCurr Pharm Des 13, 5@B30.

Bandgar, B.P., Gawande, S.S., Bodade, &.6l.,2010. Synthesis and biological evaluation
of simple methoxylated chalcones as anticancer,-aritammatory and antioxidant agents.
Bioorg Med Chem Leti8, 13641370.

Banerjee, R., Liu, J., Beatty, \&t.al. 2002. Four plasmepsins are active in Flasmodium
falciparumfood vacuole, including a protease with an actsie histidine.Proc Natl Acad

Sci U S 89(2), 990995.

Bannister, L.H., Hopkins, J,Mrowler, R.E.et al. 2000. A brief illustrated guide to the
ultrastructure ofPlasmodium falciparurasexual blood stage®arasitol Today 16(10), 427
433

Baragdia, B., McCarthy, O.,a8chez, P.,et al. 2011.i -Branched acyclic nucleoside
analogues as inhibitors d?lasmodium falciparundUTPaseBioorg Med Chem 19, 2378
2391

Basilico, N., Pagani, E., Monti, &.al. 1998. A microtitrebased method for measuring the
haem polymerization inhibitory activity (H® of antimalarial drugs. J Antimicrob

Chemother 42, 5%0.

Basso, L.G.M., Rodrigues, R.Z., Naal, R.Meét.&.,2011. Effects of the antimalarial drug
primaquine on the dynamic structure of lipid model membranBgchim Biophys Acta
1808, 5564.

192



BD Bosciences, 2011Updated 2011 <http://www.bdbiosciences.com [Accessed 1 May
2011].

Becker, K. & Kirk, K. 2004. Of malaria, metabolism and membrane tran3pertds

ParasitoR0(12), 59€696.

Bell, A. 2005. Antimalarial drug synergism and antagonismchitastic and clinical
significance. FEMS Microbiol Lett 253, I'BY.

Bennett, T.N., Paguio, M., Gligorijevic, &.,al. 2004. Novel, rapid, and inexpensive cell
based quantification of antimalarial drug efficacdntimicrob Agents Chemothe48(5),

18071810.

Berenbaum, M.C. 1978. A method for testing for synergy with any number of ageintect
Dis137(2), 122131.

Bhattacharya, A., Mishra, L.C., Sharma, &lal. 2009. Antimalarial pharmacodynamics of
chalcone derivatives in combination with artemis againstPlasmodium falciparum in

vitro. Eur J Med Chem 44, 338893.

CAFIAYAI DO 03  let@l 2008 htindlarial chanttherapyt yodnd gunslord >
back to the future?rends Parasitol 19(11), 4A87.

Biagini, G.A., Ward, S.A., Br&G. 2005. Malaria parasite transporters as a dieigery
strategy.Trends Parasit@1(7), 299301.

Biot, C. & Chibale, K. 200€ovel approaches to antimalarial drug discovery. Infect Disord
Drug Target$, 173204.

Bozdech, Z., Lis, M., PulliamB.L.,et al. 2003. The transcriptome of the intraerythrocytic
developmental cycle d?Plasmodium falciparunPLoS Bidl(1), 85100.

Bulusu, V., Thakur, S.S., VenkatachalagtRal. 2011. Mechanism of growth inhibition of
intraerythrocytic stages ofPlasnodium falciparumby 5aminoimidazoled-carboxamide
ribonucleoside (AICARlol Biochem Parasitdl77, £11.

193



Butcher, G.A1997.Antimalarial drugs and the mosquito transmissionPéismodium Int J

Parasitol 27(9), 97987.

Carter, N.S., Mamoun, C.B., I\, et al. 2000. Isolation and functional characterization of
the PINT1 nucleoside transporter gene froflasmodium falciparumJ Biol Chem 275(14),
1068310691

Carter, N.S., Landfear, S.M., Ullman, B. 2001. Nucleoside transporters of parasitic protozoa

Trends Parasitol 17(3), 1425.

Centres for disease control and prevention. 2009. Updated:-0220009.
<http://www .dpd.cdc.gov/dpdx/hTML/Frames/MR/Malaria/falciparum/bodglariadffalcip
ar.htm> [Accessed 8 March 2011].

Chango, A. & Abdennebiajar, L. 211. Folate metabolism pathway ar@lasmodium

falciparummalaria infection in pregnancilutr Rev 69(1), 340.

Chellan, P., Nasser, S., Vivastlia). 2010. Cyclopalladated complexes containing tridentate
thiosemicarbazone ligands of biological sig@ihce: Synthesis, structure and antimalarial

activity. J Organomet Chem 695, 222532.

Chemaly, S.M., Chen,-TC van Zyl, R.L. 2007. Naturally occurring cobalamins have
antimalarial activityJ Inorg BiocherO1, 764773.

Chen, M., Theander, T.G., Gkensen, S.Bet al. 1994. Licochalcone A, a new antimalarial
agent, inhibitsin vitro growth of the human malaria parasitelasmodium falciparunand

protects mice fronP. yoeliinfection. Antimicrob Agents Chemother 38(7), 14X075

Chen, M., Zhai, L.Christensen, S.Bet al. 2001. Inhibition of fumarate reductase in
Leishmania majoand L. donovanby chalconesAntimicrob Agents Chemothdi5(7), 2023
2029.

Chen, R.F. 1967. Some characteristics of the fluorescence of quAmakeBiocheni9, 374
387.

194



Cheng, 4., Kuo, €., Chan,-E.,et al. 1998. Antioxidant properties of butein isolated from
Dalbergia odoriferaBiochim Biophys Acta 1392, 2999,

Chipeleme, A., Gut, J., Rosenthal, RtJal 2007. Synthesis and biological evaluation of
phenolc Mannich bases of banzaldehyde and (thio)semicarbazone derivatives against he
cysteine protease falcipai® and a chloroquine resistant strain Bfasmodium falciparum

Bioorg Med Chem Lett5, 273282.

Chulay, J.D., Haynes, J.D., Diggs, C.L. P&3nalium falciparum assessment o vitro
growth by PH]hypoxanthine incorporation. Exp Parasitol 55, -128.

Clark, I.LA. & Cowden, W.B. 2003. The pathophysiologalaparum malaria. Pharmacol
Therapeut 99, 22260.

Coetzee, M. & Fontenille, D. 2004. Adeces in the study oAnopheles fenestyusa major

vector of malaria in Africa. Insec Biochem Mol Biol 34;&3®

Cooke, B.M., Lingelbach, K., Bannister, leHal. 2004. Protein trafficking iPlasmodium
falciparuminfected red blood cells. Trends Psital 20(12), 58%5689.

Coppens, I., Sullivan, D.J., Prigge, S.T. 2010. An update on the rapid advances on malaria

parasite cell biology. Trends Parasitol 26,-309.

Cowman, A.F. & Crabb, B.S. 2006. Invasion of red blood cells by malaria parasit&sl, Cell 1
755-766.

Cui, H., RuiPérez, L.M., Gor@tezPacanowska, Det al. 2010 Potential application of
thymidylate kinase in nucleoside analogue activatioRlesmodium falciparunBioorg Med

Chem 18, 730Z2309.

ROQhY2FNRA2I D®I et/ak 799G SiniuRaReous M&asutéhefithob reticutbGyte
and the red blood cell indices in healthy subjects and patients with microcytic and

macrocytic anemia. Blood 85(3), 8893.

Dahl, E.L. & Rosenthal, P.J. 2005. Biosynthesis, localization, and proceskilupaih

cysteine proteases d?lasmodium falciparunMol Biochem Parasitol 139, 2@3.2.

195



Dahl, E.L., Shock, J.L., Shenai, & R@L,2006. Tetracyclines specifically target the apicoplast
of the malaria parasit€lasmodium falciparumAntimicrob Agets Chemothe50(9), 3124
3131

Dasaradhi, P.V.N., Mohmmed, A., Kumar,eA.al. 2005. A role of falcipai, principal
cysteine proteases dPlasmodiun falciparunm merozoite egressiorBiochem Biophys Res

Commun 33610621068

De Clercq, E. 2007. Theeyclic nucleoside phosphonates from inception to clinical use:

Historical perspectiveAntiviral Reg5, 1+13.

de Dios, A.C., Tycko, R., Ursos, L.MeB.,al 2003. NMR studies of chloroquine
ferriprotoporphyrin IX complex. J Phys Chem A 107, &&2b.

de Oliveira, R.B., de SodkEagundes, E.M., Soares, R.Pe®.al 2008. Synthesis and
antimalarial activity of semicarbazone and thiosemicarbazone derivatives. Eur J Med Chem
43, 19831988.

de Rojas, M.O. & Wasserman, M. 1985. Temporal relationships ormomalecular
synthesis during the asexual cell cycldPtdsmodium falciparumrrans R Soc Trop Med Hyg

79, 792796.

Deitch, A.D., Law, H., deVere White, R. 1982. A stable propidium iodide staining procedure
for flow cytometry. J Histochem Cytochem 30@57-972.

DelmasBeauvieux, M.C., Peuchant, E., Dumon, MiFa). 1995. Relationship between red
blood cell antioxidant enzymatic system status and lipoperoxidation during the acute phase

of malaria Clin Biochem 28(2), 16%9.

Deponte, M. & Becker, R004.Plasmodium falciparurdo killers commit suicide? Trends

Parasitol 20(4), 16%609.

Desjardins, R.E., Canfield, C.J., Haynes, €kDal] 1979. Quantatative assessment of
antimalarial activityin vitro by a semiautomated microdilution technique. Amicrob
Agents Chemother 16(6), 71418.

196



Dilovi, 1., Ruldio, M., Vrdoljak, V.et al. 2008. Novel thiosemicarbazone derivatives as
potential antitumour agents: Synthesis, physicochemical and structural properties, DNA

interactions and antiproliferative &wity. Bioorg Med Cherh6, 51895198.

Ding, X., Xie, H., Kang, Y.J. 2011. The significance of copper chelators in clinical and

experimental applicgon. J Nutr Biocher@d2, 301310.

Doerig, C., Endicott, J., Chakrabarti, D. 2002. Gyependant kinase hmologues of
Plasmodium falciparunint J Parasitol 32, 157685.

Dominguez, J.N.,dpez, S., Charris, &kt al 1997. Synthesis and antimalarial effects of
phenothiazine inhibitors of d&lasmodium falciparuncysteine protease. J Med Chem 40,
27262732.

Dominguez, J.N., Charris, J.E., Lobo,eGal. 2001. Synthesis of quinolinyl chalcones and

evaluation of their antimalarial activity. Eur J Med Chem 36;585

Downie, M.J., Kirk, K., Mamoun, C.B. 2008. Purine salvage pathways in the intraerythrocytic

malaria parasitd’lasmodium falciparuniEukaryot Cell 7(8), 12311237

Edwards, D.l. 1979. Mechanism of antimicrobial action of metronidazbl&ntimicrob
Chemother 499502.

Edwards, D.I. 1993. Nitroimidazole dregggion and resistance mechanisnids Animicrob
Chemother31, 920.

Egan, T.J., Hunter, R., Kaschula, GHal 2000. Structurdunction relationships in
aminoquinolines: Effect of amino and chloro groups on quindiiematin complex
formation, inhibition ofi -haematin formation, and antiplmodial activity. J Med Chem
43(2), 283291.

Egan, T.J. 2003. Haemozoin (malaria pigment): a unique crystalline drug target. Targets 2(3),

115124,

Egan, T.J. 2008. Haemozoin formatidtol Biochem Parasitd57, 127136.

197



El Bissati, K., Zufferey, R., VIa&toW.H. et al. 2006. The plasma membrane permease PfNT1
is essential for purine salvage in the human malaria par&asmodium falciparunProc
Natl Acad Sci U S1R3(4), 9286291.

El Bissati, K., Downie, M.J., KinK.2t al. 2008. Genetic evidercfor the essential role of
PMNT1 in the transport and utilization of xanthine, guanine, guanosine and adenine by

Plasmodium falciparunMol Biochem Parasitol 161, 13(B9.

Ebndalloussi, L.M., Afonso, R., Nunes,eA.al. 2003 Effect of desferrioxaminand 2,2
bipyridyl on the proliferation oPerkinsus atlanticu8iomol Eng 20, 34954.

Evans, S.G. & Havlik, 1. 19B&smodium falciparumeffects of amantadine, an antiviral, on
chloroquineresistant and-sensitive parasitesn vitro and its influene on chloroquine

activity. Biochem Pharmacol 45(5), 116870

Fanello, C.I., Karema, C., Ngamije,eDgl. 2008. A randomised trial to assess the efficacy
and safety of chlorproguanil/dapsone + artesunate for the treatment of uncomplicated

Plasmodiumdlciparummalaria.Trans R Soc Trop Med HyeR, 412420.

Feng, 1S., Guantai, E.M., Nell, Met al. 2011. Effects of highly active novel artemisinin
chloroquinoline hybrid compounds in-haematin formation, parasite morphology and

endocytosis ifPlasmodium falciparunBiochem Pharmacol 82, 2247.

Ferrer, R., Lobo, G., Gamboa, Mt al 2009. Synthesis of HZhloroquinolird-

yl)amino]chalcones: potential antimalarial and anticancesrdg. Sci Pharm 77, 72511.

Fidock, D.A., Rosenthal, P.J., Croft, tLal. 2004. Antimalarial drug discovery: Efficacy

models for compound screening. Nat Rev Drug Discov 35809

Fidock, D.A., Eastman, R.T., Ward, ®iAal. 2008. Recent highligh in antimalarial drug
resistance and chemotherapy researd@hends Parasitd@4(12), 53744.

Fletcher, B.L., Dillard, C.J., Tappel, A.L. 1973. Measurement of fluorescent lipid peroxidation

products in biological systems and tissuésal Biochem 52,-9.

198



Florenta, I., Mouray, E., Ali, F.Bt, al. 2000. Cloning oPlasmodium falciparunprotein
disulfide isomerise homologue by affinity purification using the antiplasmodial inhibiter 1,4
bis {3[N-(cyclohexyl methyl)amino]propylliperazine FEBS Le#t84,246-252.

Frayha, G.J., Smyth, J.D., Gobert, 8t@l, 1997. The mechanisms of action of antiprotozoal

and antihelmintic drugs in man. Gen Pharmac 29(2); 292

Freese, J.A., Sharp, B.L., Ridl, Et@l, 1988.In vitro cultivation of southern Afrian strains

of Plasmodium falciparurand gametocytogenesis. S Afr Med J 73-72P

Friesen, J. & Matuschewski, K. 2011. Comparative efficacy oérgiteocytic whole

organism vaccine strategies against the malaria parasite. Vaccine 2973082

Frolich, S., Schubert, C., Bienzle, &t.al. 2005.In vitroantiplasmodial activity of prenylated
chalcone derivatives of hopfH@mulus lupulus and their interaction with haeminJ

Antimicrob Chemother 55, 88337.

Garavito, G., Monje, M., Maurel, Sgt al. 2007. A norradiolabeled heme5SH interaction

test for the screening of antimalarial compounds. Exp Parasitél, 311313.

Gardiner, D.L., Dixon, M.\W.A., Spielmann,et.al 2005. Implication of @&lasmodium
falciparumgene in the switch between asexugproduction and gametocytogenesid/ol
Biochem Parasitdl40, 153160.

Gavigan, C.S., Dalton, J.P., Bell, A. 2001. The role of aminopeptidases in haemoglobin
degradation inPlasmodium falciparuanfected erythrocytes. Mol Biochem Parasitol 117,
37-48.

Gero, A.M., Dunn, C.G., Brown, D.Bt.al. 2003. New malaria chemotherapy developed by

utilization of a unique parasite transport syste@urr Pharm Des 9, 8&77.

Geyer, J.A., Prigge, S.T., Waters, N.C. 2005. Targeting malaria with specific CDEs.inhibito
Biochim Biophys Acthi754, 166170.

199



Geyer, J.A., Keenan, S.M., Woodard, @t .al. 2009. Selective inhibition dPimrk, a
Plasmodium falcipaam CDK, by antimalarial tdaryl2-propenones.Bioorg Med Chem
Lett19, 19821985.

Giles, F.J., FracasgoM., Kantarjian, H.Met al. 2003. Phase | and pharmacodynamic study
of Triapin&®) a novel ribonucleotide reductase inhibitor, in patients with advanced leukemia.

Leuk Res 27, 1071083.

Ginsburg, H. 1988. Effects of calcium antagonists on malaria gislk#gpto chloroquine.
Parasitol Today 4(8), 2a41.1.

DAy aodz2NHX | ® Gal fF NRI LI NI &AGS -03¢2AIF 62 AC
<http://sites.huiji.ac.il/malariat [Accessed Mapeptember 2011]

Go, ML. 2003. Novel antiplasmodial agernt#ed Res Re23(4) 456487.

Go, ML., Liu, M., Wilairat, Pet al. 2004. Antiplasmodial chalcones inhibit sorbitaiuced
hemolysis ofPlasmodium falciparuanfected erythrocytesAntimicrob Agents Chemother

48(9), 32413245

Goodman, C.D., Su, V., McFadden, G.l. 2009 .effects of antbacterials on the malaria

parasitePlasmodium falciparunMol Biochem Parasitdl52, 181191.

Grazul, M. & Budzisz, E. 2009. Biological activity of metal ions complexes of chromones,

coumarins and flavones. Coord Chem Rev 253, -2538.

Greenbaum, D.C., Mackey, Z., Hansell,eE.al. 2004. Synthesis and structuaetivity
relationships of parasiticidal thiosemicarbazone cysteine protease inhibitors against
Plasmodim falciparum Trypanosoma bruceiand Trypanosoma cruziJ Med Chem 47,
32123219.

Greenwood, B.M., Fidock, D.A., Kyle, DdE.al. 2008. Malaria: progress, perils, and
prospects for eradicationJ Clin Invest 118(4), 126@76

Greenwood, B. & Targett, G. 2009. Do we still need a malaria va@dearasite Immunol 31,

582-586.

200



Grellier, P.,~arlauskas, J., Anuséws, ¢., et al. 2001. Antiplasmodial activity of
nitroaromatic and quinoidal compounds: redox potential vs inhibition of erythrocyte
glutathione reductaseArch Biochem Biophy93(2), 199206.

Griffiths, M.J., Ndogu, F., Baird, K.let al. 2001. Oxidative stress and erythrocyte damage

in Kenyan children with seveflasmodium falciparurmalaria Br J Haematol 113, 48®1

Grimberg, B.T., Erickson, J.J., Sramkoski, ReiMal. 2008. Monitoring Plasmodium
falciparum growth and development by UV flow cytometry using an optimized Hoechst

thiazole orange staining strategy. Cytometry A 73A-534.

Grimberg, B.T. 2011. Methodology and application of flow cytometry for investigation of

human malaria parasited.Immum| Methods367, 116.

Gronowicz, G., Swift, H., Steck, T.L. 1984. Maturation of the latite in vitro. J Cell Sci 71,
177-197.

Guantai, E.M., Ncokazi, K., Egan, &tJl. 2010. Design, synthesis amdvitro antimalarial
evaluation of triazoldinked chalcone and dienone hybrid compoundsoorg Med Chem
18, 82438256.

Gllcin, 1., Kifrevioglu, 1., Oktay, M.gt al. 2004. Antioxidant, antimicrobial, antiulcer and
analgesic activities of nettléJ¢tica dioical.).J Ethnopharmacol 90, 2€4L5.

Gupte, A & Buolamwini, J.K. 2004. Novel halogenated nitrobenzylthioinosine analags as

nucleoside transporter inhibitor8ioorg Med Chem Lett 14, 222260

Hamzah, J., Davis, T.M.E., Skinrhdams, T.Set al. 2004. Characterization of the effect of

retinol on Plasmodium falciparum in vitr&exp Parasitol 107, 13614,

Hancock, C.N., Stockwin, L.H., HangBal. 2011. A copper chelate of thiosemicarbazone
NSC 689534 induces oxidative/ER stress and inhibits tumor giowitro andin viva Free

Radic BioMed 50, 116121.

Hanssen, E., McMillan, R.Jilley, L. 2010. Cellular architectureRddsmodium falciparum

infected erythrocytes. Int J Parasitol 40, 11P1/35

201



Hare, J.D & Bahler, D.W. 1986. AnalysiBlamodium falciparungrowth in culture using
aaidine orange and flow cytometryl. Histochem CytocheB%(2), 215220.

Harmse, L., van Zyl, R., Gray,d¥l.al. 2001. Structurectivity relationships and inhibitory
effects of various purine derivatives on the vitro growth of Plasmodium falciparum
Biochem Pharmacol 62, 34348,

Hayat, F., Moseley, E., Salahuddin,efal. 2011. Antiprotozoal activity of chloroquinolone
based chalcones. Eur J Med Chem 46(5), -18@5.

Haynes, R.K., Monti, D., Taramelli, &.al. 2003. Artemisinin antimalarials dwt inhibit
haemozoin formationAntimicrob Agents Chemothé7(3), 1175.

Hockod, D., Hof, A., Masdpkovd, M., et al. 2009. Synthesis of branched[B(2-
phosphonoethoxy)ethyl]purines as a new class of acyclic nucleoside phosphonates which
inhibit Plasnodium falciparumhypoxanthineguaninexanthine phosphoribosyltransferase.
Bioorg Med Chem 17, 62%232

Hoffman, P.S., Goodwin, A., Johnsenetlgl. 1996. Metabolic activitiesf metronidazole
sensitive and -resistant strains of Helicobacter pylori respression of pyruvate
oxidoreductase and expression of isocitrate lyase activity correlate with resistance. J
Bacteriol 178(16), 4822829.

Hoffman, S.L., Subramanian, G.M., Collins, FeHal. 2002. Plasmodium,human and
Anophelegienomics and malaridNature 415, 70209.

| dZAKS &S [ dads [ I ydil & REE Design oftaBfarasifidaidhahtiinga © ¢ ¢ >
hydroxynaphthoquinones that are less susceptible to drug resistanid®l Biochem
Parasitol 177, 1:49.

Hyde, J.E. 2005. Exploring theatel pathway inPlasmodium falciparumActa Trop 94(3),
191-206.

Hyde, J.E. 2007. Targeting purine and pyrimidine metabolism in human apicomplexan

parasites. Curr Drug Targets 8(1);431

202



Jagetia, GC., Venkatesha, V.A., Reddy, T.K. 2003. Naringin,us ¢i&rvonone, protects
against radiatioAinduced chromosome damage in mouse bone marrow. Mutagenesis 18(4),
337-343.

Jana, S. & Paliwal, J. 2007. Novel molecular targets for antimalarial chemothiriagy.
Antimicrob Agents80, 410.

Jefford, C.W. 2007.dW developments in synthetic peroxidic drugs as artemisinin mimics.

Drug Discov Today 12(11/12), 4895.

Jenks, P.J. & Edwards, D.l. 2002. Metronidazole resistanételioobacter pylorilnt J
Antimicrob Agent49, L7.

Jensen, J.B. & Trager, W. 19F8asmodium falciparumin culture: establishment of
additional strains. Am J Trop Med Hyg 27(4),-748.

Johnson, D.J., Owen, A., Plant, &t,al. 2008. Drugelated expressiomf Plasmodium
falciparum P-glycoprotein homologue 1: a putative role for nucleaceptors. Antimicrob

Agents Chemother 52(4), 143845

Jouin, H., Daher, W., Khalife, &t,al. 2003. Double staining dPlasmodium falciparum
nucleic acids with hydroethidine and thiazole orange for cell cycle analysis by flow
cytometry. 2004. Cytomey A 57A, 348.

Jullian, V., Bonduelle, C., Valentin, &.al. 2005. New clerodane diterpenoids froloaetia
procera(Poepp.) Eichler (Flacourtiaceae), with antiplasmodial and antileishmanial activities.
Bioorg Med Chem Lett5, 50655070.

KanagaratnamR., Misiura, K., Rebowski, &t,al. 1998. Malaria merozoite surface protein
antisense oligodeoxynucleotides lack antisense activity but function as polyanions to inhibit

red cell invasionlint JBiochemCellBiol 30, 979985.

Kannan, R., Kumar, K., SaHal, et al. 2005. Reaction of artemisinin with haemoglobin:

implications for antimalarial activity. Biochem J 385,-4Q8.

203



Kaur, K., Jain, M., Kaur, &t,al. 2009. Antimalarials from naturdioorg Med Chem 17,
32293256

Keenan, S.M., Geyer, J.A.eldh, W.J.et al. 2005. Rational inhibitor design and iterative
screening in the identification of selective plasmodial cyclin dependant kinase inhibitors.
Comb Chem High Throughput Screen 8387

Keough, D.T., Hockovz 5 ®3 Y NXeb6 ar S04® RiasniodiendyXakypoxanthine
guanine phosphoribosyltransferase: A target for analarial chemotherapyMol Biochem
Parasitol 173, 16869

Kerb, R., Fux, R.,dvlke, K.,et al. 2009. Pharmacogenetics of antimalarialigs: effect on

metabolism and transport. Lancet Infect Dis 9, -76W@.

Khan, S.A., Kumar, P., JoshigRa). 2008. Synthesis and vitro antibacterial activity of new
steroidal thiosemicarbazone derivativesur J Med Che#d3, 20292034.

Khan, S.M.,ianke-Fayard, B., Mair, G.Ret al. 2005. Proteome analysis of separated male

and female gametocytes reveals novel-specificPlasmodiunbiology. Cell 121, 67687.

Kiss, T.,dz&r, |., Kafarski, P. 1994. Chelating tendencies of bioactive aminophodelsona
Met Based Drugs 142), 247264.

Klayman, D.L., Bartosevich, J.F., Griffin, T.&, al 1979. 2Acetylpyridine
thiosemicarbazones. 1. A new class of potential antimalarial agents. J Med Chem 22(7), 855
862.

Knockaert, M., Greengard, P., Meijer, L.020 Pharmacological inhibitors of cyelin

dependant kinaseslrends Pharmacol Sci 23(9), 4425.

Kolbe, L., Immeyer, J., Batzer,el.al 2006. Antinflammatory efficacy of Licochalcone A:

correlation of clinical potency and vitro effects. Arch Derntal Res 298, 230.

Koury, M.J., Koury, S.T., Kopsombut, €.,al. 2005. In vitro maturation of nascent

reticulocytes to erythrocytes. Blood 105(5), 218874.

204



Kouznetsov, V.V. & d&ezBarrio, A. 2009. Recent developments in the design and
synthesis of higrid molecules based on aminoquinoline ring and their antiplasmodial
evaluation. Eur J Med Chem 44, 3621113.

Kremsner, P.G & Krishna, S. 2004. Antimalarial combinations. Lancet 369485

Krishna, S., Bustamante, L., Haynes, Btkl, 2008. Artemigins: their growing importance
in medicine.Trends Pharmacol S29(10), 526627.

Krishna, S., Pulcini, S., Fatih,dt.al. 2010. Artemisinins and the biological basis for the
PfATP6/SERCA hypothesis. Trends Parasitol 26(115231L7

Kulda, J. 1999. ithomonads, hydrogenosomes and drug resistance. Int J Parasitol 29, 199

212.

Kumar, S., Guha, M., Choubey, &t.al. 2007. Antimalarial drugs inhibiting hemozoin (

hematin) formation: a mechanistic update. Life Sci 80,-8283.

Lambros, C. & Vanderberg, J.P. 1979. SynchronizatiorPlagmodium falciparum
erythrocytic stages in culture. J Parasitol 65(3),-428.

Land, K.M., Gelgadillo, M.G., Johnson, P.J. 280dvoexpression of ferredoxin in a drug
resistance trichomonad increases metronidazole susceptibility. Mol Biochem Parasitol 121,

153157.

Lazarus, M.D., Schneider, T.G., Taraschi, T.F. 2008. A new model for haemoglobin ingestion
and transport by the humn malaria parasitd’lasmodium falciparum]J Cell Sci 121(11),
19371949

Lehane, A.D., Hayward, R., Saliba, KtJal. 2008. A verapamgensitive chloroquine
associated Hleak from the digestive vacuole in chlorogquiresistant malaria parasites.
Cdl Scil21, 16241632.

LePecq, J.B. & Paoletti, C. 1967. A fluorescent complex between ethidium bromide and
nucleic acids. J Mol Biol 27,-836.

205



Liberta, A.E. & West, D.X. 1992. Antifungal and antitumour activity of heterocyclic

thiosemicarbazones and tiranetal complexes: current status. Biometals 5, -11286.

Lim, L. & McFadden, G.I. 2010. The evolution, metabolism and functions of the apicoplast.

Phil Trans R Soc B 365, 74838.

Lin, W. & Buolamwini, J.K. 2007. Synthesis, flow cytometric evaluationdemdfication of
highly potent dipyridamole analogues as equilibrative nucleoside transporter 1 inhibitors. J

Med Chem 50, 3908920.

Liu, M., Wilairat, P., Go, 4. 2001. Antimalarial alkoxylated and hydroxylated chalcones:
structure-activity relationsip analysis. J Med Chem 44, 444/52.

Lopez, M.L., Vommario, R., Zalis, Mt,al. 2010. Induction of cell death oRlasmodium

falciparumasexual blood stages I8olanum nudunsteroids. Parasitol Int 59, 21225.

Mabeza, G.F., Loyevsky, M., Gordeuk, iRl 1999. Iron chelation therapy for malaria: A
review. Pharmacol Ther 81(1),-33.

Mackenzie, M.J., Saltman, D., Hirte, ét.al. 2007.A Phase Il study of-@minopyridine2-
carboxaldehyde thiosemicarbazone -AR) and gemcitabine in advanced pantiea
carcinoma. A trial at the Princess Margaret Hospital Phase 1l consortium. Invest New Drugs
25, 553558.

Makler, M.T., Lee, L.G., Recktenwald, D. 1987. Thiazole orange: a new Basfoodium
species analysis. Cytometry 8, S580.

Malkin, E.M., Diemrt, D.J., McArthur, J.Het al. 2005. Phase 1 clinical trial of apical
membrane antigen 1: an asexual blesihge vaccine foPlasmodium falciparunmalaria.

Infect Immun73(6), 36773685.

Marti, M., Baum, J., Rug, Met al. 2005. Signahediated exportof proteins from the
malaria parasite to the host erythrocyté.Cell Bial71(4), 587592.

206



Martin, R.E., Henry, R.Il.,, Abbey, ktgld HAnnp® ¢KS WLISNX¥S2YSQ 27

overview of the membrane transport proteins Bfasmodium falcipam. Genome Biol 6(3),
R26.1R26.22

Martirosyan, A.R., RahiBata, R., Freeman, A.Bef al 2004. Differentiatiorinducing
qguinolines as experimental breast cancer agents in the MiG&man breast cancer model.

Biochem Pharmacol 68, 174938

Mehrotra, S, Bopanna, M.P., Bulusu, \ét al. 2010. Adenine metabolism iRlasmodium

falciparum Exp Parasitol 125, 14151

Mendz, G.L. & Kgraud, F. 2002. Is the molecular basis of metronidazole resistance in

microaerophilic organisms understood? Trends Microb@(8), 376375.

Meshnick, S.R. 2002. Artemisinin: mechanism of action, resistance and tokitity.

Parasitol32, 16551660.

MezaAvina, M.E., Wei, L., Liu, ¥t, al. 2010. Structural determinants for the inhibitory
ligands of orotidinegp -honophosphatedecarboxylase. Bioorg Med Chem 18, 4d821.

Miller, L.H., Baruch, D.l., Marsh, &.al. 2002. The pathogenic basis of malaria. Nature 415,
673679.

Mills, J.P., Diedilva, M., Quinn, D.&t al. 2007. Effect of plasmodial RESA on deformability
of human red blood cells harbourinBlasmodium falciparumProc Natl Acad Sci U S A

104(22), 9219217.

Mishra, N., Arora, P., Kumar, Bt al 2008. Synthesis of novel substituted -tljaryl
propenone derivatives and their antimalarial activity vitro. EurJ Med Chem 43, 1530
1535.

Mdaller, 1.B., Hyde, J.E., Wrenger, C. 2010. Vitamin B metaboliBtasmodium falciparum

as a source of drug targetsrends Parasitol 26(1), 3.

Mduller, S. 2004. Redox and antioxidant systems of the malaria par®stemodim

falciparum Mol Microbiol53(5), 12911305.

207

l.j



Muregi, F.W., Kano, S., Kino, ¢t.al. 2009.Plasmodium bergheEfficacy of Bluoroorotate
in combination with commonly used antimalarial drugs in a mouse méokg.Parasitol 121,
376-380.

Muregi, F.W. &dhih, A. 2010. Nexgeneration antimalarial drugs: hybrid molecules as a
new strategy in drug desigrug Dev Regl, 2032.

Murren, J., Modiana, M., Clairmont, @t, al. 2003. Phase | and pharmacokinetic study of
Triapine, a potent ribonucleotide redwsde inhibitor, administered daily for five days in

patients with advanced solid tumors. Clin Cancer Res 9,-400Q.

Musonda, C.C., Whitlock, G.A., Witty, Med.al. 2009. Synthesis and evaluation epyidyl
pyrimidines within vitro antiplasmodial ad antileishmanial activityBioorg Med Chem Lett

19, 401405

Nadelmann, L., j@rnelund, J., Hansen, S.Het al. 1997. Synthesis, isolation and
identification of glucuronides and mercapturic acids of a novel antiparasitic agent,
licochalcone A. Xenobiod277), 667680.

National Department of Healthi2009. Guidelines for the prevention of malaria in South

Africa.www.doh.gov.zaaccessed on the flFebraury 2011.

National Department of Health2010. Guidelines for the treatment of malaria in South

Africa. www.doh.gov.zaaccessed on the lFebraury 2011.

Naughton, J.A., Nasizadeh, S., Bell, A. 2010. Downstream effects of haemoglobinase
inhibition in Plasmodium falciparuanfected erythrocytesMol Biochem Parasitdl73, 8%

87.

Nishiyama, T., Suzuli,, Hashiguchi, Ygt al. 2002. Antioxidant activity of aromatic and
cyclic amine derivatives. Polym Degrad Stabil 75;55%0

Nolan, J.P., Lauer, S., Prossnitz, EiRal. 1999. Flow cytometry: a versatile tool for all

phases of drug discoverprugDisov dayDDT4(4), 173180.

208



Nosten, F. & Brasseur, P. 2002. Combination therapy for malaria: the way forward? Drugs

62(9), 13151329.

Nowakowska, Z. 2007. A review of ainfliective and antinfammatory chalcones. Eur J Med

Chem 42, 1289.37.

Nzila, A. 206. Inhibitors ofde novofolate enzymes ifPlasmodium falciparurrDrugDiscov
Todayl11(19/20), 93943.

hQbSAffSX tda 3 t2aySNE DOl @ Haand ! YSRAOA)
related endoperoxides. J Med Chem 47(12), 29864.

Olive, P.L1989. Hydroethidine: a fluorescent redox probe for locating hypoxic cells in

spheroids and murine tumours. Br J Cancer 60;332

Olliaro, P. 2001. Mode of action and mechanisms of resistance for antimalarigd. dru

Pharmacol Therapeut 89, 2Z19.

Olszevski, K.L., Mather, M.W., Morrisey, J.Mt al. 2010. Branched tricarboxylic acid

metabolism inPlasmodium falciparuniNature 466, 774 78.

Padmanaban, G., Nagaraj, V.A., Rangarajan, P.N. 2007. Drugs and drug targets in malaria.
Curr Sci 92(11), 1548555

Pandey, A.V., Tekwani, B.L., Singh, RtL.al 1999. Artemisinin, an endoperoxide
antimalarial, disrupts the haemoglobin catabolism and heme detoxification systems in
malarial parasiteJ Biol Cher274(27), 19383.9388.

Papalexis, V., Siomos,-M, Carpanale, N.M.et al. 2001. Histidingich protein 2 of the
malaria parasitePlasmodiuntalciparum is involved in detoxification of the fyroducts of

haemoglobin degradatiorMol Biochem Parasitol 115, 86.

Papapostolou, [., Patsoukis, N., Georgiou).C2004. The fluorescence detection of
superoxide radical using hydroethidine could be complicated by the presence of heme
proteins. Anal Biochem 332, 2298.

209



Parker, M.D., Hyde, R.J., Yao, S.YeMa). 2000. Identification of a nucleoside/nucleobase
transporter fromPlasmodium falciparuma novel target for antmalarial chemotherapy.
Biochem J 349, 675.

Pattanapanyasat, K., Thaithong, S., Kyle, BtEal. 1997. Flow cytometric assessment of
hydroxypyridinone iron chelators on the vitro growth ofdrugresistant malaria. Cytometry

27, 8491.

Postma, N.S., Mommers, E.C., Eling, W.MeC.al. 1996. Oxidative stress in malaria;

implications for prevention and therapy. Pharm World Sci-129.

Pradines, B., Rogier, C., Fusai, ef.al 2001.In vitro activities of antibiotics against
Plasmodium falciparunare inhibited by iron Antimicrob Agents Chemother 45(6), 1746
1750.

Pradines, B., Rolain, J.M., RamiandrasoagtFal. 2002. Iron chelators as antimalarial
agents: in vitro activity of dicatechate againstPlasmodium falciparumJ Antimicrob
Chemothers0, 177187.

Prathima, B., Rao, Y.S., Ramesh, @i\a. 2011. Synthesis, spectral characterisation and
biological activities of Mn(Il) and Co(ll) complexes with benzyloxybenzalddRyidenyl3-
thiosemicarbazoneSpectrochim Acta A Mol Biomol Spectr@S; 3944.

Quaye, I.K. 2008. Haptoglobin, inflammation and dise@sans R Soc Trop Med HiQ2,
735742.

Ramasamy, R., Kanagaratnam, R., Misiuratkal, 1996.Anti-sense oligodeoxynucleoside
phosphorothioates onspecificallyinhibit invasion of red blood cells by malariargsites

Biochem Biophys Res Commun 218,-93G.

Rasoloson, D., Shi, L., Chong, @Rl 2004. Copper pathways Plasmodium falciparum
infected erythrocytes indicate aefflux role for the copper ATPase. Biochem J 381, 803

811.

wSa2Ylys 5d3 Y2 Jletéal 2080 A cofvenient, higyild Synthesis Df -1
substituted uracil and thymine derivatives. Tetrahedron 65, 88333.
210



Rejman, D., RabatinavA., Pomhbiho, A.R.et al. 2011. Lipophosphonoxins: newodular
moleaular structures with significant antibacterial properties. J Med CHeiR2), 7884
7898

Ren, W., Qiao, Z., Wang, Et,al. 2003. Flavonoids: promising anticancer agehtsd Res
Rev23(4), 519534,

Riegelhaupt, P.M., Cassera, M.Bghtich, R.F.G.et al. 2010. Transport of purines and
purine salvage pathway inhibitors by tlidasmodium falciparunequilibrative nucleoside

transporterPENT1Mol Biochem Parasitol 169, /9.

Rodenko, B., Detz,.R, Pinas, V.Aet al. 2006. Solid phase synthesis and antiprotozoal
evaluation of dil Y R I NA & dparhoXainidozideSoRine mitaloguddioorg Med Chem
14, 16181629

Rodrigued_ucena, D., Schalk, 1.J., Mislin, G.L.A. 2011. Synthesis of triettatiemaine
bridged bistridentate iron(lll) chelators. Tetrahedron 67, 212954.

Rosenthal, P.J. 199®lasmodium falciparumeffects of proteinase inhibitors on globin

hydrolysis by cultured malaria parasit&xp Parasitd0, 272281.

Rosenthal, P.J & &hnick, S.R. 1996. Hemoglobin catabolism and iron utilization by malaria

parasites. Mol Biochem Parasitol 83, 11339.

Rosenthal P.J. 2009. Chapter 52: antiprotozoalgs. In Katzung,B.G., Masters, S.B.,
Trevor A.J., editors. Basic and Clinical Pharmcology 11" edition <http:/O -
www.accesspharmacy.com.innopac.wits.ac.za/content.aspx?alD=45363A8cessed 17
December 2011]

Rossiter, D. 2010. South African Medicines Formulary. Ninth edition. Barnes, K.l., Cohen, K.,
Decloedt, E., Gounden, R., Kredlq, Maartens, G., Mcllleron, H., Orrell, C., Sinxadi, P.Z., van
der Walt, JS, editors. Health and Medical Publishimg@. South Africa. 196, 216, 5800.

Roudeau, R., Gomez Pardo, D., Cossy, J. 2006. Enantioselective diethylzinc addition to
aromatic and aliphatic aldehydes using R3R)-dihydroxypiperidine derivatives catalyst.

Tetrahedron 62, 2382394.

211



Saito, H. & Ishihara, K. 1997. Antioxidant activity and active sites of phospholipids as
antioxidants. J Am Oil Chem Soc 74(12), 16:36.

Saitelto, A., Akai, Y., He, 8t,al. 2001. A rapid, simple and sensitive flow cytometric system

for detection ofPlasmodium falciparunParasitol In60, 249257.

Samuelson, J. 1999. Why metronidazole is active against both bacteria and parasites.
Antimicrob Agets Chemother3(7), 15331541.

Sanchez, C.P., Dave, A., Stein, Véial 2010. Transporters as mediators of drug resistance
in Plasmodium falciparumnt J Parasitod0, 11091118.

Sauerwein, R.W. 2009. Clinical malaria vaccine developrmemiunol Lett122, 115117.

Schulze, D.L.C., Makgatho, E.M., Coetzer,et.&l,1997. Development and application of a
modified flow cytometric procedure for rapid vitro quantification of malaria parasitaemia.

S Afr J S8&3, 156158.

Scott, C.S., van 2Zyl, D.,,Ha,et al. 2002. Patterns of pseud@ticulocytosis in malaria:
fluorescent analysis with the CG&lyn®CD4000. Clin Lab Haem 24;2[b

Sharma, M., Chaturvedi, V., Manju, Yd€.al. 20®. Substituted quinolinyl chalcones and
guinolinyl pyrimidines aa new class of anthfective agents. Eur J Med Chem 44(5), 2081

2091.

Sharma, P. & Sharma, J.D. 20@1vitro hemolysis of human erythrocyteby plant extracts

with antiplasmodial activity] Ethnopharmacadl4, 239243.

Sharma, V. 2005. Therapeutitugs for targeting chloroquine resistance in malakiéni Rev
Med Chenb, 33%351.

SkinnerAdams, T.S., Stack, C.M., Trenholme, KRal. 2009. Plasmodium falciparum

neutral aminopeptidases: new targets for amalarials. Trends Biochem Sci 35(13-61.

Sklar, L.A., Carter, M.B., Edwards, B.S. 2007. Flow cytometry for drug discovery, receptor
pharmacology and higthroughput screeningCurr Opin Pharmacal, 527534.

212



Smeijsters, L.J.J.W., Franssen, F.F.J., Naes&ts31L1999. Inhibition of then vitro growth
of Plasmodium falciparurby acyclic nucleoside phosphonatdst J Antimicrob Agents 12,
53-61.

Solomon, V.R. & Lee, H. 2009. Chloroquine and its analogs: a new promise of an old drug for
effective and safe cancer therapidsur J Pharmat625, 226233.

Solyakov, L., Halbert, J., Alam, M.kt ,al. 2011. Global kinomic and phosppooteomic
analyses of the human malaria parasiBdasmodium falciparumNat Commun. DOI:
10.1038/ncomms1558.

Soni, S., Dhawan, S., Rosen, Ke¥l.al. 2005. Chiaacterization of events preceding the
release of malaria parasite from the host red blood dibod Celldol Dis35, 202211.

Spanou, C., Manta, S., Komiotis,dd.al. 2007. Antioxidant activity of a series of fluorinated
pyranonucleoside analogued d*-benzoyl cytosine and ®benzoyl adenine. Int J Mol Sci 8,
695-704.

Spielmann, T., Fergusen, D.J.P., BeeR, B003.etramps a newPlasmodium falciparum
gene family coding for developmentally regulated and highly charged membrane proteins

located atthe parasitehost cell interfaceMol Biol Cell 14, 1529544

Spielmann, T., Hawthorne, P.L., Dixon, M.\WeAal. 2006. A cluster of ring stagpecific
genes linked to a locus implicated in cytoadherencé’limsmodium falciparuncodes for
PEXEhegative and PEXHhositive proteins exported into the host ceMol Biol Cell 17,
36133624

Spycher, C., Rug, M., Klonis,él.a® wHnnc® DSySaia 2F FyR GNI F7F]
of Plasmodium falciparuanfected erythrocytesMol Cell Biol 26(11%0744084.

Suk, BH., Rejman, D., Dykstra, C.€t, al. 2007. Phosphonoxins: rational design and
discoveryof a potent nucleotide antGiardiaagent Bioorg Med Chem Lett 17, 28PB16

Sullivan, D.J. 2002. Theories on malarial pigment formation and quenakction. Int J
Parasitol 32, 1643653.

213



Takahashi, T., Takasuka, N., Ligo,a¥al. 2004. Isoliquiritigenin, a flavonoid from licorice,
reduces prostaglandin,Eand nitric oxide, causes apoptosis, and suppresses aberrant crypt
foci development. Canceéci 95(5), 44853.

The RTS,S Clinical Trials Partnership. 2011. First results of phase 3 trial of RTS,S/AS01 malaria
vaccine in African childreN Engl J Med 365(20), 186875

Tilley, L., Dixon, M\W.A., Kirk, K. 2011. Presmodium falciparuanfected red blood cell.
Int J Biochem Cell Biol 43, 8892

Totino, P.R.R., DaniBlibeiro, C.T., CorReal, S.et al. 2008. Plasmodium falciparum
Erythrocytic stages die by autophagjice cell death under drug pressure. Exp Parasitol 118,
478-486.

Trager,W. & Jensen, J.B. 1976. Human malaria parasites in continuous culture. Science

193(4254), 67%H75.

van der Heyde, H.C., Elloso, M.M., vande Waat al, 1995. Use of hydroethidine and flow
cytometry to assess the effects of leukocytes on the malarialagge Plasmodium
falciparum din Diagn Lab Immun@(4), 417425.

van Dooren, G.G., Marti, M., Tonkin, Cel.al. 2005. Development of the endoplasmic
reticulum, mitochondrion and apicoplast during the asexual life cyclePlaBmodium

falciparum Mol Microbiol57(2), 405419.

van Schalkwyk, D.A & Egan, T.J. 2006. Quinsistance reversing agents for the malaria
parasitePlasmodium falciparunDrug Resist Upd&, 211226.

van Vianen, P.H., van Engen, A., ThaithonggtQl 1993. Flow cytometriscreening of

blood samples for malaria parasites. Cytometry 14,-286.

Vanderberg, J.P. 2009. Reflections on early malaria vaccine studies, the first successful

human malaria vaccination, and beyond. Vaccine 27, 2

214



Vargk, V., BuB ONy a1 &8 = N.9el al. ®O0Y, Praligebased nucleoside phosphonic
acids: new isoteric conformationally flexible nucleotide analogues. Tetrahedron 65, 862
876.

Vangapandu, S., Jain, M., Kaur, &.,al. 2007. Recent advances in antimalarial drug
developmen. Med Res Re27(1), 65107.

Verhaeghe, P., Azaz, N., Hutter, & ,al 2009. Synthesis anth vitro antiplasmodial
evaluation of 4anilino-2-trichloromethylquinazolinesBioorg Med Cherit7(13), 43131322.

Vinetz, J.M., Clain, J., Bounkeua,é¥.al. 2011 Chapter 9: Chemotherapy of malaria. In:

Vinetz, J.M., Clain, J., Bounkeua, V., Eastman, R.T., Fidetit®s.D 2 2 RY | y 3 DAtYI!
the Pharmacological Basis of hefapeutics, 1% edition  <http://0 -
www.accesspharmacy.com.innopac.wits.ac.za/content.aspx?alD=088¥6[Accessed 17
December 2011]

von Gadow, A., Joubert, E., Hansmann, C.F. 1997. Comparison of the antioxidant activity of
aspalathin with that of other plant phenols of rooibos teAspalathus linear)s M-

tocopherol, BHT, and BHA. J Agric Food Chem 45382

Wagner, M.A., Andemariam, B., Desai, S.A. 2003. Aompartment model of osmotic lysis
in Plasmodium falciparurnfected erythrocytes. Biophys J 84, 1183.

Waki, S., Tamura, J., Jingu, Bt.al. 1986. A new technique for drug susceptibility tests for
Plasmodium falciparurby ethidium bromide fluoroassayrans R Soc Trop Med H@ 47
49.

Waller, A., Simons, P.C., Biggs, SeMal. 2004. Techniques: GPCR assembly, pharmacology
and screenindpy flow cytometry. TrendsPharmacol S&A5(12), 663669.

Walsh, J.J. & Bell, A. 2009. Hybrid drugs for malaria. Curr Pharm Des 1392970

Wegener, J.W. & Nawrath, H. 1997. Cardiac effects of isoliquiritiggénin] Pharmacol 326,
37-44,

215



Whaun, J.M.,Rittershaus, C., Ip, S.H.C. 1983. Rapid identification and detection of

parasitizechuman red cells by automated flow cytometry. Cytometry 4,-122.
White, N.J. 2004. Antimalarial drug resistant€lin Invest 113(8), 1034992

Wielinga, P.R., Reid,,&halla, E.Eet al. 2002. Thiopurine metabolism and identification of
the thiopurine metabolites transported by MRP4 and MRP5 overexpressed in human
embryonic kidney cell$dol Pharmacol 62(6), 1321331

Wilairatana, P., Krudsood, S., Treeprasertsuk,e8 al. 2002. The future outlook of

antimalarial drugs and recent work on the treatment of malafiech Med Res 33, 41421
Wirth, D.F. 2002. The parasite genome: biological revelations. Nature 4149495

Wissing, F., Sanchez, C.P., RohrbachetRal, 2002. lllumination of the malaria parasite
Plasmodium falciparuralters intracellular pHJ Biol Cher@77(40), 3774B7755.

22NIR ISFftGK hNBFYAAFGA2Y 0621 h0d wamnl ® . | &)
Second Edition. WHO Genevavw.who.int, accessed T0Febraury 2011.

World Health Organisation (WHO) 2010b. Guidelines for the treatment of malaria, second

edition. WHO Genevavww.who.int, accessed on f0Febraury 2011.

World Health Organisation (WHO). 2010c. World malaria report. WHO V@ene

www.who.int, accessed TOFebraury 2011.

World Health Organisation (WHO). 2011. World malaria report. WHO Geneva.

www.who.int, accessed 3December 2011.

Wozniacka, A., Carter, A., McCauliffe, DP. 2002. Antimalarials in cutaneous lupus

erythromatosts: mechanisms of therapeutic benefit. Lupus 11871
www.rollbackmalaria.comaccessed YDDecember 2011.

Wyatt, C.R., Goff, W., Davis, W.C. 1991. A flow cytometric method for assessing viability of
intraerythrocytic hemoparasitesl. ImmunoMethods140, 23-30.

216



Zhan, Y., Dong;l., Yao, ¥. 2006. Antioxidant activities of aqueous extract from cultivated

fruit-bodies ofCordyceps militari_.) linkin vitro. J Integr Plant Biol 48(11), 138370

Zhao, H., Kalivendi, S., Zhang, &i.al. 2003. Supenxide reacts with hydroethidine but
forms a fluorescent product that is distinctly different from ethidium: potential implications
in intracellular fluorescence detection of superoxide. Free Radic Biol Med 34(11), 1359

1368.

Zhong, Z., Zhong, Z., Xing, &®.al. 2010. The preparation and antioxidant activity ef 2
[phenylhydrazine (or hydrazinghiosemicarbazoneghitosan.Int J Biol Macromo#7, 93
97.

Ziegler, H.L., &k, D., Christensen, Xt al. 2002.In vitro Plasmodiunfalciparum drug
sensitivity &say: inhibition of parasite growth by incorporation of stomatocytogenic
amphiphiles into the erythrocytic membran@ntimicrob Agents Chemother 46(5), 1442
1446

Ziegler, H.L., Franzyk, H., Sairafianpour,é¥al. 2004. Erythrocyte membrane modifying
agents and the inhibition oPlasmodium falciparurgrowth: structureactivity relationships

for betulinic acid analogue8ioorg Med Chem 12, 11127.

Zielonka, J. & Kalyanaraman, B. 2010. Hydroethidind MitoSO>terived red fluorescence
is not a reliablendicator of intracellular superoxide formation: Another inconvenient truth.

Free Radic Biol Med 48, 98801.

217



APPENDIA: CONFEREN®CRESENTATIONSD PUBLICATIONS

Appendix Al: Poster presentationThe 5" International Conference on farmaceuticd

and Pharmacologicalctences, Potchefstroom, 2009)

The Antimalarial Properties of Metronidazole Thiosemicarbazone Analogues
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Introduction:

Ninety percent of malaria cases reported in ssdthararAfrica are due to th&lasmodium
falciparum parasite. For decades malaria chemotherapy has hinged on a limited range of
drugs,with the parasite developing resistance to some. This has initiated an urgent search
for novel compounds with unique mechanismsf action against plasmodia species.
Metronidazole icommonly used against bacterial and protozoal infections by causing DNA
damage through freeadical damage. Thiosemicarbazones are a small class of compounds
which have shown to hav@rofound antiviral, antifungal, antitumour and antimalarial
effects.

Aims:

To examine the effects of a series of metronidazbiesemicarbazone analogues on time

vitro growth of P. falciparumelucidate a possible mechanism of action, as well as assess the
toxicity of these compounds.

Methods:

Metronidazole thiosemicarbazone analogues were synthesized wherein the thioamide
moiety was substituted by different cyclic and aromatic amines. TRe falciparum
chloroquinesensitivestrain (3D7) was maintained continuously in aodt For assessment

of antimalarial activity, theritiated hypoxanthine incorporation assay was employed. From
the data generated theoncentration required to inhibit parasite growth by 50%;¢Malue)

was obtained. Taletermine a possible mechanism aétion, the effects of the compounds
on i -haematinformation was examined. To assess the toxicity of these compounds a red
blood cell toxicityassay was performed.

Results:

The results obtained showed that all but one of the compounds inhibited parasivetigyr

with 1IGo @ £ dzS& 0 St 26 wmn >ahdematis dssay indicatet Mzt ¥l bit KvB

of the compounds were able to completely inhibithaematin formation by an average of
95% at amole:mole ratio of less than one for drug:haemin. Some of thenmmunds
inhibited i -haematin formation as effectively as quinine. Red blood cell toxicity results
indicated negligible amountsf red blood cell lysis and were comparable to those of quinine
and metronidazole alone.

Overall, (1EX-(4-((E}2-(1-(2-hydroxyehyl)-5-nitro-1Himidazot2-yl)vinyl)benzylidene}-
cyclooctylthiosemicarbazidé/ () and (1E}-(2-chlorobenzyb1-(4-((E}2-(1-(2-hydroxyethyl)
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5-nitro-1Himidazot2-yl)vinyl)benzylidene)thiosemicarbazide’J were the most active,

with IGovaluesof 2 5 ndmn>a FyYR HOPYyd B ndPndp>a NBELISC
bestsafety profile.

Conclusion:

The above results indicate that these compounds show promising antimalarial activity, but

require further attention to determine their combined interactiovhen used with classic

antimalarials.
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Ninety percent of malaria cases reported in stdharan Africa are due to tidasmodium
falciparumparasite. For decades malaria chemotherapy has hinged on a limitegk rah
drugs, with the parasite developing resistance to some. This has initiated a search for novel
compounds with unique mechanisms of action against plasmodia species.
Thiosemicarbazones are a small class of compounds with reported antifungal and
antimalhrial effects; while metronidazole is a commonly used broad spectrum antiprotozoal
agent. The properties of these two groups of compounds were combined by synthesizing
metronidazole thiosemicarbazone analogues, wherein the thioamide moiety of the
thiosemi@arbazone backbone was substituted by different cyclic and aromatic amines. The
sensitivity of the chloroquinsensitiveP. falciparumstrain (3D7) to the compounds was
assessed using the tritiated hypoxanthine incorporation assay. The compounds were
evaluded for their ability to inhibiti -haematin formation as well as their haemolytic
properties. All but one of the compounds inhibited parasite growth, witg V@lues below
10uM. Results from the -haematin assay indicated that, with the exception of two
compounds, all compounds inhibitédhaematin formation as effectively as quinine. Red
blood cell toxicity results indicated negligible amounts of haemolysis and were comparable
to those of quinine and metronidazole. Overall, (1E%-((E}2-(1-(2-hydroxyehyl)-5-nitro-
1Himidazol2-yl)vinyl)benzylidenef-cyclooctylthiosemicarbazide (Y1) and (4Ep-
chlorobenzyh1-(4-((E}2-(1-(2-hydroxyethyl)5-nitro-1Himidazot2yl)vinyl)benzylidene)
thiosemicarbazide (Y3) were the mostactive, withsglGvalues of 2.990.1uM and
2.89+0.09M respectively, as well as possessing the best safety profile. When combined
with quinine Y3 exhibited an additive relationship. These results indicate that metronidazole
thiosemicarbazones show promising antimalarial activity and essatate further
investigation.
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Introduction:

Ninety percent of malaria cases reported in ssdharan Africa are attributed to the
Plasmodiumfalciparum parasite. For decades malaria chemotiygy has hinged on a
limited range of drugswith the parasite developing resistance to some. This has
initiated an urgent search for novelompounds with unique mechanisms of action
against plasmodia species. Thiosemicarbazones are a small class of cdsypatin
reported antifungal and antimalarial effects; whilst metronidazole is a commonly used
broad spectrum antiprotozoal agent. The properties of these two groups were combined
by synthesizing metronidazoethiosemicarbazone analogues, wherein the thioden
moiety of the thiosemicarbazone backbone was substituted with different cyclic and
aromatic amines. These compounds were then tested againstnthvitro growth of P.
falciparum Possible mechanisms of action and drug interactions were examined as well
as thetoxicity of these compounds.

Methods:

The P. falciparumchloroquinesensitivestrain (3D7) was maintained continuously in

culture. For assessment of antimalarial activity and possible drug interactions the
tritiated hypoxanthine incorporation asgavas employed. From the data generated the
concentration required to inhibit parasite growth by 50%s¢IN&alue) was obtained. To

determine a possible mechanism of action, ttE€ SOG a4 2 F { K $ae@airy L2 dzy R
formation was examined. To assess the toxicity of these compounds a red blobgisell

assay was performed.

Results:

The results obtained showed that all but one of the compounds inhibited parasite

growth with IGovi f dzS& 06 Sf 2 ¢ ™A > a-Haemathzaszhylindica®d\i®aty G K S
GAGK GKS SEOSWIiA2z2Yy 2F (62 OkadmahdeyRtozasl £t f O
effectively as quinine. Red blood cell toxicity results indicated negligible amounts of red

blood celllysis and were comparable to those of quinine and metronidazole alone.
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Overall, (1EXL-(4-((E}2-(1-(2-hydroxyethyl5-nitro-1Himidazol2-yl)vinyl)benzylidene)
4-cyclooctylthiosemicarbazide Y and (1E}-(2-chlorobenzyhl-(4-((E}2-(1-(2-
hydroxyethyP5-nitro-1Himidazot2-yl)vinyl)benzylidene)thiosemicarbazideYd were

the most active, with I @ f dzSa 2F HdpdP B ndmn>a | YR HODy
well as possessing the best safety profile. In combined studies utilizing quinine and
dihydroartemisininY 3exhibited an additive relationship.

Conclusion:

The above results indicate that thesengpounds show promising antimalarial activity
combined with a good safety profile and necessitate further investigation
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Ninety percent of malaria cases reported in stéharan Africa are due to the
Plasmodium falciparunparasite. For decades malaria chemotherapy has hinged on a

limited range of drugs, with the parasite developing resistance to some. This has
initiated an urgent search for novelompounds with unique mee@misms of action

against plasmodia species. Thiosemicarbazones are a small class of compounds with
reported antifungal and antimalarial effects; while metronidazidea commonly used

broad spectrum antiprotozoal agenthe properties of these two group$ compounds

were combined by synthesizing metronidaztidosemicarbazone analogues, wherein

the thioamide moiety of the thiosemicarbazone backbone was substituted by different

cyclic and aromatic amines. The sensitivity of the chlorogsersitiveP. fatiparum

strain (3D7) to the compounds was assessed using the tritiated hypoxanthine
AYO2NLIR2NFGA2y Faaled ¢KS O2YLRdzyRa -6SNB S
haematin formation, as well as their haemolytic properties. All but one of the
compounds ihibited parasite growth, with K@ f dzS4 06Sf 26 mMnxa® wSac
haematin assay indicated that, with the exception of two compounds, all compounds

A Y K A o-Haénath formation as effectively as quinine. Red blood cell toxicity results
indicated regligible amounts of haemolysis and were comparable to those of quinine

and metronidazole. Overall, (XEX4-((E}2-(1-(2-hydroxyethyP5-nitro-1Himidazot2-
yhvinyl)benzylidenef-cyclooctylthiosemicarbazideY() and (1EX-(2-chlorobenzyhl-
(4-((E}2-(1-(2-hydroxyethyB5-nitro-1Himidazot2-yl)vinyl)benzylidene)thiosemi

carbazide Y3 were the most active, with (@ f dzS& 2F HOPPP8Is N dmMnA >
nonp>a NBaALISOGAGStes a ¢St tindombinddatadieS & a A y 3
utilizing quinine and dihydroartemisinilY3 exhibited an additive relationship.These

results indicate that metronidazole thiosemaibazone show promising antimalarial

activity and necessatate further investigation.
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A new series of chloroquinoline based chalcones were synthesized and evaluated for in vitro antiamoebic
and antimalarial activities. The results showed that out of fifteen compounds, four were found to be more
active against the Entamoeba histolytica; while one compound was moderatively active compared to the
standard drug metronidazole (ICsg = 146 pM). In contrast, in vitro antimalarial activity against the
chloroquine-sensitive (3D7) strain of P. falciparum indicated relatively low activity when compared to

controls such as chloroguine and quinine (I1Csp = 0.0065 pM and 0.14 pM, respectively ). The toxicological

Keywords:
2-Chloro-3-formylquinolines
Aromatic ketones

Chalcones

Entarmoeba histolytica
Cytotoxicity

Plasmodium falciparum
B-Haematin

Anti-oxidant

Haemolysis

studies of these compounds on human breast cancer MCF-7 cell line showed that all the compounds
were non-toxic at the concentration range of 15650 pM.

© 2011 Elsevier Masson SAS. All nghts reserved.

1. Introduction

Parasitic protozoa are the causative agents of numerous diseases
and affect an immense proportion of the world's population [1].
Two such protozoa are Entamoeba histolytica and Plasmodium fal-
ciparum, the causative agents of amoebiasis and malaria, respec-
tively. Amoebiasis continues to be a major problem in developing
countries partly due to a lack of adequate sanitation and health
education [2]. Countries where E histolytica remains endemic
include India, South Africa and Mexico to name a few [2]. Invasive
amoebiasis is the second most common cause of mortality due to
parasitic infections worldwide [3] killing one in 30 children in
Bangladesh alone [4]. It results primarily in an infection of the
colon, but may also be spread via the haematogenous path to other
organs, especially the liver [5] and is characterized by its high
capacity to destroy host tissues, leading to potentially life-

Abbreviations: pg, microgram; pL, microliter; pM, micromole; mL, milliliter; mg,
milligram; mmol, millimole; nm, nanometer; MTT, 3-{4,5-dimethylthiazol-2-yI)-
2,5-diphenyl tetrazolium bromide; DMSO, dimethyl sulfoxide; DPPH, 2,2-diphenyl-
1-picrylhydrazyl; ICsp, the drug concentration at which 50% growth inhibition
occurs.

* Corresponding author. Tel: +91 11 2698 1717/3254; fax: +91 11 2698 0229,

E-mail address: amir_sumbul@yahoo.coin (A, Azam)

0223-5234(% — see front matter @ 2011 Elsevier Masson SAS. All rights reserved.
doi:10.1016/jejmech.2011.02.004

threatening diseases such as ulcerative colitis or liver abscess.
Metronidazole (1-(2-hydroxyethyl)-2-methyl-5-nitroimidazole) is
the drug of choice for the treatment of amoebiasis and giardiasis [6]
and is reported to cause several toxic effects such as genotoxicity,
gastric mucus irritation and spermatozoid damage [7,8]. Further-
more, failures in the treatment of several intestinal protozoan
parasites may result from drug resistant by parasites [9,10]
A similar trend has been observed in the treatment of malaria,
a haematoprotozoan parasite of the Plasmodium species, carried by
certain types of the Anopheles mosquito [11]. It is one of the most
prevalent diseases of the developing world, affecting over
a hundred countries and resulting in an estimated 300—500 million
cases annually [12]. In sub-Saharan Africa alone over 90% of
reported malaria cases are attributed to the P. falciparum parasite
[13—15]. Epidemiological models have suggested that P. falciparum
infections outside of Africa, specifically in Southeast Asia, are
expected to be 200% higher than figures originally published by the
World Health Organization, with 76% of the total cases originating
from India [12]. The widespread resistance of the parasite to chlo-
roquine, the backbone of malaria chemotherapy, has highlighted
the fact that the investigation of new chemotherapeutics with
similar mechanisms of action and toxicity profile to that of chlo-
roquine is highly desired. The mechanism of action of chloroquine
lies in the fact that, once haemoglobin has been degraded by
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plasmodial cysteine proteases, the toxic haem intermediate cannot
be detoxified into haemozoin, resulting in oxidative stress and
death of the parasite [16]. A therapeutic agent capable of acting in
a similar manner as well as interacting favourably with other
established antimalarials would be invaluable.

It is well known that chalcones and quinoline incorporating
heterocycles play an important role in medicinal chemistry and
possess various biological activities such as antimicrobial, anti-
inflammatory, analgesic, antimalarial, anticancer, antiviral, anti-
leishmanial and antitubercular [17—22]. According to the literature
indoquinol is currently used as antiamoebic drug in medical prac-
tice [23] and quinoline based hydrazones have shown antimalarial
and antitubercular activity [24—26]. Many natural products bearing
a quinoline nucleus such as quinidine, quinidinone, and quinine
from the plant Cinchona ledgeriana were also found to be anti-
amoebic [27]. In recent years it is reported that the incorporation of
a quinoline nucleus could alter the course of reaction, as well as the
biological properties of the molecules [28,29].

Since chalcones and quinoline incorporating heterocycles are
biologically active and as a part of our continuous efforts towards
the development of more potent antiprotozoal agents, we herein
report the synthesis, characterization, antiamoebic, antiplasmodial
and cytotoxic properties of a new series of chloroquinoline based
chalcones (4—18) in an attempt to improve upon the efficacy of
current antiamoebic and antimalarial agents.

2. Chemistry

The synthesis of the chloroquinoline based chalcones (4—18)
was performed in a manner as outlined in Scheme 1. The reaction of
2-chloro-3-formylquinolines (1-3) with different commercially
available aromatic ketones in presence of aqueous sodium
hydroxide in ethanol gave the quinolinyl chalcones. All the
compounds are insoluble in water, but soluble in most of the
organic solvents. Melting points were recorded on KSW melting
point apparatus and are uncorrected.

3. Pharmacology

All quinolinyl chalcones (4—18) were screened in vitro against
HM1:IMSS strain of E. histolytica by microdilution method [30]. All
the experiments were carried out in triplicate at each concentration
level and repeated thrice. Cytotoxicity of active compounds has
been studied using the MTT cell viability assay on the breast cancer
MCF-7 cell line. The results of antiamoebic activity and cytotoxicity
are summarized in Table 1. In vitro antimalarial activity was carried
out on the chloroquine-sensitive (3D7) strain of P. falciparum by use
of the [*H]-hypoxanthine-incorporation assay. All experiments

were repeated, at least, in triplicate. To determine a possible
mechanism of antimalarial action the inhibition of j-haematin
formation, as well as free radical scavenging activity were deter-
mined. Drug toxicity was determined by examining the haemolytic
effects of the compounds on healthy erythrocytes. Out of the 14
compounds, one lead compound was selected and combined with
quinine to determine possible drug interactions. The results of the
above are summarized in Table 2 and Fig. 2.

4. Results and discussion
4.1. Synthesis

The chloroquinoline based chalcones were prepared by one-step
Claisen—Schmidt condensation [31] of substituted 2-chloro-3-for-
mylquinolines with different aromatic ketones using the reaction
sequence as shown in Scheme 1. Forthis purpose a series of 2-chloro-
3-formylquinolines (1—3) were prepared from different acetanilides
[32]. The required acetanilides were prepared by direct condensation
of substituted anilines with acetic acid in presence of acetic anhydride
[33]. The prepared 2-chloro-3-formylquinolines were condensed
withdifferentcommercially available aromatic ketones in presence of
aqueous sodium hydroxide (2 mL, 40%) in 50 mL ethanol to yield the
quinolinyl chalcones (4—18) in good yield. All the compounds were
characterized by IR, "H and >*C NMR and mass spectra. The purity of
the compounds was confirmed by elemental analysis and the data
was found in accordance with +0.3%.

4.2. Antiamoebic activity

Preliminary experiments were carried out to determine the in
vitro antiamoebic activity of all the compounds (4—18) by micro-
dilution method using the HM1:IMSS strain of E. histolytica. The
antiamoebic effect was compared with the most widely used
antiamoebic medication, namely metronidazole which had a 50%
inhibitory concentration (ICsg) of 1.46 uM (Table 1). SAR showed
that compounds (4—10) which contained chloro and bromo groups
as substituent’s at C-3 and C-4 position of the phenyl ring: while
compounds (4, 5, 7 and 9) with amethyl group as a substituent at C-
6 and C-7 position of the chloroquinoline ring (excluding
compounds 6, 8 and 10) showed ICsy value in the range of
0.05—7.53 puM. Compounds (11-15) besides containing the same
substitution of chloro and bromo groups at C-3 and C-4 position of
the phenyl and methy!| group at C-6 and C-7 position of the chlor-
oquinoline ring except the compound (13), contain a methyl group
at the o-fi unsaturated carbonyl position showed ICsy value in the
range of 0.06—7.03 pM. Compounds (16—18) having the same
chloroquinoline ring in their structure contain a pyrimidine ring

(0]
3 H
(b)
P
N Cl
(1-3) H 0
R 5 4
5 =~ R3
/ Ry
Ry 7 N el
1
(4-18)

Scheme 1. Synthesis of chloroquinoline based chalcone (4-18). Reagent and conditions: (a) DMF[POCs, 75 °C reflux 17 h, (b) aq. NaOH, C;HsOH, different aromatic ketones, where

R, Ry, Rz and Ry are the different substituted groups.
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In vitro antiamoebic activity of chloroquinoline based chalcones (4—18) against HM1:IMSS strain of E histolytica and cytotoxidty profile of compounds 5, 10, 11, 15,17 and

metronidazole,

H (o]
) 4
R
S SN YLRJ
e Ra
Ry 7 N cl
8 1

Compound R Ry R Rs Antiamoebic activity Cytotoxicity profile
(MCF-7)
1Csp (uM) SD* 1Csg (uM) SD*

Br

4 H CHs H \©/ 7.53 0.14 N.D. N.D.
Br

5 CHy H H \©/ 1.03 0.22 =100 018
Br

6 H H H \©/ 345 0.16 N.D. N.D.

7 CHy H H \©\Br 4.09 012 N.D. N.D.

8 H H H \©\ 3.38 0.23 N.D. N.D.
Br

9 H CH: H \lij\c' 6.91 0.19 N.D. N.D.

10 H H H O\CI 0.05 0.1z =100 0.14
Br

11 H CH3 CH3 \©/ 0.09 0.22 =100 0.14
Br

12 CHs H CHz U 2.79 011 N.D. N.D.
Br

13 H H CHy \©/ 3.65 0.32 N.D. N.D
Cl

14 H CH; CH; \©/ 7.03 011 N.D. N.D.
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Table 1 (continued ).
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Compound R R Rz Rs Antiamoebic activity Cytotoxicity profile
(MCF-7)
ICsp (uM) SD? ICsp (uM) SD*
Cl
15 CHs H CHs \©/ 0.06 0.14 =100 028
N
=
16 CHy H H | _ 1.45 017 N.D. N.D.
N
T
17 H CH4 H | — 0.05 010 75.7 016
N
| =
18 H H H - 530 022 N.D. N.D.
Metronidazole 1.46 017 =100 011

* Standard deviation, N.D. = Not determined
The compounds with bold 1Csp values are more active than metronidazole.

instead of the phenyl ring. The compounds (16) and (17) except(18)
having the chloroquinoline ring being substituted by methyl group
at C-6 and C-7 position showed ICsp value in the range of
0.05—5.30 uM. From these 15 compounds, five (5,10, 11,15 and 17)
were found to be more active against .E. histolytica than the refer-
ence drug, metronidazole (ICsp = 1.46 pM). Out of these five
compounds, four compounds 10 (ICsy = 005 uM) 1
(ICsp — 0.09 uM), 15 (ICsp — 0.06 uM) and 17 (ICsp — 0.05 uM)
showed excellent antiamoebic activity being 16—29 times more
active than metronidazole. While compound 5 (IC5p = 1.03 pM ) was
moderately active compare to metronidazole.

4.3. Antimalarial activity
A series of chloroquinoline based chalcones (4—18) were

examined for their in vitro antimalarial activity, their interactions
with classic antimalarials, as well as their ability to inhibit the

Table 2

formation of p-heamatin and scavenge free radicals. The results
have been summarized in Table 2. The hypoxanthine incorporation
assay indicated that, although not comparable to the reference
agents chloroquine and quinine (ICsy values = 0.0065 pM and
014 uM, respectively), compounds 10, 16, 17 and 18 (ICsp
values = 3917 uM, 31.54 uM, 31.31 uM and 31.98 uM, respectively)
showed the most promising antimalarial activity. Compounds
16—18 were the only compounds to have a pyridine ring substitu-
tions at R3 and a hydrogen group at Rz, with either hydrogen or
methyl groups at R and Ry. Compound 10, which had the highest
ICsp value out of the 4, has hydrogen groups atR, Ry and Ry witha 4-
chloro phenyl ring at Rs. It appears as if the substitution of the
hydrogen group, instead of a methyl group, at R, positively influ-
ences the activity of compounds 4 and 5 when compared to
compounds 11-13, all of which have a bromophenyl ring. However,
when all methyl groups are replaced with hydrogen groups, as seen
in compound 6, activity diminishes. The positioning of the bromo

The in vitro antimalarial and haemaolytic activity of chloroquinoline based chalcones (4—18) and reference agents along with their effect on f-haematin formation.

Compound Antimalarial activity Haemolytic activity Inhibition OF f-haematin formation
IC5p + 5.D. (pM) Maximum inhibition at 100 pM (%) % Lysis at 100 pM ICsp + S.D. (pM) Maximum inhibition at 100 pM (%)
4 59.73 £ 1.19 1.09 + 055 =100 27.50 + 4.80
5 5011 & 3.85 1.68 + 066 =100 14.88 + 6.86
6 =100 61.22 + 13.09 1.38 + 067 =100 16.03 + 4.81
7 74.84 £ 339 1.40 + 096 =100 5538 + 191
8 44.56 + 1.75 2.20 + 054 =100 13.55 + 261
9 N.D. N.D. N.D. ND. N.D.
10 39.17 £ 2.05 1.74 £ 067 =100 19.49 £ 535
11 47.06 + 2.76 1.04 + 064 =100 10.54 + 0.88
12 =100 51.15 £ 81 1.53 £ 034 =100 13.30 £ 538
13 =100 343 £ 893 217 £ 059 =100 9.35 £ 576
14 50.44 + 322 1.44 + 0.66 =100 5.64 +3.72
15 =100 8.74 + 13.66 1.24 + 078 =100 14.42 + 421
16 31.54 + 3.03 1.55 + 1.15 =100 11.52 + 5.20
17 31.31 + 0.87 047 £ 077 =100 15.00 + 0.99
18 31.98 +1.27 1.10 + 1.04 =100 1229 + 435
Chloroquine 0.0065 + 0.0002 0.72 £ 032 2497 + 53
Quinine 0.14 + 0.007 1.22 + 098 6580 + 1.77
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Fig. 1. Percentage of viable cells after 48 h pre-treatment of human breast cancer MCF-7 cells with compounds 5, 10,11,15,17 and metronidazole (MNZ), evaluated by the MTTassay.

group on the phenyl ring appeared not to influence antimalarial
activity. A study conducted against the FCB1 chloroquine-resistant
strain of P faldparum indicated that quinolinyl chalcones with
a single chloro substitution at position 4 on the phenyl ring dis-
played no antimalarial activity (=200 puM). However, once di-
substituted at positions 2, 4 and 2, 5, the ICsp values decreased to
19 uM and 48.6 uM, respectively, whilst di-substitutions at posi-
tions 3 and 4 diminished the antimalarial activity [34]. The same
study also indicated that the addition of bromo, methoxy or
hydrogen groups to the phenyl ring diminished antimalarial
activity. The above results indicate differences in drug sensitivity
between chloroquine-sensitive and -resistant strains, but also
highlight the significant role that not only the various substitutions,
but also the positioning of the substitutions, play. None of the
compounds were capable of inhibiting the formation of f-haema-
tin, the synthetic molecule with the same chemical structure as
haemozoin, as effectively as chloroquine or quinine (ICsp = 24.9 uM
and 65.8 puM, respectively). Compound 7 exhibited the greatest
activity with 55.38% inhibition at 100 puM, however this was not
well correlated with antimalarial activity. None of the compounds
were capable of scavenging the free electron of DPPH- as effectively
as ascorbic acid (ICsp = 20.10 uM), compounds 1, 2, 10, 11,13 and 14
showed some anti-oxidant activity at 80 uM, or a ratio of drug to
DPPH- of 1:1 (% scavenging activity = 7.79, 2.06,3.69, 2.27, 1.43, and
0.78%, respectively) and were comparable to the anti-oxidant
activity of chloroquine and quinine (% scavenging activity = 4.06

Compound 17

(Relative ratio’s)

Quinine
(Relative ratio's )

Fig. 2. lsobologram depicting the additive interaction between compound 17 and
quinine,

and 265%, respectively). The mechanism of action of this class of
compounds remains unclear, when tested against the P. falciparum
cysteine protease, falcipain, the quinolinyl chalcones showed weak
activity that was not correlated with antimalarial activity [34]. Inan
examination of the interaction of compound 17 and quinine, an
additive interaction was noted. This is possibly due, to the different
complementary mechanisms of actions of these two compounds.

4.4 Cytotoxicity profile

Since compounds 5, 10, 11, 15 and 17 were more potent than
metronidazole, they were screened for cytotoxicity against the
human breast cancer MCF-7 cell line. Compounds 5, 10, 11 and
metronidazole inhibited <20% cell growth. Whilst compound 17
inhibited cell growth in a dose dependant manner, where 50 puM
inhibited 36% and 100 pM, inhibited 66% cell growth (Fig. 1). To
ensure the antimalarial activity noted for these compounds were
due to a direct inhibitory effect on the intra-erythrocytic parasite,
all the compounds were screened against healthy red blood cells for
any haemolytic effects (Table 2). None of the compounds showed
any notable haemolytic effects when compared to antimalarials
such as chloroquine or quinine (% haemolysis of 0.72 and 1.22%,
respectively). The greatest haemolytic activity was noted for
compounds 8 and 13 (% haemolysis of 2.2 and 2.17%, respectively).

5. Conclusion

The 15 chloroquinoline based chalcones (4—18) were synthe-
sized by condensation of substituted 2-chloro-3-formylquinolines
with different aromatic ketones. In vitro antiamoebic and antima-
larial activities were determined against the HM1:IMSS strain of
E. histolytica and 3D7 strain of P falciparum, respectively. Anti-
amoebic activity indicated that out of the 15 compounds, 5
compounds exhibited more potent activity than the reference drug
metronidazole (ICsp = 146 uM). Antimalarial activity was not as
promising, none of the chloroquinoline based chalcones were
capable of inhibiting parasite growth as effectively as the reference
drugs chloroquine and quinine (ICsp values = 0.0065 pM and
0.14 pM, respectively). When combined with quinine, compound 17
interacted in a favourable additive manner. Both the inhibition of
p-haematin formation and DPPH+ free radical scavenging assays
indicated that the antimalarial mechanisms of action of the
compounds do not lie in their ability to inhibit haemozoin forma-
tion or act as anti-oxidants. The MTT assay revealed that
compounds 5, 10, 11, 15 and metronidazole were non-toxic,
however compound 17 was found to inhibit 66% cell growth at
100 uM. Whilst, the red blood cell toxicity assay showed negligible
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amounts of haemolysis when compared to that of chlorequine and
quinine. The results obtained indicate that these compounds show
excellent antiamoebic activity, with 16—29 times the activity of the
standard treatment, metronidazole. No correlation was noted
between the antiamoebic and antimalarial activity with the above
compounds exhibiting only moderate antimalarial activity when
compared to standard treatments. Generally the compounds
proved to be non-toxic. Investigation into derivatives of this class of
compounds is essential, to examine the exact nature of their anti-
malarial activity, as well as the effect of structural changes on
antiamoebal and antiplasmodial activities.

6. Experimental protocol

All the required chemicals were purchased from Merck and
Aldrich Chemical Company (USA). 2-Chloro-3-formylquinolines
were synthesized by using the methods reported in literature [32].
Precoated aluminium sheets (silica gel 60 Fis4, Merck Germany)
were used for thin-layer chromatography (TLC) and spots were
visualized under UV light. Elemental analysis was carried out on
CHNS Elementar (Vario EL-111) and the results were within +-0.3% of
the theoretical values. IR spectra were recorded on Perkin—Elmer
model 1600 FT-IR RX1 spectrophotometer as KBr discs. 'H NMR and
3CNMR spectra were recorded on Bruker Spectrospin DPX 300 MHz
and Bruker Spectrospin DPX 75 MHz spectrometer respectively
using CDCl5 as a solvent and trimethylsilane (TMS) as an internal
standard. Splitting patterns are designated as follows; s, singlet; d,
doublet; m, multiplet. Chemical shift values are given in ppm. The
FAB mass spectra of the compounds were recorded on JEOL SX 102/
DA-6000 mass spectrometer using Argon/Xenon (6 KV, 10 mA) as
the FAB gas and m-nitrobenzyl alcohol (NBA) was used as the matrix.

6.1. Preparation of 2-chloro-3-formylquinolines (1-3)

Substituted 2-chloro-3-formylquinolines were prepared by
a reported method [32].

6.2. General procedure for the synthesis of chloroquinoline based
chalcones (4—18)

A  mixture of substituted 2-chloro-3-formylquinolines
(0.01 mol), the respective aromatic ketones (0.01 mol), and sodium
hydroxide (2 mL, 40% aqueous) in 50 mL ethanol was stirred at
room temperature for 24 h. The resulting precipitate was collected
by filtration, washed with water and recrystallized from ethyl
acetate.

6.2.1. (E)-1-(3-Bromophenyl)-3-(2-chloro-7-methylguinoline-3yl)
prop-2-en-1-one (4)

Yield 88% (Ethyl acetate); mp: 276 °C; Anal. calc. for
C1gH13NOCIBr: C 59.02, H 3.39, N 3.62%; found: C 59.04, H3.33, N
3.58%: IR #max (cm™'): 1652 (C=0), 1579 (C=C):; 'H NMR (CDCls)
4 (ppm): 8.46 (s,1H, Hy quinoline), 8.24 (s,1H, phenyl), 8.19 (d,1H,
J = 15.6 Hz, Hg), 7.99 (d,1H, ] = 7.5 Hz, phenyl), 7.80—7.73 (m, 2H, Hs
Hg quinoline), 756 (d,1H, J = 15.6 Hz, Hy), 7.46—7.39 [m, 3H, (2H
phenyl, Hg quinoline)], 2.58 (s, 3H, CH3 quinoline); *C NMR (CDCl3)
é (ppm): 188.3 (C=0), 150.3 (C—Cl), 148.2 (C-p), 142.8, 1404, 1394,
135.9, 1316, 130.4, 1275, 127.1,126.7 (Ar—C), 123.0 (C-a), 22.1 (CH3
quinoline). FAB-MS (m/z): [M*+1] 387.34.

6.2.2. (E)-1-(3-Bromophenyl)-3-(2-chloro-6-methylguinolin-3-yl)
prop-2-en-1-one (5)

Yield 74% (Ethyl acetate); mp: 142—144 °C; Anal calc. for
CygH13NOCIBr: C 59.02, H 3.39, N 3.62%; found: C 5903, H 3.32, N
3.56%. IR rmax (cm~!): 1662 (C=0), 1581 (C=C); 'H NMR (CDCl3)

4 (ppm): 8.39 (s, TH, Ha quinoline), 8.22 (s, 1H, phenyl), 8.16 (d, 1H,
J = 156 Hz, Hp), 798 (d, 1H, ] = 75 Hz, phenyl), 7.69 (s, 1H, Hs
quinoline) 7.66—7.60 [m, 2H, (1H phenyl, Hg quinoline)], 757 (d, 1H,
J=15.6 Hz, Hy), 749—7.39 [m, 2H, (1H phenyl, H7 quinoline)], 2.55
(s, 3H, CH3 quinoline); >C NMR (CDCl3) é (ppm): 188.8 (C=0),
149.4 (C—C1), 146.5 (C-f), 140.1, 137.9, 1363, 1356, 134.0, 1320,
130.01, 1281, 127.6, 126.8 (Ar—C), 122.5 (C-u), 21.6 (CH3 quinoline);
FAB-MS (m/z): [M*++1] 387.25.

6.23. (E)-1-(3-Bromophenyl }-3-( 2-chloroquinoline-3yl) prop-2-
en-1-one (6)

Yield 78% (Ethyl acetate); mp: 173 °C; Anal. calc. for
CigHpNOCIBr: € 59.95, H 3.77, N 3.50%; found: C 59.89, H 3.71,N
3.44%. IR vy (cm~'): 1659 (C=0), 1583 (C=C); 'H NMR (CDCly)
4 (ppm): 8.41 (s, 1H, Hy quinoline), 8.24 (s, 1H, phenyl), 8.21 (d, 1H,
J=15.6Hz, Hy), 7.97 (d, 1H,] = 7.5 Hz, phenyl), 7.94—7.78 (m, 3H, Hs
Hy Hg quinoline), 7.54 (d, 1H, ] = 15.6 Hz, Hy), 746—7.35 [m, 3H, (2H
phenyl, Hg quinoline)]; *C NMR (CDCl;) é (ppm): 188.9 (C=0),
148.9 (C—Cl), 145.6 (C-B), 139.0, 137.7, 134.6, 1334, 1296, 1276
(A1—C), 126.6 (C-z); FAB-MS (m/z): [M*+1] 373.11.

6.24. (E)-1-(4-Bromophenyl }-3-(2-chloro-6-methylquinoline-3yl )
prop-2-en-1-one (7)

Yield 84% (Ethyl acetate); mp: 276 °C, Anal. calc. for
C1gH13NOCIBr: C 59.02, H 339, N 3.62%; found: C 59.03, H3.33,N
3.56%. IR ¥max (cm~ ') 1651 (C=0), 1578 (C=C); 'H NMR (CDCl3)
o (ppm): 8.41 (s, 1H, Hy4 quinoline), 8.22 (d, 1H, J — 15.6 Hz, Hp),
8.05—7.91 [m, 3H, (2H phenyl, Hg quinoline)], 7.64 (s,1H, Hs quin-
oline), 7.63—7.52 [m, 3H, ( 1H phenyl, H,, H7 quinoline)], 2.56 (s, 3H,
CH; quinoline); *C NMR (CDCls) 6 (ppm): 189.4 (C=0), 149.4
(C—Cl), 146.4 (C-P)139.5, 137.5, 1355, 133.1, 128.6, 127.6 (Ar—C),
122.7 (C-w), 22.5 (CH;3 quinoline); FAB-MS (m/z): [M'+1] 387.39.

6.2.5. (E)-1-(4-Bromophenyl }-3-( 2-chloroquinoline-3yl)prop-2-en-
1-one (8)

Yield 88% (Ethyl acetate); mp: 223 °C; Anal. calc. for
CigH NOCIBr: C 58.02, H 2.98, N 3.76%; found: C 58.05, H294, N
3.70%. IR vmax (cm™'): 1651 (C=0), 1586 (C=C); 'H NMR (CDCls)
4 (ppm): 8.50 (s, 1H, H4 quinoline), 8.24 (d,1H, J = 15.6 Hz, Hg), 8.05
(d,1H, ] = 8.4 Hz, Hs quinoline), 7.95—7.77 [m, 4H, (2H phenyl, Hs Hg
quinoline)], 7.69—7.60 [m, 3H, (2H phenyl, H7 quinoline)], 7.55 (d,
1H,] = 15.6 Hz, He): '*C NMR (CDCls) 6 (ppm): 188.86 (C=0), 150.3
(C—Cl), 147.9 (C-B), 139.9, 136.2, 131.7, 130.1, 129.4, 128.4 (Ar—C),
125.7 (C-). FAB-MS (m/z): [M*+1] 373.44.

6.2.6. (E)-3-(2-Chloro-7-methylquinolin-3-yl)-1-(4-chlorophenyl)
prop-2-en-1-one (9)

Yield 78% (Ethyl acetate); mp: 158 °C; Anal. calc. for
CygH3NOCl,: C 66.68, H 3.83, N 4.09%; found: C 66.63, H 3.77, N
411%. IR vy (cm~1): 1650 (C=0), 1563 (C=C); 'H NMR (CDCl)
4 (ppm): 8.47 (s, 1H, Ha quinoline), 8.19 (d, 1H, J = 15.7 Hz, Hg), 8.06
(d, 1H, ] = 7.6 Hz, phenyl), 7.89 (d, 1H,] = 7.5 Hg, phenyl), 7.87—7.76
(m, 2H, Hs Hg quinoline), 7.56 (d, 1H,J = 15.6 Hz, H,),748—733 [m,
3H, (2H phenyl, Hs quinoline), 2.55 (s, 3H, CHz quinoline); *C NMR
(CDCls) é (ppm): 189.9 (C=0), 149.9 (C—Cl), 147.1 (C-B), 139.2,138 4,
136.8, 134.6, 132.2, 131.2, 129.7, 128.0, 127.6 (Ar—C), 124.6 (C-u),
21.25 (CH3 quinoline); FAB-MS (m/z): [M*+1] 343.03.

6.2.7. (E)-1-(4-Chlorophenyl)-3-(2-chloroquinoline-3yl Jprop-2-en-
1-one (10)

Yield 86% (Ethyl acetate); mp: 167 °C; Anal. calc. for
CigH NOCly: € 65.87, H 3.38, N 427%; found: C 65.82, H 331, N
422% IR vy (cm'): 1662 (C=0),1580 (C=C); 'H NMR (CDCl3)
4 (ppm): 8.50 (s, 1H, Hy quinoline), 824 (d, 1H, ] = 15.6 Hz, Hg), 8.05
(d,1H, J = 8.2 Hz, Hs quinoline), 8.01—7.77 [m, 4H, (2H phenyl, Hs Hg
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quinoline), 7.65—7.60 [m, 3H, (2H phenyl, H; quinoline)], 7.56 (s, 1H,
J = 15.6 Hz, H,); '*C NMR (CDCl3) é (ppm): 188.6 (C=0), 150.6
(C—C1), 147.7 (C-B), 1394, 136.2, 135.2, 131.2, 130.0, 128.3, 1275,
1263 (Ar—C), 125.2 (C-«); FAB-MS (m/z): [M*+1] 329.24.

6.2.8. (E)-1-(3-Bromophenyl)- 3-(2-chloro-7-methylguinoline-
3yl)-2-methylprop-2-en-1-one (11)

Yield 82% (Ethyl acetate); mp: 275 °C; Anal calc. for
C2oH15NOCIBr: € 59.95, H 3.77, N 3.50%; found: C 59.89, H 3.73, N
3.46%; IR vmax (cm™'): 1657 (C=0), 1580 (C=C); '"H NMR (CDCls)
d (ppm): 8.11 (s, 1H, Hy quinoline), 8.01 (s, 1H, phenyl), 7.79—-7.74
[m, 3H, (1H phenyl, Hs Hg quinoline)], 7.72 (s, TH, Hy CHg=CMe),
744—736 |m, 3H, (2H phenyl, Hs quinoline)], 2.57 (s, 3H, CHs
quinoline), 2.20 (s, 3H, CHg=CMe); 1*C NMR (CDCl3) é (ppm): 196.8
(C=0), 149.2 (C—Cl), 1472 (C-P), 141.9, 139.2, 138.7, 138.0, 1371,
129.8, 129.7, 128.0, 1273, 1269 (Ar—C), 1245 (C-w), 219 (CH3
quinoline), 14.1 [CH3 (CHg=CMe)]; FAB-MS (m/z): [M'+1] 401.22.

6.2.9. (E)-1-(3-Bromophenyl)-3-(2-chloro-6-methylguinolin-3-yl)-
2-methylprop-2-en-1-one (12)

Yield 84% (Ethyl acetate); mp: 181-183 °C; Anal. calc. for
CooH1sNOCIBr: € 59.95, H 3.77, N 3.50%; found: C 59.87, H 3.71, N
3.44%; IR vma (cm ™ Y): 1645 (C=0), 1577 (C=C): '"H NMR (CDCls)
4 (ppm): 8.17 (s, 1H, Hy quinoline), 8.02 (s, 1H, phenyl), 794 (d, 1H,
J = 8.3 Hz, phenyl), 781 (d, 1H, ] = 7.5 Hz, Hg quinoline), 7.73 (s, 1H,
Hg CHg=CMe),7.63 (s, 1H, Hs quinoline), 7.42—7.37 (m, 2H, phenyl),
7.33(d, 1H,J= 7.8 Hz, H; quinoline), 2.55 (s, 3H, CH3 quinoline), 2.19
(s, 3H, CHz CHp=CMe); *C NMR (CDCl3)  (ppm): 196.3 (C=0),
148.0(C—Cl),147.2(C-p),141.3,138.7,1376,135.5,133.6,132.3,129],
1281, 1276 (Ar—C), 1264 (C-u), 21.3 (CH; quinoline), 14.5 [CHs
(CHp = CMe)]; FAB-MS (m/z): [M*+1] 401.32.

6.2.10. (E)-1-(3-Bromophenyl)-3-(2-chlorogquinoline-3yl)-2-
methylprop-2-en-1-one (13)

Yield 89% (Ethyl acetate); mp: 217 °C; Anal. calc. for
Cy1gH13NOCIBr: C 59.02, H 3.39, N 3.62%; found: C 59.03,H 3.32, N
3.58% IR rmay (cm~'): 1644 (C=0), 1579 (C=C); 'H NMR (CDCl;)
d (ppm): 8.17 (s, 1H, Hs quinoline), 8.05 (s, 1H, phenyl), 7.89 (d, 1H,
] = 84 Hz, phenyl), 7.82 (d, 1H, ] = 7.8 Hz, Hg quinoline), 7.79-7.73
(m,2H, Hs Hg quinoline), 7.71(s, 1H, CHy = CMe), 7.64-7.59 (1H, t,
] = 72 Hz, H; quinoline), 7.42—7.33 (m, 2H, phenyl), 221 (s, 3H,
CHy—=CMe); '*C NMR (CDCl;) § (ppm): 1965 (C=0), 149.5
(C—Cl), 1473 (C-B), 139.2, 1385, 136.1, 1354, 132.4, 128.6, 127.5
(Ar—C), 1242 (C-z), 14.3[CH; (CHz—CMe)]. FAB-MS (m/z): [M*+1]
387.16.

6.2.11. (E)-3-(2-Chloro-7-methylquinoline-3yl)-1-(3-chlorophenyl)-
2-methylprop-2-en-1-one (14)

Yield 84% (Ethyl acetate); mp: 236 °C; Anal calc. for
CygH1sNOCly: C 67.43, H 424, N 3.93%: found: C 67.38, H 418, N
3.86%. IR rmax (cm~'): 1655 (C=0), 1576 (C=C); 'H NMR (CDCls)
4 (ppm): 8.12 (s, 1H, Hy quinoline), 7.86 (s, 1H, phenyl), 7.81 (s, 1H,
Hg quinoline), 7.77—7.74 [m, 2H, (1H phenyl, Hs quinoline)], 7.73 (s,
1H, CHg=CMe), 7.47—7.33 [m, 3H, (2H phenyl, Hs quinoline)] 2.55
(s, 3H, CH; quinoline), 2.20 (s, 3H, CHp—CMe); °C NMR (CDCls)
4 (ppm): 197.0 (C=0), 149.8 (C—Cl), 145.0 (C-B), 139.1, 137.1, 1346,
13211, 129.8, 127.6 (Ar—C), 1245 (C-a), 22.0 (CHs quinoline), 14.2
[CH3 (CHg=CMe)]; FAB-MS (m/z): [M*+1] 357.08.

6.2.12. (E)-3-(2-Chloro-6-methylquinolin-3-yl)- 1-(3-chlorophenyl)-
2-methylprop-2-en-1-one ( 15)

Yield 88% (Ethyl acetate); mp: 178 °C Anal. calc. for CagHysNOCl:
C 67.43, H 4.24, N 3.93%; found: C 6739 H 4.19, N 3.88%. IR Vmax
(em~1): 1651 (C=0), 1578 (C=C); 'H NMR (CDCls) & (ppm): 8.16 (s,
1H, H4 quinoline), 8.07 (s, 1H, phenyl), 7.94 (d, 1H, ] = 8.4 Hz,

phenyl), 7.82 (d, 1H, | = 7.5 Hz, Hg quinoline), 7.74 (s, 1H, CHg=
CMe), 7.63 (s, 1H, Hs quinoline) 7.48—7.32 [m, 3H, (2H phenyl, Hy
quinoline)], 2.56 (s, 3H, CH3 quinoline), 2.20 (5, 3H, CHg=CMe); 3¢
NMR (CDCls) & (ppm): 196.3 (C=0), 148.7 (C—Cl), 145.9 (C-B), 138.5,
137.4,136.3,134.1,133.4,132.2,129.1, 127.6 (Ar—C), 124.3 (C-o) 21.3,
(CH3 quinoline), 14.5 [CHz (CHg=CMe)]; FAB-MS (m/z): [M*+1]
35741

6.213. (E)-3-(2-Chloro-6-methylguinoline-3yl - 1-( pyridine-2yl)
prop-2-en-1-one (16)

Yield 78% (Ethyl acetate); mp: 188 °C; Anal. calc. for
CysH13N,OCL: C 70.02, H 4.24, N 9.07%; found: C 70.03, H 419, N
9.02%. IR vma (cm™'): 1651 (C=0), 1560 (C=C); 'H NMR (CDCls)
4 (ppm): 8.78 (d, 1H, ] = 4.2 Hz, pyridine), 8.58 (5,1H, H4 quinoline),
846 (d, 1H,] = 159 Hz, H),8.39 (d, TH,] = 2.4 Hz, pyridine), 8.26 (d,
1H, ] = 7.8 Hz, Hg quinoline), 7.95—7.90 [m, 2H, (1H pyridine, Hs
quinoline)] 7.66—7.59 [m, 2H, (1H pyridine, H7 quinoline)], 7.56 (d,
1H, ] = 15.6 Hz, H,), 2.56 (s, 3H, CH; quinoline); 3C NMR (CDCly)
4 (ppm): 1885 (C=0), 149.7 (C—Cl), 148.8 (C-P), 146.5, 139.1, 1376,
135.6, 133.8, 128.0, 1271, 126.8 (Ar—C), 1245 (C-u), 21.5 (CH3
quinoline). FAB-MS (m/z): [M™+1] 309.37.

6.2.14. (E)-3-(2-Chloro-7-methylquinoline-3yl - 1-( pyridine-2yl)
prop-2-en-1-one (17)

Yield 88% (Ethyl acetate); mp: 235 °C; Anal. calc. for
CigH13N20ClL: € 70.02, H 4.24, N 9.07%; found: C 70.05, H 4.18, N
9.03%; IR vnay (cm~1): 1658 (C=0), 1578 (C=C); "H NMR (CDCls)
d (ppm): 8.76 (d, 1H,J = 4.2 Hz, pyridine), 8.63 (5,1H, Ha quinoline),
8.40(d, 1H, J = 159 Hz, Hg), 8.38 (d, TH, ] = 2.3 Hz, pyridine), 8.26 (d,
1H, ] = 7.5 Hz, Hs quinoline), 795—7.81 [m, 2H (1H pyridine, Hg
quinoline)], 7.67—7.57 [m, 2H ( 1H pyridine, Hg quinoline)], 7.54 (d,
1H,] = 15.9 Hz, Hy), 2.56 (s, 3H, CH; quinoline); *C NMR (CDCls)
o (ppm): 188.4(C=0),150.3 (C—Cl), 148.4 (C-}), 142.7, 1404, 139.9,
137.6, 1291, 127.2, 1279, 1253 (Ar—C), 1242 (C-u), 224 (CH3
quinoline); FAB-MS (m/z): [M*+1] 309.41.

6.2.15. (E)-3-(2-Chloroguinoline-3yl)-1 (pyridine-2yl)prop-2-en-1-
one (18)

Yield 89% (Ethyl acetate); mp: 248 °C; Anal calc. for
C7HyN>OCl: € 69.28, H 3.76, N 9.50%: found: € 69.24, H 3.72, N
9.47%. IR vmax (cm~'): 1653 (C=0), 1566 (C=C); 'H NMR (CDCls)
4 (ppm): 8.78 (d, 1H, | = 4.2 Hz, pyridine), 8.67 (s, 1H, Hs quinoline),
8.42(d, 1H,] = 159 Hz, Hg), 8.35 (d, 1H,] = 2.4 Hz, pyridine), 8.26 (d,
1H, ] = 7.5 Hz, Hs quinoline), 8.05—7.76 [m, 3H, { 1H pyridine, Hg Hg
quinoline)], 763—7.58 [m, 2H, (1H pyridine, H7 quinoline)], 7.55 (d.
1H, ] = 15.9 Hz, H,), '*C NMR (CDCly) 4 (ppm): 188.6 (C=0), 150.9
(C—Cl), 148.1 (C-B), 139.9, 137.3, 128.2, 127.8, 1253 (Ar—C), 1244
(C-2); FAB-MS (mjz): [M*+1] 295.13.

6.3. In vitro antiamoebic assay

All the compounds (4—18) were screened in vitro for anti-
amoebic activity against HM1:IMSS strain of E. histolytica by
microdilution method [30]. E histolytica trophozoites were
cultured in a 96-well microtiter plate suspended in Diamond TYIS-
33 growth medium [35]. The test compounds (1 mg) were dis-
solved in DMSO (40 ul, concentration at which no inhibition of
amoeba growth occurred) [27,36]. The stock solutions (1 mg/mL) of
the compounds were freshly prepared and twofold serial dilutions
were made in the wells of a 96-well microtiter plate. The following
controls were included in each plate: metronidazole as a standard
amoebicidal drug, control wells (culture medium plus amoebae)
and a blank (culture medium only). All the experiments were
carried out in triplicate at each concentration and repeated thrice.
The amoeba suspension was prepared from a confluent culture by
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pouring off the medium at 37 °C and adding 5 mL of fresh medium,
chilling the culture tube on ice to detach the organisms from the
side of the flask. The number of amoeba/mL was estimated with
a haemocytometer, using the Trypan blue exclusion assay to
confirm viability. The suspension was diluted to 10° organism per
mL in fresh medium and 170 pL of this suspension was added to the
test and control wells in the plate such that aninoculum of 1.7 = 10*
organisms/well was achieved to ensure confluency butno excessive
growth in control wells. Plates were sealed and gassed for 10 min
with nitrogen before incubation at 37 °C for 72 h. After incubation,
the growth of amoeba in the plate was checked with a low power
microscope. The culture medium was removed by inverting the
plate and shaking gently. The plate was then immediately washed
with prewarmed (37 °C) 0.9% (w/v) sodium chloride solution. This
procedure was completed as quickly as possible to ensure the plate
did not cool, in order to prevent the detachment of amoebae. The
plate was allowed to dry at room temperature and the amoebae
were fixed with chilled (20 °C) 100% methanol and when dried,
stained with 0.5% aqueous eosin for 15 min. The stained plate was
washed 3 times with distilled water and allowed to dry before
200 pL 0.1 N sodium hydroxide was added to each well to dissolve
the protein and release the dye. The optical density of the resulting
solution was determined at 490 nm with a microplate reader. The %
inhibition of amoebal growth was calculated taking into account
the controls and then plotted against the logarithm of the
compound concentration. Linear regression analysis was used to
determine the best fitting line from which the 1Cs value was found
(Table 1).

6.3.1. In vitro antimalarial assay

Antimalarial activity of the compounds, against the chloro-
quine-sensitive (3D7) strain of P. falciparum, was performed using
the [*H]-hypoxanthine-incorporation assay [37]. The 3D7 strain
was continuously maintained in vitro in supplemented RPMI-1640
culture media and at a haematocrit of 5%. The culture was incu-
bated at 37 °C in a gaseous atmosphere of 5% COz, 3% Oy, 92% N2 [38]
and synchronized at the ring stage with 5% p-sorbitol [39] before
being adjusted to a final parasitemia of 0.5% and haematocrit of 1%,
This suspension (200 pL) was added to each well of the 96-well
plate with the exception of some wells which received non-para-
sitized red blood cells. Stock solutions of the test compounds were
made up in DMSO0 and serially diluted in a 96-well microtiter plate
[37]. The microtiter plate was then incubated for 24 h. Following
the incubation period, 25 pL of the radiolabeled [*H]-hypoxanthine
isotope (Amersham)at a concentration of 0.5 uCi/well was added to
each well. The microtiter plate was then incubated for a further
24 h. The parasitic DNA was harvested onto glass fibre filter mats by
use of a Titertek™ semi-automatic cell harvester. The mats were
then transferred to sample bags containing scintillation fluid
(Perkin—Elmer) and the f-radioactivity counted on the Wallac 1205
Betaplate scintillation counter. The counts per minute (cpm) were
generated and the parasite survival rate calculated. The concen-
tration required to inhibit parasite growth by 50% (ICsy value) was
determined from log sigmoid dose-response curves using the
Enzfitter™ software. Chloroquine and quinine were used as refer-
ence agents. Each experiment was repeated, at least, in triplicate.

6.3.2. Combination study

The antagonistic, synergistic or additive effect of the compound
exhibiting the most promising antimalarial activity and quinine
were determined by using the tritiated hypoxanthine incorporation
assay and constructing isobolograms. This involved preparing
various ratios of the two drugs (9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8
and 1:9) from which serial dilutions were prepared and from each
combination, an ICsq value was obtained. The 1Csp values were used

to construct an isobologram from which the type of interaction
could be determined [40,41]. Each experiment was repeated, at
least, in triplicate.

6.4. Inhibition of §-haemozoin formation assay

To determine whether the compounds had a similar mechanism
of action to that of chloroquine, the following were combined in
a 96-well microtiter plate: 12.5 pL of the test compound, 12.5 pL of
a 1 mg/mL haemin (Sigma) solubilised in DMSO, 25 pL H,0 and
finally 50 pl of a 0.5M acetate buffer. The acetate buffer was utilized
to simulate the acidic conditions (pH 4.7) of the parasitic food
vacuole. The plates were then incubated for 24 h and 100 pL of the
solution removed and the same volume substituted with DMSO,
the plates were then centrifuged at 1500 g for 10 min. This was
repeated 3 times to remove any unreacted haemin. Following this,
100 pL was removed and substituted with a 2M NaOH solution to
dissolve the f-haematin crystals. The solution was diluted twofold
and the absorbance read at 405 nm [42]. From the data obtained the
concentration at which f-haematin formation was inhibited by 50%
(ICso value) was determined by use of Enzfitter™ software. Classic
antimalarials, such as quinine and chloroquine, were used as
positive control. Each experiment was repeated, at least, in
triplicate.

6.5. DPPH* assay

The 2,2-diphenyl-1-picrylhydrazyl (DPPH#) assay was used to
measure the ability of the compounds to scavenge the stable free
radical of DPPH* in comparison to ascorbic acid. DPPH* (100 uL)
dissolved in HPLC grade methanol, was added along with 25 pL of
the compounds to a 96-well microtiter plate. Controls included
a drug-free DPPH* control and a background control consisting of
MeOH and DMSO. The plate was then incubated in the dark at room
temperature for 30 min before the absorbance read at 540 nm. The
DPPH* scavenging activity of the compounds were expressed as the
percentage decrease in the absorbance compared with the drug-
free DPPH" control. Each experiment was triplicated.

6.6. Cytotoxicity assays

6.6.1. MTT assay

MCF-7 cells were cultured and maintained as a monolayer in
Dulbecco’s modified Eagle’s medium (DMEM, Sigma) supple-
mented with 10% of fetal calf serum (Sigma) and antibiotics
(100 IU/mL of penicillin and 100 pug/mL of streptomycin, Sigma).
All cells were cultured at 37 °C in a 100% humidity atmosphere
and 5% CO, [43]. Exponentially growing viable cells were plated
at 1.2x10* cells per well into 96-well plates and incubated for
48 h before the addition of the compounds/metronidazole. Stock
solutions of compounds were initially dissolved in 20% (vfv)
DMSO and further diluted with fresh complete medium. The
growth-inhibitory effects of the compounds were measured using
standard tetrazolium MTT assay. After 48 h of incubation at 37 °C,
the medium was removed and 25 pL of MTT (5 mg/mL) in serum
free medium was added to each well. The plates were incubated
at 37 °C for 4 h. At the end of the incubation period, the medium
was removed and 100 pL DMSO added to all wells. The metab-
olized MTT product dissolved in DMSO was quantified by reading
the absorbance at 570 nm with a reference wavelength of 655 nm
in an ELISA plate reader (Labsystems Multiskan RC, Helsinki,
Finland). All assays were performed in triplicate. Percent viability
was defined as the relative absorbance of treated versus
untreated control cells.
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