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1.  SUMMARY

Over the past centuries malaria, a dreadful pathdgen blood related disease has been the
major cause of mortality among mankind. As timespdsthe pathogens coevolved with their
hosts, simultaneously manipulating the hostiefence mechanisms by intruding and
mimicking various host related metabolic and sigmalpathways. In the course of their
parasitic effect they modified themselves to peshte and destruct the host to death. The
present strategy for controlling and curing infeas diseases has targeted various metabolic
or enzymatic systems within the parasite. The nsestere drawback of this method of
controlling the diseases has led to the developroémarasitic resistance and consequent
relapse of once-contained infectious diseases arthéshost. | intended for a novel drug
discovery paradigm in order to prevent the pathagtated resistance focusing on identifying
and targeting host factors essential for pathogetny.e survival and proliferation. The
innovative methods involve stimulation of the irtBt erythrocytes and recognition by the
spleen macrophages to get rid of the pathogen @wept the further course of the disease.

In case of malaria the pathogeRJasmodium, enters erythrocytes and thus escapes
recognition by the immune system. The pathogen desluoxidative stress to the host
erythrocyte, which triggers eryptosis, the suicidi@ath of erythrocytes. Eryptosis is
characterized by cell shrinkage, membrane blebandg cell membrane phospholipid
scrambling with phosphatidylserine exposure atci#lesurface. Phosphatidylserine-exposing
erythrocytes are identified by macrophages whiajuérand degrade the eryptotic cells. To
the extent that infected erythrocytes undergo esipt prior to exit ofPlasmodia and
subsequent infection of other erythrocytes, thempttere eryptosis may protect against
malaria. Accordingly, any therapeutical interventiaccelerating suicidal death of infected
erythrocytes has the potential to foster elimimatiof infected erythrocytes, delay the
development of parasitemia and favorably influetloe course of malaria. Eryptosis is
stimulated by a wide variety of triggers includingmotic shock, oxidative stress, energy
depletion and a wide variety of xenobiotics. Digsaassociated with accelerated eryptosis
include sepsis, haemolytic uremic syndrome, malaiekle-cell anemia, beta-thalassemia,
glucose-6-phosphate dehydrogenase (G6PD)-defigigamsphate depletion, iron deficiency
and Wilson’s disease. Among the known stimulatdrsrgptosis, paclitaxel, chlorpromazine,
cyclosporine, curcumin, azathioprine, amiodaromgndamide, PGEand lead have indeed

been shown to favourably influence the course ofarrea Moreover, sickle-cell trait, beta-
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thalassemia trait, glucose-6-phosphate dehydrogegi@&PD)-deficiency and iron deficiency
confer some protection against a severe course@ria.

The therapeutic agents were chosen on the badiseof proved eryptotic activity, which
allowed rapid identification of new and existingdnsed drugs for host mediated antimalarial
therapy. Importantly, counteractinglasmodia by inducing eryptosis is not expected to
generate resistance of the pathogen, as the psataeiolved in suicidal death of the host cell
are not encoded by the pathogen and thus canmobbiied by mutations of its genes.

The present studies have been conducted to inaéstigvhether the subcutaneous
administration of azathioprine or aurothiomalatay modify the course of malaria and
survival of Plasmodium berghei -infected mice and further to examine if intrapamgal
administration of amiodarone influence the coufsmalaria.

In vitro infection of human erythrocytes witPlasmodium falciparum increased annexin V
binding and initially decreased forward scatterfe&f significantly augmented by
azathioprine. At higher concentrations azathiopsignificantly decreased intraerythrocytic
DNA/RNA content in vitro parasitemia at (1uM) concentration. Administration of
azathioprine significantly decreased the parasaewhicirculating erythrocytes and increased
the survival ofPlasmodium berghei infected mice (from 0% to 77% 22 days after infatt
Exposure to aurothiomalate significantly decreabedn vitro parasitemia oP. falciparum-
infected human erythrocytes without influencing th&aerythrocytic DNA/RNA content.
Administration of sodium aurothiomalaitevivo (daily 10 mg/kg b.w. s.c. from thé"&lay of
infection) enhanced the percentage of phosphaédyis exposing infected and noninfected
erythrocytes in blood. All non-treated mice diedhin 30 days of infection. Aurothiomalate-
treatment delayed the lethal course of malariaihgatb survival of more than 50% of the
mice 30 days after infection.

Thein vitro infection of human erythrocytes wikh falciparum (strain BinH) increased annexin
V-binding, an effect significantly augmented by edarone (10 pM). Amiodarone further
significantly decreased intraerythrocytic DNA/RNantent & 5 uM) andn vitro parasitemiaX
1uM). Following infection of mice withPlasmodium berghei ANKA by intraperitoneal
injection of parasitized murine erythrocytes (1%18miodarone (intraperitoneal 50 mg/kg
b.w) significantly decreased the parasitemia awdesed the survival &f. berghe infected
mice (from 0% to 70% 26 days after infection). Mwrer, treatment with amiodarone

significantly increased the percentage of PS-exgpsifected erythrocytes
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In conclusion azathioprine, aurothiomalate and danione stimulate the erythrocytic
machinery responsible for the eryptosis followingfection with Plasmodium. The
exhilaration of eryptosis precedes the full intydlerocytic maturation of the pathogen, thus
preventing the further lethal course of the diseamkfosters host survival during malaria. The
revelations defend that the stimulation of erymosi infected erythrocytes is a host
dependent mechanism to combat against infectioa. edperimental results not only justify
that the stimulation of eryptosis in infected ergttytes is not only a host dependent defence
mechanism but also a novel approach to prevertdttheces of resistance in plasmodia.

This method of identifying new host mediated antarial agents may be combined with the
regular antimalarial agents with host directed dtbgrapy and increase the efficacy in
eliminating the invaded and invading pathogen, targrol the resurgence of once contained

disease.
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2 ZUSAMMENFASSUNG
Im Verlauf der letzten Jahrhunderte war Malaria, sthreckliches Pathogen aus der Reihe
der blutsverwandten Krankheiten die Hauptursachelié Sterblichkeit der Menschheit. Mit
der Zeit entwickelten sich die Pathogen gemeinsam ihwen Wirten weiter und
manipulierten dabei die Verteidigungsmechanismes \d&rts, indem sie in verschiedene
wirtsspezifische Metabolismen und Signalwege eingea und sie imitierten. Im Verlauf
ihrer parasitaren Auswirkung modifizierten sie ssghbst, um zu proliferieren und den Wirt
zu toten. Die gegenwartige Strategie, um infekti6sankheiten zu kontrollieren und zu
heilen, hat auf verschiedene metabolische odemeatzsche Systeme innerhalb des Parasiten
abgezielt. Die schwerwiegendste Einschrankung vaesed Art, die Krankheiten zu
kontrollieren, hat zu der Entwicklung von paragtaResistenz gefuhrt und konsequentem
Ruckfall der once-contained infektiosen Krankheit@mitten des Wirts. Wir zielten auf ein
Entwicklungsmodell fir eine neuartige Substanz @i, die Resistenz des Pathogens zu
verhindern, indem wir uns darauf konzentriertere, diirtsfaktoren, die fur den Befall, das
Uberleben und die Proliferation des Pathogens &sfiesind, zu identifizieren und auf sie
abzuzielen. Die innovativen Methoden beinhalterm8lation der infizierten Erythrozyten
und Erkennung der Makrophagen der Milz, um dasd@gih zu entfernen und den weiteren
Krankheitsverlauf zu verhindern.
Im Fall von Malaria beféllt das Pathogd?iasmodium, Erythrozyten und entgeht somit der
Erkennung durch das Immunsystem. Das Pathogen iertluaxidativen Stress in der
Wirtserythrozyte, was Eryptose, d.h. Suizid von thmyzyten, auslost. Eryptose ist
gekennzeichnet durch Zellschrumpfung, Ausstilpueg Mlembran und Aktivierung der
Membranphospholipide mit Oberflachenexpression Rbnsphatidylserin. Erythrozyten, die
Phosphatidylserin freilegen, werden von Makrophagmtifiziert, die die eryptotischen
Zellen einhdllen und abbauen. Insofern infizierteytkrozyten vor dem Austritt von
Plasmodia und folglicher Infektion anderer Erythrozyten Erypé begehen, vermag die
vorzeitige Eryptose vor Malaria zu schitzen. Dem@eichend hat jegliche therapeutische
Intervention, die den suizidalen Tod von infizierterythrozyten beschleunigt, das Potenzial,
die Elimination von infizierten Erythrozyten zu ¢&&rn, die Entwicklung des
Parasitenwachstums zu verzdgern und den Verlauf Malaria ginstig zu beeinflussen.
Eryptose wird von einer umfangreichen Vielfalt vokuslosern stimuliert, darunter
osmotischem Schock, oxidativem Stress, Energienhangd einer groRen Anzahl von
Xenobiotika. Krankheiten, die mit beschleunigteryfiose in Zusammenhang stehen,
beinhalten Sepsis, hamolytisch-uramisches Syndrdviglaria, Sichelzellanamie, -
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Thalassamie, Glucose-6-Phosphat-Dehydrogenase (B6MRngel, Phosphatmangel,
Eisenmangel und Morbus Wilson. Unter den bekan8tenulanzien von Eryptose wurde flr
Paclitaxel, Chlorpromazin, Cyclosporin, Curcuminzathioprin, Amiodaron, Anandamid,
PGE und Blei in der Tat gezeigt, dass sie den Verlaui Malaria ginstig beeinflussen.
Darluber hinaus verleihen die Eigenschaften vonéehielien und R-Thalassamie, Glucose-6-
Phosphat-Dehydrogenase (G6PDH)-Mangel und Eisenghagigen gewissen Schutz vor
einem schweren Verlauf von Malaria.

Die therapeutischen Mittel wurden auf der Basi®rihiberpriften eryptotischen Aktivitat
ausgewahlt, was eine schnelle Identifikation neuerd existierender zugelassener
Arzneimittel flr eine wirtsvermittelte AntimalariBherapie ermdglicht. Es ist wichtig, dass
nicht erwartet wird, dass beim Bek&dmpfen \Riasmodia tber eine Induktion der Eryptose
eine Resistenz des Pathogens entwickelt wird, eveiProteine, die beim suizidalen Tod der
Wirtszelle beteiligt sind, nicht durch das Pathogendiert werden und damit durch
Mutationen seiner Gene nicht verandert werden kidnne

Die bisherigen Studien wurden durchgefuhrt, um =zersuchen, ob die subkutane
Verabreichung von Azathiopron oder Aurothiomalain déerlauf von Malaria und das
Uberleben von Mausen, die nittasmodium berghei infiziert wurden, modifizieren kann und
weiter, um zu untersuchen, ob intraperitoneale Meiahung von Amiodaron den Verlauf
von Malaria beeinflussen kann.

In vitro-Infektion humaner Erythrozyten nilasmodium falciparum erhdhte die Annexin V-
Bindung und verminderte anfanglich den forward tecdiffekte, die durch Azathioprin
signifikant erhbht werden konnten. Bei h6heren Kanmmtionen verminderte Azathioprin
signifikant den intraerythrozytdren DNA/RNA-Geh@ltpM) und Parasitenwachstumvitro

(1 uM). Verabreichung von Azathioprin vermindertigngikant die Infektionsrate von
zirkulierenden Erythrozyten und erhohte das Uberelion Mausen, die milasmodium
berghei infiziert wurden (von 0% bis zu 77% 22 Tage nachld&ektion).

Einwirkung von Aurothiomalat verminderte signifikatias Parasitenwachstuim vitro von
humanen Erythrozyten, die nit falciparum-infiziert wurden, ohne den intraerythrozytaren
DNA/RNA-Gehalt zu beeinflussen. Die VerabreichungnvNatriumaurothiomalatn vivo
(taglich 10 mg/kg KG s.c. ab dem 8. Tag der Infaktierhdhte den prozentualen Anteil von
Phosphatidylserin-exprimierenden infizierten unchiiinfizierten Erythrozyten im Blut. Alle
nicht-behandelten Mause starben innerhalb von 3feMaach Infektion. Behandlung mit
Aurothiomalat verzogerte den todlichen Verlauf \Walaria und fiihrte zum Uberleben von

Uber 50 % der Mause 30 Tage nach Infektion.
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Die in vitro-Infektion humaner Erythrozyten mR. falciparum (Linie BinH) erhohte die
Annexin V-Bindung, ein Effekt der durch AmiodarobO(pM) signifikant verstarkt wurde.
Amiodaron verminderte aul3erdem signifikant deramtythrozytdren DNA/RNA-Gehalt (5
pMM) und Parasitenwachstum vitro (> 1puM). Nachdem Mause Uber eine intraperitoneale
Injektion von parasitierten murinen ErythrozytenxX@® mit Plasmodium berghei ANKA
infiziert worden waren, verminderte Amiodaron (ageritoneal 50 mg/kg KG) signifikant die
Infektionsrate und erhohte das Uberleben von M3udenmit P. berghei infiziert wurden
(von 0% bis zu 70% 26 Tage nach der Infektion).libar hinaus erhéhte die Behandlung mit
Amiodaron signifikant die Prozentzahl von Phospghdsierin-exprimierenden infizierten
Erythrozyten.

Zusammenfassend stimulieren Azathioprin, Aurothiamand Amiodaron den erythrozytéaren
Mechanismus, der flr Eryptose infolge von Infektiit Plasmodium verantwortlich ist. Die
Auslésung von Eryptose geht der vollstandigen emjthrozytdren Reifung des Pathogens
voran, verhindert somit den todlichen Verlauf dearkheit und fordert das Uberleben des Wirts
wahrend Malaria. Die Erkenntnisse sprechen daféssddie Stimulation von Eryptose in
infizierten Erythrozyten ein wirtsabhangiger Medisanus ist, um die Infektion zu bekampfen.
Die experimentellen Ergebnisse rechtfertigen, diéssStimulation von Eryptose in infizierten
Erythrozyten nicht nur ein wirtsabhangiger Abwehchamnismus ist, sondern auch eine
neuartige Herangehensweise, um die Resistenzmkegiieh inPlasmodia zu verhindern.

Diese Methode, neue wirtsvermittelte Antimalariaatitzu identifizieren, kann mit den
regularen Antimalariamitteln, die auf den Wirt eie] kombiniert werden und die Effizienz
bei der Elimination der eingedrungenen und eindnagn Pathogene erhéhen und damit das
Wiederaufleben einer once contained Erkrankungantr&llieren.
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3. INTRODUCTION

Malaria and its incidence

Malaria, a disease caused by parasites of the gelassnodium, places a huge burden on
human life. Individuals in all continents are pdielty at risk, but the greatest suffering falls

to the people in tropical countries. The degreemdemicity varies between countries and
even between different areas in the same coumtrthd regions of very high endemicity, the
greatest suffering is borne by children less thayears of age, whereas in areas of low
endemicity, the disease affects all age groupsé@¥ét al., 1994). Malaria is one of the most
life threatening diseases in the world, causing2l/Amillion deaths annually. Of the four

species of human malaria parasit®asmodium falciparum causes the most severe of
symptoms and the greatest number of deaths (Ealg @002b)Predictions of global climate

change have stimulated forecasts that the vectorebdiseases will spread into the regions
that are at present too cool for their persisteRogérs et al., 2000).The increase in global

warming has a possibility of increase in the woilivncidence of malaria.

Malaria - key affected areas
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Historical perspective

Since ancient times, humankind has had to strugglinst the persistent onslaught of
pathogenic microorganisms. Nowadays, malaria i #te most important infectious
pathogenic disease worldwide.

The early descriptions of malaria and its clinisginptoms were put forward by Hippocrates
in about 400 BC. In the first quarter of the fiftéle century the bark of cinchona tree was
employed in Native American medicine for a febdlsease which has similar symptoms like
malaria. The modern drug for malaria, quinim&s isolated from the same tree bark. In the
nineteenth century Alphonse Laveran won the Noloelepfor his discovery that malaria is
caused by a protozoan in the blood(Sundberg, 2@#f)ier Lancisi suspected that mosquito
may be the vector for malaria, but it wasn't prova&dentifically until Sir Ronald Ross
identified plasmodium in the gut of mosquito for ielh he also won Nobel prize(Yoeli,
1973).

The pathogen and vector of malaria

The phylum Apicomplexans are responsible for a watege of serious diseases of humans,
livestock, wild animals and invertebrates and treeean estimated 5000 species of parasites
in the group. Human apicomplexan diseases includiama and toxoplasmosis; babesiosis,
theileriosis and coccidiosis are common problemslivestock(Lim et al., 2010). The
pathogen of malaria is from the Protozoan familgsRiodiidae that contains only one genus:
Plasmodium, and two subgener®& asmodium andLaverania. Only four Plasmodium species
are responsible for malarial infection in mam; vivax, P. ovale, P. malariae and P.
falciparum. P. vivax, P. ovale and P. malariae belong to thePlasmodium subgenuspP.
falciparum on the other hand belongs to the subgeraverania(Esposito et al., 1991) which

is the only species that may lead to severe, oféal, complications of the disease. In
addition to these four human malaria parasites, imaccasionally exposed to infection with
simian malaria parasites suchRscynomolgi and P. knowlesi (Kissinger et al., 1998)The
vector largely responsible for distribution of nrédas the femalénopheles mosquitoes.
Anopheles female mosquitos are able to trangtf@smodium to humans, and, among the
more than 450 Anopheles species known about 6@arsidered to be the actual vectors in
the wild (Cohuet et al.,, 20100. gambiae is a highly efficient, highly adapted vector that

feeds nearly exclusively on humans and has a ldegphn, greater than 30 days. As a
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consequenceA. gambiae mosquitoes feeding on a single infected individaed able to
transmit malaria to hundreds of others(Pierce .e2809). Parasite transition from the human
host to the mosquito vector is mediated by gameééscysexual stages that are formed in
human erythrocytes, which therefore play a crugatt in the spread of the tropical
disease(Kuehn et al., 2010).

Life cycle of the malaria parasite

The life cycle of malaria parasite is highly consplied, it is comprised of two stages (Figure
2), a sexual phase with multiplication in the feenaf theAnopheles species of mosquito also
called as mosquito cycle or vector cycle, and aex@a phase with multiplication in a
vertebrate host, which in turn has two cycles, wihin and one outside the erythrocyte

called endo and exo erythrocytic cycle respectively

Mosquito cycle (Sexual cycle):
FemaleAnopheles mosquito is the predominant vector that can eiitfect mammals or itself

be infected during a blood meal. Of the two holstsnans are the intermediate host and the
Anopheles mosquito is the definitive host, as in it the séxplaase of the cycle(Fujioka et al.,
2002). Each species Btasmodium infecting humans exhibits different morphologictges
(i.e. sporozoites, merozoites, etc.) that eliciqua host immune responses, and each of these
is a potential target for an antimalarial vaccimar@ett et al., 2008). Parasites taken up by the
mosquito during a blood meal as gametocytes tramsfmto the male exflagellated
microgametocytes or female macrogametocytes anctebrased from the erythrocytes in the
midgut of the insect where fertilization occurstniing the ‘zygote’ within 18h of the blood
meal. The zygote within the midgut then elongatesoming a motile ookinete which enters
the midgut epithelium and comes to rest beneattb#isal lamina where it forms an oocyst
24-72h after the blood meal. The oocyst then matur&-15 days after the blood meal giving
rise to up to 10,000 sporozoites. Finally, the spoites move through pores in the oocyst
membrane into the haemocoelic fluid to accumulatéhée acinal cells of the salivary gland
(Bannister et al., 2000).The vacuolar membrane thetergoes lysis to leave the sporozoites
unprotected inside the salivary gland. Here theyuneainto infective sporozoites that are
again inoculated into the vertebrate host durirgriéixt blood meal.

Hepatic cycle:
Sporozoites injected incidentally during the mosguite move within minutes to invade

hepatocytes if they are not first cleared by thieesp They are usually not injected directly
11
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into a blood vessel but, as the mosquito seardhesleases vasodilators with the saliva to
increase its chances of finding one, thus depasitimy sporozoites present into the
epithelium (Kappe et al., 2003). In the liver, @3- or pre-erythrocytic stage is played out
over a period of less than a week of asexual dinsin hepatic parenchymal cells (Miller et
al., 1998). The exact duration depends on theditiee fully grown schizont and the number
of merozoites it contains, and this depends orsgieeies of the malaria parasite involved.
falciparum takes a minimum of five and a half days for meroggtm be completed. Here,
even in their intracellular form, they are liabte d@ttack, this time from cytotoxic cells that
target the infected hepatocytes (Good et al., 199j)ivax, P. ovale, and the simian malaria

P. cynomolgi may develop hibernating forms, termed hypnozoites.

Erythrocytic cycle:
Surviving, they will break their containment togase thousands of merozoites through the

liver sinusoids and into the blood-stream from esicigle infected hepatocyte. At this point,
there is a way of microscopically differentiatingn@ngst species, aB. falciparum will
produce about 30,000 mononucleated merozoitesghlemtheread. vivax produces about a
third of theseP. ovale makes a few more thdh vivax andP. malariae produces only some
2000. These free merozoites make a perilous jouraegiding host immune defences, in
search of a red blood cell to invade. The merozsiteow commited to invasion. On entering,
the parasitophorous vacuole is formed around ittaedwo junctions continue to move as a
circumferential band towards the posterior of theramoite where they will fuse thus leaving
it wholly within the vacuole. Anywhere between 3tdad8 hours from the onset of invasion
the merozoite will multiply by schizogony (Mitchekt al., 1988).Inside the red cell
development continues to the trophozoite stageeanly on they look like rings under a light
microscope with Giemsa staining. This part of maléfe cycle is thus called the ‘ring’ stage.
Infected erythrocytes become distorted and irregdlaing the mature trophozoite stage.
Protein synthesis increases dramatically as nude&ion begins. Each nucleus will form a
new parasite that, upon rupture of the erythroeyiteliberate invasive merozoites into the
blood stream. Some parasites will not undergo sgay but differentiate into sexual stage,
extra-cellular, male or female gametocytes (mianomacro-gametes). The gametocytes are
then ingested by the mosquito when it takes iteféidtblood meal. Though the mature
gametocytes are present in the blood of infectetelbeate hosts, mating only occurs in the
midgut of female Anopheline mosquitoes. Gametogertakes about 20 minutes, beginning
immediately after the parasitized RBC reaches the @he parasite dissolves the two

erythrocyte membranes surrounding it and, in thee aaf the male gamete, undergoes the
12
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nuclear reorganization necessary for the formatdnseveral flagellar, free swimming

gametes (Sinden et al., 1996). Within the erythi®dlge parasite ingests hemoglobin for its
amino acid needs, and uses the cell’'s glucose #dret autrients which are digested inside
numerous phagosomes. Its diet becomes its mainyeagnoxic heme is released into the cell
as a by-product of hemoglobin digestion. This @wéver, polymerized into hemozoin, the
insoluble malarial pigment that is harmless to herasite. The parasitemia increases
exponentially as mature schizont-bloated erythmexyupture in synchrony releasing 10-30
merozoites each, along with the hemozoin and diirgrroducts of the parasite’s metabolism.
It is at this point that the high fever charactici®f malaria can be observed. In order to
attack the malaria parasite we must target at thtzgges in the life cycle where it is the most
susceptible to immune attack, as when it is exlidee rather than intracellular. The

extracellular stages, sporozoites, merozoites amietes express molecules with functional
roles in the biology of the parasite where immuffiector mechanisms may be most effective,

and it is here that one can look for potential waecandidates (Good, 1995).

13



Introduction "

Ookinete

Sporozoite
Fertilization

Macrogametocyte !

Exflagelating microgametocyte 4

= =
L x kK & ¥ ¢ B % B _B B 0 B B B B _§ B B R B F T F T ¥ I T &%

HUMAN

\Q@ g@
208 \ Trophozoite

Ruptured erythrocyte

Macrogametocyte T Microgametocyte g ﬂ
' HYPNOZOITE )

.

ERYTHROCYTIC
SCHIZOGONY

Host cell entry

Merozoite

Figure 2. lifecycle of malaria parasite (Fujioka aml Aikawa, 2002)

Apoptosis
Apoptosis is defined agrogrammedcell death activated by an internally controlledcile

program. It is a subtly orchestrated disassembigetitilar components designed to eliminate

unwanted cells during embryogenesis in various iplygical processes(Lancellotti et al.,

2009). Apoptosis is currently one of the hottest areasnoflern biology. It describes the

orchestrated collapse of a cell, staging membratebbing, cell shrinkage, protein
fragmentation, chromatin condensation and DNA d#ajran followed by rapid engulfment

of corpses by spleen macrophages. Apoptosis oocoursally during development and aging

and as a homeostatic mechanism to maintain celllpbpns in tissues. Apoptosis also occurs
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as a defense mechanism such as in immune reactiavisen cells are damaged by disease or
noxious agents (Norbury et al.,, 2001). Althoughrehare a wide variety of stimuli and
conditions, both physiological and pathologicahttiban trigger apoptosis, not all cells will
necessarily die in response to the same stimuluadidtion or drugs used for cancer
chemotherapy results in DNA damage in some cellsichvcan lead to apoptotic death
through ap53-dependent pathway. Some hormones, such as coeticms, may lead to
apoptotic death in some cells (e.qg., thymocytejoagh other cells are unaffected or even
stimulated. The alternative to apoptotic cell deiatmecrosis, which is considered to be a
toxic process where the cell is a passive victird ollows an energy-independent mode of
death. But since necrosis refers to the degradativeesses that occur after cell death, it is
considered by some to be an inappropriate termesrribe a mechanism of cell death
(Elmore, 2007). Apoptosis allows the elimination thfe cells without the release of
intracellular materials into the extra cellular spaand hence it usually does not cause
inflammation(Gulbins et al., 2000b)., whereas nsisrdeads to cell disintegration and the
induction of unspecific and/or specific immune m@3pe. The two main pathways of
apoptosis are extrinsic and intrinsic as well gsedorin/granzyme pathway. Each requires
specific triggering signals to begin an energy-aelemt cascade of molecular events. Each
pathway activates its own initiator caspase (8ar®d 10) which in turn will activate the
executioner caspase-3. However, granzyme A works caspase-independent fashion. The
execution pathway results in characteristic cytgrhological features including cell
shrinkage, chromatin condensation, formation obpltsmic blebs and apoptotic bodies and
finally phagocytosis of the apoptotic bodies byaaént parenchymal cells, neoplastic cells or
macrophages. The role of apoptosis in normal plygyois as significant as that of its
counterpart, mitosis. It demonstrates a complenmngriiat opposite role to mitosis and cell
proliferation in the regulation of various cell pdgtions. It is estimated that to maintain
homeostasis in the adult human body, around l@omilkells are made each day just to
balance those dying by apoptosis (Renehan et @01)2 And that number can increase
significantly when there is increased apoptosisindgunormal development and aging or

during disease.

Suicidal erythrocide death or eryptosis

Usually, erythrocytes within 100-120 days undergoescence, which eventually results in the
clearance of the aged erythrocytes (Arese et @D5;Bosman et al., 2005;Kiefer et al., 2000).
Senescence comprises binding of hemichromes to ®acldstering of band 3, and deposition
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of complement C3 fragments and anti band 3 immuwingdins (Lutz, 2004). Prior to
senescence-dependent removal, erythrocytes maylamsito nucleated cells, undergo a
suicidal death program which accomplishes the digpof abundant, defective or potentially
harmful cells (Green et al., 1998b;Gulbins et 2000a). Suicidal death of nucleated cells or
apoptosis (Green et al., 1998a;Gulbins et al., @08 paralleled by cell shrinkage, nuclear
condensation, DNA fragmentation, mitochondrial dappation, cell membrane blebbing and
breakdown of phosphatidylserine asymmetry of thasmpb membrane (Bortner et al.,
1999;Bortner et al., 2002;Bortner et al., 2004;daveet al., 2007;Maeno et al., 2000;0kada et
al., 2001;Yu et al., 2001). Stimulators of apoptasclude activation of death receptors such as
CD95 (Daniel et al., 2001;Grassme et al., 2000;Letray., 1999) or TNé (Rieger et al., 2007),
cell injury due to oxidative stress (Han et al.02Warela et al., 2007), cytostatic drugs
(Bachmeier et al., 2007), radiation (Rosette et1896), osmotic shock (Shimizu et al., 2006)
alkaline stress (Chen et al., 2007)," /M8 exchanger inhibitors (Konstantinidis et al., 2006)
bile salts (Becker et al., 2007). Apoptotic cell® @dentified by macrophages recognizing
(Fadok et al.,, 2000), engulfing and subsequenthgratbng (Boas et al.,, 1998e)
phosphatidylserine-exposing cells.

Mature erythrocytes have lost their nuclei and ofitmdria, important organelles in apoptosis.
Nevertheless, erythrocytes may undergo suicidalthdeharacterized by cell shrinkage,
membrane blebbing and phosphatidylserine expoalif@atures typical of apoptotic nucleated
cells (Berg et al., 2001b;Bratosin et al., 2001cdes et al., 2001a).

A major stimulator of eryptosis is an increase iytosolic C&" activity (Berg et al.,
2001a;Bratosin et al., 2001b;Daugas et al., 2004bich leads to cell membrane vesiculation
(Allan et al., 1977), stimulates cell membrane siing (Akel et al., 2006b;Nicolay et al.,
2006;Niemoeller et al., 2006b) and activates theetye endopeptidase calpain, an enzyme
degrading the cytoskeletand thus causing cell membrane blebbing (Pant.e1$83). C&"
may enter through nonselective cation channelsgtikeeet al., 2002;Kaestner et al., 2004;Lang
et al., 2005e;Bernhardt et al., 2007;lvanova et 2008). The molecular identity of those
channels is not completely understood but may @elRPC6 (Foller et al., 2008d). The cation
channels are activated by osmotic shock (Hubel.e@01b;Lang et al., 2003b), oxidative
stress (Lang et al.,, 2003c;Duranton et al., 2002y ClI removal (Duranton et al.,
2002c;Huber et al., 2001c;Lang et al., 2005d).

C&”, in addition, stimulates Gasensitive K channels (Bookchin et al., 1987;Brugnara et al.,

1993;Franco et al., 1996) with subsequent efflux K3f hyperpolarization of the cell
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membrane and Céxit (Lang et al., 2003g). The cellular loss of IK@th osmotically obliged
water causes cell shrinkage (Lang et al., 2003h).

A second major stimulator of cell membrane scrangpis ceramide (Lang et al., 2004d).
Eryptosis is further stimulated by energy depletigdarl et al., 2006), oxidative stress
(Barvitenko et al., 2005;Bracci et al., 2002;Langaé, 2002) or impaired antioxidative
defence (Bilmen et al., 2001b;Damonte et al., 1992kelli et al., 1984). Oxidative stress
involves activation of the Gapermeable cation channels (Duranton et al., 2002a)eover,
oxidative stress activates erythrocyté d@lannels (Huber et al., 2002a;Tanneur et al., 2006b
which contribute to eryptotic cell shrinkage (Myssiet al., 2004). Oxidative stress further
activates caspases (Bratosin et al., 2001a;Man@dl, 003;Matarrese et al., 2005).

Suicidal erythrocyte death may be triggered by@ewiariety of stimulators (Lang et al., 2008b)
including ligation of specific surface antigens¢iswas glycophorin-C (Head et al., 2005a), the
thrombospondin-1 receptor CD@ead et al., 2005b) and the death receptor CD8%Mandal

et al., 2005). Eryptosis may further be stimuldigcdceramide (acylsphingosine) (Lang et al.,
2004c), prostaglandin,HLang et al., 2005c), platelet activating factbarfg et al., 2005f),
anti A 1gG antibodies (Attanasio et al., 2007), loéysinfrom Vibrio parahaemolyticus (Lang

et al., 2004e), listeriolysin (Foller et al., 200,7paclitaxel (Lang et al., 2006c), amantadine
(Foller et al., 2008b), azathioprine (Geiger et 2008c), amiodarone (Nicolay et al., 2007b),
retinoic acid (Niemoeller et al., 2008b), Ciglitamo (Niemoeller et al.,, 2008a),
chlorpromazine (Akel et al., 2006a), peptidoglycéroller et al., 2009a), cyclosporine
(Niemoeller et al., 2006a), methylglyoxal (Nicoléghneider, Niemoeller, Artunc, Portero-
Otin, Haik, Jr., Thornalley, Schleicher, Wiederddrang, 2006), amyloid peptides (Nicolay
et al., 2007c), anandamide (Bentzen et al., 200BBYy-Y5884 (Shumilina et al., 2006),
curcumin (Bentzen et al., 2007a), arsenic (Mahntudl.e 2009a), methyldopa (Mahmud et
al., 2008), valinomycin (Schneider et al., 2007)ynanium (Niemoeller et al., 2006c),
mercury (Eisele et al., 2006), lead (Kempe et28lQ5), gold (Sopjani et al., 2008f), selenium
(Sopjani et al., 2008c), vanadium (Foller et alQ&e), cadmium (Sopjani et al., 2008a), tin
(Nguyen et al., 2009), and copper (Lang et al.,7200

Eryptosis participates in the pathophysiology ofesal clinical conditions, including sepsis
(Kempe et al., 2007b), hemolytic uremic syndroman(. et al., 2006b), renal insuficiency
(Myssina et al., 2003a), malaria infection (Brahdle 2003), sickle-cell anemia (Wood et al.,
1996a;Browning et al., 2007), beta-thalassemia gL &woll, Myssina, Schittenhelm, Scheel-
Walter, Kanz, Fritz, Lang, Huber, and Wieder, 200flucose-6-phosphate dehydrogenase
(G6PD)-deficiency (Lang, Roll, Myssina, SchittemhelScheel-Walter, Kanz, Fritz, Lang,
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Huber, and Wieder, 2002), phosphate depletion ek al., 2004), and Wilsons disease
(Lang et al., 2007a). Enhanced eryptosis in ségsmpe et al., 2007a) and hemolytic uremic
syndrome (Lang et al., 2006a) is secondary to #palaility of serum from respective patients
to trigger eryptosis.

The C&'-permeable cation channels and thus eryptosishitited by erythropoietin (Myssina
et al., 2003b), which similarly inhibits apoptosi§ erythrocytic progenitor cells (Jelkmann,
1992;Polenakovic et al., 1996a). The inhibitorgeffof erythropoietin on eryptosis increases the
life span of circulating cells (Polenakovic et &B96b). Interestingly, howeven vitro eryptosis

of erythropoetin-overexpressing animals is enhar{Eetler et al., 2007a), an effect possibly
accounting for enhanced death of erythrocytes wjsmmeasing erythropoietin plasma levels
(Rice et al., 2005). Dopamine, isoproterenol anidegghrine inhibit eryptosis by decreasing
the activity of the Cd-permeable cation channels (Lang et al., 2005b¢. &ation channels
(Huber et al.,, 2001a;Lang et al., 2003d) and thyptesis (Lang et al., 2003f) are further
inhibited by amiloride (Lang et al., 2003a) andy&topropylamiloride (EIPA) (Lang et al.,
2003e). Additional inhibitors of eryptosis incluflefenamic acid (Kasinathan et al., 2007),
adenosine (Niemoeller et al., 2007), zidovudinectk@renko et al., 2008) and caffeine (Floride
et al., 2008). The most powerful known inhibitdremyptosis is nitric oxide (Nicolay et al.,
2008a), which could be released from erythrocyt@saford et al., 2006;Dejam et al.,
2005a;Grubina et al., 2007), whereby oxygenatedoggobin binds and desoxygenated
hemoglobin releases NO (Angelo et al., 2006;Dejaal.e2005b;Diesen et al., 2007;Power et
al., 2007;Reynolds et al., 2007;Yang et al., 1996&ixic oxide is partially effective through
activation of cGMP-dependent protein kinases (Oaal.e 2006;Li et al., 1999;Nicolay et al.,
2008b). Accordingly, deficiency in cGMP-dependgmbtein kinase type | (cGKljeads to

excessive eryptosis, severe anemia and splenom@gdiigr et al., 2008a).

Eryptosis in malaria

As indicated aboveRlasmodium falciparum depends on the activation of ion channels in the
erythrocyte cell membrane, as they allow the uptdkeutrients, Naand C&" and the disposal

of waste products (Kirk, 2001bPlasmodium falciparum activates the ion channels by
inducing oxidative stress (Duranton et al., 2003jefuet al., 2002b;Tanneur et al., 2006a).
The opening of the Gipermeable cation channels is followed by ‘Gantry and stimulation of
eryptosis (Bilmen et al., 2001a;Damonte et al., 2E9®lavelli, Ciriolo, Rossi, Meloni,
Forteleoni, De Flora, Benatti, Morelli, and Rotjli@984). The clearance by macrophages
limits the life span of the infected eryptotic sglLang et al., 2004b). Thus, the pathogen faces a
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dilemma. On the one hand, it requires the charfioekhe uptake of Na on the other hand, the
associated Gauptake eventually triggers eryptosis of the pézas erythrocyte (Brand, Sandu,
Duranton, Tanneur, Lang, Huber, and Lang, 2003)th@apening of those channels thus limits
the period of safe dwelling in the host cells.

The intraerythrocytic pathogen deals with thisdiéeby delaying the execution of eryptosis. It
sequesters Gaand thus keeps the intra-erythrocytic freé'@ancentration together with the
erythrocyte C& pump low (Huber et al., 2005) In addition it pretsepremature hemolysis of its
host erythrocyte by decreasing the colloid osmptessure of the erythrocyte cytosol. This is
accomplished by excess haemoglobin digestion areckjbgrt of the haemoglobin-derived amino
acids through the NPP (Lew et al.,, 2003). Eventuailasmodium infection results in
breakdown of the phospholipids asymmetry acrosstirocyte membrane and exposure of
phosphatidylserine (Brand, Sandu, Duranton, Taniheung, Huber, and Lang, 2003;Eda et al.,
2002a;Joshi et al., 1987;Joshi et al., 1988;Magiied., 1991;Schwartz et al., 1987).
Phosphatidylserine exposure, in turn, has been demabed for trophozoite-infected
erythrocytes to stimulate their phagocytotic claaea(Ayi et al., 2002b;Turrini et al., 1992a) On
the other hand, phosphatidylserine exposure refiprtiacilitates tissue sequestration of
trophozoite-infected cells and, thus, contributethe partial immune evasion of the late stages
(Eda and Sherman, 2002a;Sherman et al., 2003jditican to triggering of phosphatidylserine
exposure, the intraerythrocytic pathogen agesaw hell. i.e., it induces a dramatic, time-
compressed enhancement of normal erythrocyte semescwhich contributes to the
clearance of infected cells (Sherman et al., 2004ii et al., 1992b). In particular, this occurs
in infected erythrocytes with sickle-cell trait, thghalassemia-trait, homozygous Hb-C and
G6PD-deficiency which fosters the clearance ofereythrocytes already in the ring stage of
infection and which underlies the partial resistario malaria of the carriers of theses
erythrocytes (Arese, Turrini, and Schwarzer, 200b;fet al., 2002a;Ayi et al.,
2004c;Cappadoro et al., 1998b).

Erythrocytes with hemoglinopathies or G6PD-deficiermre highly prone to enter eryptosis
(Ayi et al., 2004b;Cappadoro et al., 1998a;de Jirg., 2001b;Kean et al., 2002b;Kuypers et
al., 1998b;Lang, Roll, Myssina, Schittenhelm, S¢iWalter, Kanz, Fritz, Lang, Huber, and
Wieder, 2002) and pharmacological induction of padidylserine exposure of ring stage-
infected erythrocytes reportedly accelerates tlobgrarance (Ayi et al.,, 2002c)Thus,
maneuvers accelerating eryptosis may result in grera clearance of the intraerythrocytic
parasite.. As a matter of fact, iron deficiency kideet al., 2007a), lead (Koka et al., 2007b),
chlorpromazine (Koka et al., 2008a) and inhibitadrNO synthase by L-NAME (Koka et al.,
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2008c) decrease parasitemia and partially enhameestirvival of Plasmodium berghei-
infected mice eventually by accelerating erythrecgieath. Thus, several conditions are
known, which are associated with enhanced susddptilo eryptosis and at the same time
with a milder course of malaria. Among those, sckéll trait is an example of a condition
which is not associated with the problem of devielgpesistance of the pathogen since the

physiology of the host cell is not at the genetspdsition of the pathogen.

Synopsis of apoptosis, eryptosis and malaria

Erythrocyte shrinkage and phosphatidylserine exmodtieryptosis”’) mimic features of
apoptosis in nucleated cells which however, inwh&everal mechanisms lacking in
erythrocytes. Several conditions trigger prematmgtosis thus favouring the development
of anemia. On the other hand, eryptosis may be ehamesm of defective erythrocytes to
escape hemolysis. Beyond their significance fortheogyte survival and death the
mechanisms involved in “eryptosis” may similarlyntabute to apoptosis of nucleated
cells(Lang et al., 2005a). “Apoptosis” of erythreey is triggered by redox-sensitive, Ca2+-
permeable, non-selective cation channels, actiwvatib the Gardos K+ channel and cell
shrinkage. The malaria parasite P. falciparum npogbably utilizes these Ca2+-permeable
non-selective cation channels to adapt the ionmpmsition of the host cytosol to its needs.
Buffering of the cytosolic free [Ca2+] by the patagrobably prevents Gardos K+ channel
activation and substantial host cell shrinkage rdyearly parasite development. Activity of
the cation channels, however, may be paralleleeriyy of the host cell into “apoptosis”
during the late stages of parasite developmentltieg in breakdown of the membrane
phospholipid asymmetry and exposure of phosphaidiyle at the outer membrane leaflet.
Host cell “apoptosis” may contribute to tissue ssjration of the late stage-infected
erythrocyte. It may also foster phagocytotic cleasaof the infected cells by macrophages.
Accelerated “apoptotic” clearance of the infectegtteocyte might contribute to the partial
malaria resistance observed in sickle cell anaeth@assaemia and glucose-6-phosphate
dehydrogenase deficiency, all conditions associatgth increased susceptibility of

erythrocytes to enter “apoptosis”.
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Figure 3 Physiological changes in infected and nanfected erythrocytes (Lang et al., 2004a)

A The consecutive activation of Ca2+-permeable natitannels, Gardos K+ channels, sphingomyelinade an
scramblase in dying erythrocytes results in celinblage and phosphatidylserine exposure at theroute
membrane, both of which foster phagocytotic cleegant the cell.

B Hypothetical model of mechanisms underlying cyteadnce and “apoptosis” of parasitized erythrocites
falciparum infection (left) activates a Ca2+-permeable catitiannel and organic osmolyte permeable anion
channels byoxidation (middle). Infection also aatés asphingomyelinase leading to formation ofro&ta that

in turn facilitates Ca2+-dependent scramblase aiitin. Exposure of phosphatidylserine (phosphaodipidred)

at the outer membrane leaflet stimulates cytoadivereto endothelial cells and/or triggers phagoaytot

clearance of infected erythrocytes by macrophaggist]
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4. OBJECTIVE OF THE STUDY

Malaria has always been a major killer of populasithroughout the tropics for thousands of
years. Despite important advances in our understgraf the disease, it continues to be one
of the greatest causes of serious illness and deatte world. Over 75% of 2—3 million
deaths occurring to African children, and about &@ilion new cases reported annually, is a
challenge to drug therapy and discovery (Na-Bangghet al., 2007) (Ringwald, 2007)
Global efforts to treat malaria have focused largmh provision of effective antimalarial
treatment, mainly through public health servicdse Pprivate sector (although a key source of
antimalarial treatments in most countries) has bewstly ignored in the effort to find
solutions to the issues of availability, and afeuity of effective drugsThe conventional
modes to control over malaria relied on the pravisbf proven antimalarial drugs, on
environmental sanitation and on the applicationingecticides. But the increase of drug
resistant strains made the traditional mode ofrobipossible to combat malaria, hence the
approach of identifying the new chemical entitieshwhigh potential in curing have been
increased. Many organisations started fundingdeearch where there is search going on for
potential drug molecules which act against malaria.

To start with a new lead molecule and end it aswayidentified chemical entity which can
fight against malaria may need a lot of money, mawer and years of time which is similar
for all the therapeutic agents used for other ailisieThe initiation of identifying may be a
small leap but also a gaint step for the mankinge Tajor problem nowadays which we
come across in discovery of new drugs is that thay not be so fruitful at the end since they
may be dropped at any stage of the phase orientdd, thence it's better to check the
alternate drugs which hamper the growth and destrpathogen. This is only possible if we
can understand the various metabolic pathways ef pathogen and host-pathogen
interactions.

The emergence and spread of drug resistant stodifasmodium falciparum, the most
dangerous of the four human malaria parasitesehgshasized concerns about the use and
efficacy of other available antimalarial drugs. Additional concern, however, are recent
reports on other Plasmodium species about wideadpa&d increasing resistance to other
antimalarial drugs.

Increase of Plasmodium resistance towards antirablagents has raised an alarm in the
world health authorities. Multiple general approaghto the identification of new
antimalarials are being pursued at this time. Dudhe high demand for new drugs or
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alternative methods in treatment, researchersraeking the chance of interfering with host
mediated pathways than altering the parasite’sweth.

The future of antimalarial chemotherapy is paraciyl alarming in view of the spread of
malaria parasite cross-resistance to drugs thatnateeven structurally related. Various
approaches can be envisaged to prevent or redaqeatie at which resistance develops. One
clear need is to develop new drugs with host mediaechanism, which may prevent the
resistance of the pathogen. It is essential thebttler approaches continue and that they are
supplemented by the rational development of nemtagdirected against newly defined host
targets. The better approach is to use the hostited treatment and further prevention of the
resistance of the pathogen may be appropriate.mé®hanism of eryptosis seems to be a
good tool to fight against malaria by triggering thost erythrocytes containing the pathogen
to expose the phosphatidylserine, be early recedniy/ the spleen macrophages, and get
cleared from the circulation. Moreover new comhoratherapies may include one of these
trail components either in clinical development @cently approved therapies. This
mechanism will indeed prevent further course ofdisease.

Organism homeostasis requires a delicate balanweebe formation of new cells, by cell
proliferation and their elimination by apoptosis.pdptosis eliminates abundant and
potentially harmful cells (Green et al., 1998c).Thaintenance of an adequate number of
cells requires the replacement of apoptotic cetlfoomation of additional cells by cell
proliferation. Similar to apoptosis of nucleatedlsesuicidal erythrocyte death or eryptosis is
characterized by cell shrinkage, membrane blebamiymembrane phospholipid scrambling
with phosphatidylserine exposure at the cell s@fadhosphatidylserine-exposing
erythrocytes are identified by macrophages whiajuérand degrade the eryptotic cells. To
the extent that infected erythrocytes undergo esiptprior to exit oPlasmodium pathogens
and subsequent infection of other erythrocytes,pifegnature eryptosis may protect against
malaria. Accordingly, any therapeutical interventiaccelerating suicidal death of infected
erythrocytes has the potential to foster elimimatiof infected erythrocytes, delay the
development of parasitemia and favorably influetheecourse of malaria. Hence, our present

study was designed to clarify the following quessio

1. Is eryptosis a helpful functional mechanism to fighainst malaria?
2. Does the exposure of phosphatidylserine play aifgignt role in the early

clearance of infected erythrocyte and prevent tingnér time course of the disease?
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3. Do the agents that stimulate eryptosis also afthénin vitro and in vivo treatments
of malaria?

4. Do eryptotic agents like azathioprine, sodium duoshalate and amiodarone
modulate eryptosis of infected cells and influenbe course of malaria .

berghei infected mice?
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5. MATERIALS AND METHODS

Plasmodium culture and its maintenance

The following methods were used in our study wheaser applicable.

Preparation of human and murine erythrocytes

Human erythrocytes were drawn from healthy volurstedhey were either used without
purification or after separation by centrifugatifam 25 min; 2000 g over Ficoll (Biochrom
KG, Berlin, Germany). Experiments with non-purifieat Ficoll-separated erythrocytes
yielded the same results. After washing, the beffat and upper 10-20% of the red blood
cells were discarded and the remaining pellet veasl tior experiments. The RBCs were then
resuspended at 10% hematocrit and stored at 4°C uset (2-5 days). Experiments were
performed at 37°C in Ringer solution containingriM) 125 NaCl, 5 KClI, 1 MgS4Q 32 N-

2-hydroxyethylpiperazine-N-2-ethanesulfonic acidE@®ES)/NaOH (pH 7.4), 5 glucose, 1
CaCIz. Erythrocytes were washed three times in Ringdutism, stored in SAG mannitol

(Haemonetics, Munich, Germany) at 4°C, and waskeacetin Ringer solution before use.
For incubation, the final hematocrit was adjustedi3 %. Mouse erythrocytes were drawn
from the animals by retroorbital venopuncture. Ekpents on mouse erythrocytes were
performed at 37°C in Ringer solution containing 1281 NaCl, 5 mM KCI, 1 mM M989

32 mM N-2-hydroxyethylpiperazine-N-2-ethanesulfoacd (HEPES), 5 mM Glucose, and 1
mM CaCIz, pH 7.4.

Thawing of parasites for transfection

The frozen parasites are kept in cryotubes and stametiquid nitrogen. The cryotubes
containing parasitized RBCs (>20% parasitemia) whesved quickly at 37 °C in a water
bath. The contents were transferred into a 15 raoRarube and centrifuged (1800rpm at RT
for 5 min). The supernatant was discarded. Stéitered 3.5 % NaCl-solution was added
corresponding to the left over pellet in the faldobe at the rate of 1-2 drops per second
under gently shaking conditions, eventually mixed & pipette. After centrifugation the
supernatant was discarded. Original RPMI 1640 nmdiouble the volume of the pellet in
the falcon tube was added and mixed gently. Thevalsgiep was repeated until the
supernatant becomes clear. The remaining cell tpeies resuspended in RPMI complete
medium, and then transferred into a culture fl&sksh RBCs were added (amount depending
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on volume of the left pellet in the falcon tubeheTculture flask was filled with 90%,N 5%
0./ 5% CQ.

Maintenance ofin vitro culture

For infection of human erythrocytes, the human pgéimP. falciparum strain BinH [Binh et

al., 1997] was grownn vitro [Huber et al, 2002] in human erythrocytes. Cultuvesre
maintained continuously by routine passage in fegsth stored human erythrocytes. Parasites
were cultured as described earlier [Jensen andefrag78; Trager and Jensen 1976] at a
hematocrit of 2-5% and a parasitemia of 2-10% IlMRE640 medium supplemented with
0.5% Albumax Il (Gibco, Karlsruhe, Germany), 0418 hypoxanthine, 2 mM.-glutamine
(Gibco, Karlsruhe, Germany), 25 mM HEPES/NaOH pHl (Sigma-Aldrich, Schnelldorf,
Germany), 2Qug/ml gentamycin (Gibco, Karlsruhe, Germany) in émasphere of 90 %2N

5% COZ, 5% O2 The parasitemia of a maintained culture flask massured with the help

of flowcytometer, then the culture suspension ig sto new sterile culture flasks containg
fresh erythrocytes in RPMI complete medium.
The practical protocol below is follwed to maintain

Calculations:
Percentage parasitemia of old culture flask x Vol of old media RBC = N (dilution
Required percentage parasitemia Vol of new media with RBC factor)
Then,
500ul = amount of infected erythrocytes to be adde(@B)
N

500ul - OB = FB(fresh erythrocytes)
Amount of old culture suspension to be added fromhie old culture flask...

OB X M (old culture suspension)
500ul

Giemsa staining for determination of parasitemia

A drop of the parasite culture was transferred tnaasfer pipette on an object slide. With the
help of a second object slide a thin blood smea @@#ained. This smear was immediately
dried by the air-flow of a hair-drier to avoid tdevelopment of echinocytes (crenated RBCs)
or that parasites will leave RBCs before beingdiriehe blood smear was fixed in methanol

for 1 minute and air-dried. The object slide witle tolood smears were flooded with freshly
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prepared Giemsa staining solution for 25 — 30 naisutinsed under tap water to float off the
stain and to prevent deposition of the precipitatethe film. The slides were vertically air-
dried, and then examined using the 100x objectivee@a CME microscope with immersion

oil.

Isoosmotic sorbitol synchronization of P.falciparuminfected human erythrocytes

The P. falciparum BinH strain was cultured and synchronized to timg stage by sorbitol
treatment as described previously [BinH et al. 19%tiefly, the infected RBCs (>5%
parasitemia) were spinned down at 1200rpm at RBforinand resuspended in isoosmotic
sorbitol solution (in mM: 290 sorbitol, 5 glucose HEPES/NaOH, pH 7.4) for 20 min at
21°C in continuous shaking. Then the cells wereheddwice in malaria culture medium and

subculutred for further experiments.

In vitro proliferation assay

For thein vitro growth assay, synchronized parasitized erythrooytre aliquoted in 96-well
plates (200ul aliquots,0.5- 1% hematocrit, 0.5 —2 % parasitgnaiad grown for 48 h in
serum-free Albumax Il (0.5%)-supplemented RPMI raedias described earlier(Tanneur et
al., 2005). The erythrocytes were grown in the gmes or absence of (0.0QM- 100 uM)
azathioprine or aurothiomalate or amiodarone. Thaptemia was assessed at time 0 and
after 48 h of culture by flow cytometry (FACS Calib Becton Dickinson, Heidelberg,
Germany). Parasitemia was defined by the percentdgerythrocytes stained with the
DNA/RNA specific fluorescence dye Sytol6 (20 nMalirtoncentration, Molecular Probes,
Gottingen, Germany). Briefly, RBCs were incubatathvyto16, diluted in PBS or annexin
binding buffer at 37°C. The staining procedure wasformed for around 30 — 40 min for
infected human RBCs. Sytol6 green fluorescent mu@eid stain bound to DNA has a
maximum excitation/absorption wavelength of 488 mvhijch corresponds to the argon line
of the single-laser of the FACS Calibur used, andaximum emission wavelength of 518
nm. Bound to RNA the absorption maximum is at 484 the emission maximum at 525 nm.
This green emission is detected in the Fluorescén@d.-1) channel with a detector for an
emission wavelength of 530 + 15nm. FACS analysa/@d a more sensitive technique for

determining parasitemia than either Giemsa or Ratapid staining.

Intraerythrocytic DNA amplification

To estimate the DNA/RNA amplification in a furtheeries of experiments, the culture was
ring stage-synchronized and re-synchronized afteobculture (to narrow the developmental
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parasite stage), aliquoted (2@Qaliquots, 2 % hematocrit and 10 % parasitemia) @rltured
for further 16 h. The erythrocytes were culturedhe presence or absence of (0.081- 100
uM) azathioprine or aurothiomalate or amiodaroneeréhfter, the DNA/RNA amount of the
parasitized erythrocytes was determined by Sytolibrdscence as a measure of

intraerythrocytic parasite copies.

Animals

Animal experiments were performed according to @eman animal protection law and
approved by the local authorities (registration bemPY 3/09). Experiments were performed
in healthy SV129/J wild type mice (aged 4 montlathimale and female). The animals had
free access to standard chow (C1310, Altromin, L&ggmany) and drinking water. Murine
erythrocytes were drawn from the animals by incisabthe tail vein.

Mice were infected withP. berghei ANKA-parasitized murine erythrocytes (1X)0njected
intraperitoneally (Bienvenu et al.,, 2008;Cabralds a&, 2010;Lacerda-Queiroz et al.,
2010;Lackner et al., 2008;Lang et al., 2009;Muningleira et al., 2005;Steeg et al.,
2009;White et al., 2010). The control mice had feeeess to tap water while the treated

groups received azathioprine (5 mg/kg b.w. s.cypthiomalate (10 mg/kg b.w.s.c) and

amiodarone (50 mg/kg b.w. i.p.) from thtgc&y of infection. In addition, from the eighth day
after infection blood was collected daily from thice by incision of the tail (Brand et al.,
2008). The parasitemia was assessed daily by figareetry and by counting of Giemsa-
stained blood smears. Parasitemia was definedeageiftentage of erythrocytes stained with
the DNA/RNA-specific fluorescence dye Sytol6 or ioientification of Giemsa-stained
infected erythrocytes using light microscopy

Determination of PS-exposure

FACS analysis was performed as described (Follat.e2007b), 2006]. Suspensions of non
infected erythrocytes were stained with annexiedlu(Roche, Mannheim, Germany),
suspensions of P. falciparum infected erythrocytege stained with annexin V-568 (Roche,
Germany) and/or with the DNA dye Syto16 (Molecufapbes) to depict phosphatidylserine
exposing and infected erythrocytes, respectivelyr &nexin binding, erythrocytes were
washed, resuspended in annexin-binding buffer (@@ NaCl, 10 mM HEPES, 5 mM

Glucose, 5 mM CaCl2. pH 7.4), stained with annexib68 (dilution 1:50) or annexin V-

fluos (dilution 1:100), incubated for 20 min at nmeemperature, and diluted 1:5 with annexin
binding buffer. Syto16 (final concentration of 20nwas either directly added to the diluted
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erythrocyte suspension (or incubated for 30 miB&C) or co-incubated in the annexin
binding buffer. Cells were analyzed by flow cytome(FACS-Calibur, Becton Dickinson)
using FL-1 for Syto16 or annexin V-fluos fluorescenntensity and with FL-2 for annexin

V-568 fluorescence intensity.

Determination of intracellular Ca®* influx in the erythrocytes

Intracellular Cél+ measurements were performed as described previitaller et al., 2008c).
Erythrocytes were loaded with fluo-3 AM (CalbiocheBad Soden, Germany) by addition of
fluo-3 AM stock solution (2 mM diluted in DMSO) tbml of erythrocyte suspension (0.16%
hematocrit in Ringer solution; ¥M fluo-3 AM final concentration). The cells werecirbated
at 37°C for 15 min under protection from light. Additional 2upl aliquot of fluo-3 AM was
added, and then the mixture was incubated for 2&. fiuo-3-loaded erythrocytes were
centrifuged at 1,00@ for 5 min at 22°C and then washed twice with Ringefution
containing 0.5% bovine serum albumin (Sigma) anceamith Ringer solution and incubated.
For flow cytometry, fluo-3-loaded erythrocytes weesuspended in 1 ml of Ringer solution

(0.16% hematocrit) containing 5mM calciumchlorated incubated at 37°C for 30 min. As a
2+
positive control, erythrocytes were stimulated withM Ca ionophore ionomycin (Sigma)
2+
for 3 min prior to analysis to increase intracelluCa activity. For negative control, cells

2+
were incubated for 30 min at 37°C with vehicle &orSubsequently, Cadependent
fluorescence intensity was measured in fluorescerttannel FL-1 with an excitation

wavelength of 488 nm and an emission waveleng&86fnm.

Blood count

Erythrocyte density, packed cell volume, mean @ogite volume, white blood cell counts,
and hemoglobin content were determined using actreldc haematology particle counter
(type MDM 905) from Medical Diagnostics Marx (Butath, Germany), equipped with a
photometric unit for hemoglobin determinations.

FACS analysis of PS exposure and forward scatter

FACS analysis was performed as described (Nic@ayz et al. 2007). After incubation, cells

were washed in Ringer solution containing 5 mM Ga€krythrocytes were stained with

Annexin V-Fluos (Roche, Mannheim, Germany) at &Q:8ilution. After 15 min, samples

were measured by flow cytometric analysis (FACSHEal from Becton Dickinson;

Heidelberg, Germany). Cells were analysed by foiwsratter, and annexin V fluorescence
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intensity was measured in fluorescence channel Rliti an excitation wavelength of 488

nm and an emission wavelength of 530 nm.

Freezing of parasites

From time to time samples with high parasitemiapwgr to > 20 % parasitemia,

predominantly containing ring stages, were deepeinan liquid nitrogen for stock purposes.
The cell pellet obtained after centrifugation (180@nin at RT) was mixed with the same
volume of freezing solution, sterile transferretbia 2.0 ml CryoTube Vial, and directly deep

frozen in liquid nitrogen

Data analysis and statistics

Data are provided as means + standard error of rn(teéB&M), n represents the number of
independent experiments. Statistical analysis wadenby paired or unpairedtest or by
ANOVA using Dunnett’s or Tukey's test as post hestt where appropriat®. < 0.05 was

considered statistically significant.
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6. RESULTS

Azathioprine favourably influences the course of miaria

Azathioprine, a widely used immunosuppressive digstey et al., 1998b;Casetta et al.,
2007;Hollander et al., 1998b;Wise et al., 2007a} fecently been shown to similarly trigger
eryptosis (Geiger et al., 2008a). The present stilmg explored whether azathioprine
accelerates eryptosis &f falciparum-infected erythrocytes and thus influences panas#e
and survival during malaria. Azathioprine (6-mertogqurine) has previously been shown to
inhibit a purine phosphoribosyltransferase of tlaeapite and thus to interfere wiih vitro
growth of the parasite (Queen et al., 1989;Queeal.e1990). An effect on the survival of
infected erythrocytes on vivo efficacy, to our knowledge, has never been redorte
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Figure 4 Effects of azathioprine on intraerythrocyic amplification and in vitro parasitemia

A. In vitro parasitemia withP. falciparum in human erythrocyteas a function of azathioprine concentration
(arithmetic means + SEM, n=8)indicates significant difference €0.05) from absence of azathioprine.

B. Intraerythrocytic DNA amplification as a functiorf the azathioprine concentration (arithmetic means
SEM, n = 6).

To explore whether infection of erythrocytes triggeryptosis, phosphatidylserine-exposing
erythrocytes were identified by determination ohe@xin V-binding in FACS analysis. Prior

to infection, the percentage of annexin V-bindingllerocytes was low (1.25 £ 0.20%, n = 6;
data not shown). Infection within 24 hours led tmarked increase in annexin V-binding of
both, infected erythrocytes and noninfected bystancklls (Fig. 5). The percentage of
annexin V-binding was more than twice as high iiected than in noninfected erythrocytes

(Fig. 5), a difference statistically significantthpin the absence and presence of azathioprine.
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The phosphatidylserine exposure of infected ergiytes was significantly augmented by
azathioprine (Fig. 5), an effect observed at 1 |z&tl@oprine.
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Figure 5 Effects of azathioprine on phosphatidylsene exposure of infected and noninfected
erythrocytes

Arithmetic means + SEM (n=12) of annexin V-bindio§infected (closed bars) and noninfected (opers)bar
erythrocytes following infection of human erythréey with P. falciparum at 0 uM (left bars) and 1 uM
azathioprine. *** indicates significant differen¢p<0.001; paired ANOVA) from noninfected erythrocyté#

indicates significant difference<£f.01; paired ANOVA) from absence of azathioprine.

Depending on the stage of the parasite developmefgction of erythrocytes decreased
(early stages; Fig. 6A) or increased (late stadgeg; 6B) erythrocyte forward scatter,
indicating that early stages initially decreasesllibst cell volume. Subsequently, during later
parasite development, the volume-expanding tropkesancreased the host cell volume.
Azathioprine at concentrations of 5 and 10 uM desed the forward scatter of late stage
infected erythrocytes, which was probably due tatlpprine-induced inhibition of
intraerythrocytic parasite development (see Fig. 4Bthe early stage of infection, however,
a statistically significant shrinking effect of #imprine on infected cells was evident at
lower concentrations of azathioprire@.1 pM). In summary, these experiments indicaé¢ th

low concentrations of azathioprine augment eryptoéthe host erythrocyte.
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Figure 6 Effects of azathioprine on forward scatteof infected and noninfected erythrocytes

A. Normalized forward scatter (n=12) of the early statfected erythrocytes (closed symbols) and nected
(open symbols) erythrocytes as a function of thettdaprine concentration. * indicates significarffetence
(p<0.05; ANOVA) from absence of azathioprid&” indicate significant difference €9.05, p<0.01; ANOVA)

from noninfected erythrocytes. Noninfected erytiytes and erythrocytes infected with early and [zsdeasite
stages were defined by background, intermediate hégld staining of the cells with the DNA/RNA-spécif
fluorescence dye sytol6.

B. Normalized forward scatter (n=12) of late stagieéted erythrocytes (closed symbols) and noninéetdeen
symbols) erythrocytes as a function of the azatim@pconcentration. * indicates significant diffeoe (p<0.05;

ANOVA) from absence of azathioprine.

In a last series of experiments, mice were infeetétl P. berghei to determine then vivo
efficacy of azathioprine treatment. The adminisbratof azathioprine (daily injections of 5
mg/kg b.w. azathioprine subcutaneously) was imtla8 days after infection. At this time,
parasitemia was less than 5% (Fig. 7B). The peagentf infected erythrocytes gradually
increased in both, treated and untreated mice.pEheentage of parasitized erythrocytes was
lower in azathioprine-treated animals than in afsmathout azathioprine treatment, an effect
reaching statistical significance between day 1@ day 20 of infection (Fig. 7A, B).
Accordingly, azathioprine treatment at least tran8y decreased parasitemia (Fig. 7A, right
panels and Fig. 7B).Azathioprine treatment furthiéected the survival d®. berghei-infected
mice. As illustrated in Fig. 7C, all untreated aalsndied within 22 days after the infection. In
contrast, 77% of the azathioprine-treated animatsiged the infection for more than 22

days.
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Figure 7 Parasitemia and survival ofPlasmodium bergheinfected mice

A: Original histograms of parasitemia-dependent Sgdluorescence in untreated animals (upper paaeid)
animals treated from day 8 until day 20 with 5 nggttkw. of azathioprine s.c. (lower panels) 10 (tefbels) and
20 (right panels) days after infection wRhberghei.

B: Arithmetic means + SEM of parasitemia in mice withtreatment (open circles, n=12) or with 5 mg/kg.b
of azathioprine s.c. (closed circles, n=9) as action of days after infection witP. berghei. * indicates
significant difference (§0.05; t-test) from the untreated animals.

C: Survival of mice without treatment (open circlesyath 5 mg/kg b.w. of azathioprine s.c. (closeda®gs) as

a function of days after infection witflasmodium berghei.

Beneficial effect of aurothiomalate on murine malaia

Eryptosis is stimulated by aurothiomalate, a galdtaining drug effective against rheumatoid
arthritis (Sopjani et al., 2008e). Gold complexes/éh indeed been shown to counteract
malaria (Blackie et al., 2003;Navarro, 2009;Navarev al., 1997d;Navarro et al.,

2004a;Sanchez-Delgado et al., 1996d;Sannella e2@Dd8b;Wasi et al., 1987). They are
considered to be effective through inhibition ofniee aggregation, haemozoin formation

and/or parasitic thioredoxin reductase as wellnasraction with the DNA of the parasite
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(Cohen et al.,, 1965b;Egan, 2003;Egan, 2008d;Martime al., 2008a;Slater et al.,
1992b;Ziegler et al., 2001d).

The present study explored, whether sodium aunothiate augments the death of
Plasmodium falciparum-infected human erythrocytes andMrasmodium berghel infected
mouse erythrocytes and whether this effect coeslavith a favourable influence on
parasitemia and host survival during murine malaria

A first series of experiments explored the influerd aurothiomalate on tha vitro growth

of Plasmodium falciparum in human erythrocytes. To this enB, falciparum infected
erythrocytes were cultured in human erythrocyted aypnchronized to the ring stage by
sorbitol treatment. Within 48 hours the percentafjéenfected erythrocytes increased from
6.0% to 21.0% in the absence and to 9.8% in theepiee of 100 uM aurothiomalate (Fig.
8A). Accordingly, aurothiomalate blunted the ingeain the percentage of parasitized
erythrocytes, an effect reaching statistical sigarice at- 10 uM aurothiomalate (Fig. 8A).
The half maximal inhibition (IC50) was achieved @8/ uM aurothiomalate. In contrast, at the
concentrations tested, the presence of aurothiaendid not influence the intraerythrocytic

DNA amplification of the parasite (Fig. 8AB).
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Figure 8 : Effects of sodium aurothiomalate on intaerythrocytic amplification and in vitro
parasitemia

A. In vitro parasitemia withP. falciparum (left panel) in human erythrocytas a function of the aurothiomalate
concentration (arithmetic means + SEM, n = ¥6)** indicate significant difference (p<0.05, p@1) from
the absence of aurothiomalatintraerythrocytic DNA amplification (right panel)saa function of the
aurothiomalate concentration (arithmetic means MSk= 12).

B. Intraerythrocytic DNA amplification (right panelsan B for different time periods (arithmetic meanSEM,
n=8).

In order to determine the effect of infection and aurothiomalate on eryptosis,
phosphatidylserine-exposing erythrocytes were ifledt by measurement of annexin V-
binding in FACS analysis. Within 24 hours, the ctfen with P. falciparum markedly

increased the annexin V-binding of infected andimiected erythrocytes (Fig. 9). The
percentage of annexin V-binding was, however, ficamtly higher in infected than in

noninfected erythrocytes (Fig. 9). The phosphasielfhe exposure of infected erythrocytes
was significantly increased in the presence of thimmalate (Fig. 9), an effect reaching

statistical significance at 50 uM aurothiomalate.
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Figure 9 Effects of aurothiomalate on phosphatidylsrine exposure of infected and noninfected
human erythrocytes

Arithmetic means + SEM (n = 6) of the percentagamfiexin V-binding infected (open bars) and noedi#d
(closed bars) erythrocytes following infection afnhan erythrocytes witR. falciparum in the presence of 0 —
100 uM aurothiomalate. ##, ### indicate significadifference (p<0.01, p<0.001) from non-infected

erythrocytes, **, *** indicate significant differase (p<0.01, p<0.001) from the absence of aurothiatma

In a next series, mice were infected withberghei with or without sodium aurothiomalate

treatment Sodium aurothiomalate was administered daily frdra 8" day of infection.

Similar to thein vitro infection of human erythrocytes with falciparum, the infection of
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mice with P. berghel was followed by a marked increase in the percentag
phosphatidylserine-exposing erythrocytes. The phatsgylserine exposure of infected
erythrocytes was significantly more pronounced olwlhg treatment with sodium
aurothiomalate than the phosphatidylserine expasiuneninfected erythrocytes (Fig. 10).
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Figure 10: Effect of sodium aurothiomalate treatmehon phosphatidylserine exposure of infected and
non-infected erythrocytes fromPlasmodium bergheinfected mice

Arithmetic means + SEM (n = 6-8) of the percentaf@hosphatidylserine-exposing infected (right pamsd
non-infected (left bars) erythrocytes taken froningis without (black bars) and with (white barsdismn
aurothiomalate treatment (daily 10 mg/kg b.w. sam)the 22 day after infection. ### indicates significant
difference (p<0.001) from absence of sodium auostiglate. *** indicates significant difference (p€01)

from noninfected erythrocytes.

The parasitemia was still low on thd" 8ay of infection (Fig. 11B). The percentage of
infected erythrocytes gradually increased with athaut sodium aurothiomalate treatment.
However, the percentage of parasitized erythrocyte@s significantly lower in sodium
aurothiomalate-treated animals than in animalsautisodium aurothiomalate treatment (Fig.
11A, B). Since the FACS-dependent determinatiorpafasitemia utilizes a DNA/RNA-
specific dye, reticulocytes may also be countedpassitized erythrocytes. Therefore, a
second series of experiments was performed to cantpa values for parasitemia determined
by FACS analysis to those obtained from Giemsanisigi As shown in Fig. 11D, E,
parasitemia was lower in the aurothiomalate-treagesup of mice, irrespective of the
methods applied. The treatment with sodium aurathiate further resulted in enhanced
survival of P. berghei-infected mice. As shown in Fig. 11C, all untreaseiimals died within
30 days after the infection. In contrast, 57% & #odium aurothiomalate-treated animals
were still alive 30 days after infection. All tredt mice died, however, by day 44 after

infection.
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Figure 11: Effect of sodium aurothiomalate treatmeh on the parasitemia and survival of
Plasmodium bergheinfected mice

A: Original histograms of parasitemia-dependent S/fihiorescence in untreated animals (upper paaeld)in
animals treated daily from day 8 daily with 10 npicw. sodium aurothiomalate s.c. (lower panels)l&fi
panels) and 20 (right panels) days after infectiith P. berghei.

B: Arithmetic means + SEM of the parasitemia in migthaut treatment (open circles, n = 8 mice) or vatily

10 mg/kg b.w. s.c. of sodium aurothiomalate (closiedes, n = 6 mice) as a function of days aftdection
with P. berghei. Significant difference (* p<0.05, ** p<0.01, ***40.001; t-test) from the untreated animals on
days 12 - 20. The results presented are one ¢ thdependent series.

C: Survival of mice without treatment (open circles)with daily 10 mg/kg b.w. sodium aurothiomalate. s
(closed circles) as a function of days after irifecivith Plasmodium berghei.

D-E: Arithmetic means + SEM of the parasitemia in migéhout treatment (open circles, n = 4 mice) othwi
daily 10 mg/kg b.w. s.c. of sodium aurothiomalatéoged circles, n = 4 mice) as a function of dafiera
infection with P. berghei. The parasitemia was determined daily either binista with Syto16 and subsequent
FACS analysis as in BY) or by daily Giemsa staining of blood smears agltImicroscopy-dependent analysis
(E).

To investigate whether aurothiomalate treatmeruémices inflammation, the plasma levels

of the inflammatory mediator TNf were determined on the"6lay of infection. As a result,
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the TNFa concentration in non-treated mice was 53.4 + 28/l whereas the TNFwas
below the detection limit in mice treated with sadiaurothiomalate (both n= 4).

As shown earlier, TNF- may exert an antiparasitic effect in animal modétark et al.,
1987;Neifer et al., 1989;Taverne et al., 1987), high TNF production is associated with
more rapid clinical and parasitologic recovery iantans (Kremsner et al., 1995). Even
though aurothiomalate does not seem to affect tnmluof TNF-alpha in phagocytic cell
cultures (Bondeson, 1997), the present observatimasly demonstrate an effect of the drug
on TNF productionn vivo.

Malaria is paralleled by loss of erythrocytes legdio anemia. As shown in Fig. 12, the
hematocrit of aurothiomalate-treated mice was &mantly reduced. The effect could have
been due to enhanced eryptosis or hemolysis. Imfemted erythrocytes aurothiomalate has

previously been shown to trigger eryptosis rathanthemolysis (Sopjani et al., 2008h).
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Figure 12: Effect of sodium aurothiomalate treatmehon the hematocrit of Plasmodium berghei
infected mice

Arithmetic means + SEM of packed cell volume (hemoat) in mice without treatment (open circles, B=
mice) or with daily 10 mg/kg b.w. s.c. of sodiunrathiomalate (closed circles, n = 8 mice) as a tioncof

days after infection witk. berghei. * indicates significant difference (p<0.05; t-fest

The present study demonstrates that aurothiomakdeonly mild effects on the parasite
burden and moderately delayed the lethal courseabéria following infection of mice with
P. berghei. Similar to what has been observed earlier (Hubed.e2004c), the infection of
mice with P. berghe was followed by an invariably lethal course of ama without
aurothiomalate treatment. More than 50% of the wsodiaurothiomalate-treated animals
survived the infection for 30 days, even thouglythakkdied by day 44.
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The effect of sodium aurothiomalate treatment nmaypart be due to a toxic effect on the
pathogen, which compromises the intraerythrocyvevgr of the parasite. As a matter of fact,
gold-containing drugs have previously been showrbdotoxic for Plasmodia (Blackie,
Beagley, Chibale, Clarkson, Moss, and Smith, 200BgD et al., 1965a;Egan, 2003;Egan,
2008c;Martinez et al.,, 2008b;Navarro, 2009;Navarb al., 1997c;Navarro et al.,
2004b;Sanchez-Delgado et al., 1996¢;Sannella ,e2@0D8c;Slater et al., 1992a;Wasi, Singh,
Gajanana, and Raichowdary, 1987;Ziegler et al.,1200Drugs could specifically enter
infected erythrocytes, as the pathogen dramaticalypances the permeability of the
erythrocyte membrane (Kirk, 2001a).

Alternatively, sodium aurothiomalate may exert at@ctive effect by accelerating the death
of infected erythrocytes. Phosphatidylserine-expgsierythrocytes are engulfed by
macrophages (Boas et al., 1998d;Yamanaka et &5c2@nd are thus rapidly cleared from
circulating blood (Kempe et al.,, 2006d). As erymomainly affects infected erythrocytes,
accelerated eryptosis should decrease the parasieich thus favourably influence the course of
the disease (Foller et al., 2009b) and Wilson'sake (Wood et al., 1996b;Andrews et al.,
1999a;Closse et al., 1999b;Gallagher et al., 2008igolfi et al., 2007a). Accordingly,
eryptosis has been suggested to foster vascukangknents of metabolic syndrome (Zappulla,
2008a).

The discrepancy between the moderate influenceuadti@omalate on parasitemia and the
effect on survival of the infected host is suggestior an additional effect of the drug on
mouse survival. Possibly it is in part the antianimatory effect of the drug, which accounts
for at least part of the effect on host survivadl éimne stimulation of eryptosis. As a matter of
fact, aurothiomalate treatment virtually abolishiee increase in TNk-plasma concentration

following infection.

Protective effect of amiodarone in malaria

Amiodarone, an ion channel blocker effective in tineatment of cardiac arrhythmias
(Nishimura et al., 1989;Yamashita et al., 2006)s lpmeviously been shown to trigger
eryptosis (Nicolay et al., 2007a). The present \stagplored, whether amiodarone would
augment the phosphatidylserine exposurePtd#smodium-infected erythrocytes and thus
favorably influence parasitemia and host survivairth malaria.

In a first series of experiments, the influenceaaiiodarone on then vitro growth of the
parasite was analysed. To this e, falciparum-infected erythrocytes were cultured in
human erythrocytes and synchronised to ring stggeotbitol treatment. Within 48 hours the
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percentage of infected erythrocytes increased fiimeninitial value of 2.4 £ 0.6% to some
12.3 £ 2.6%, a result of intraerythrocytic amplion with subsequent evasion from the host
cell, and invasion into new erythrocytes (Fig. 1l)the presence of amiodarone the increase
in the percentage of parasitized erythrocytes wagedised, an effect reaching statistical
significance at> 1 puM amiodarone concentration (Fig. 13A). The pneg of amiodarone
further decreased the intraerythrocytic DNA amgpétion of the parasite, an effect reaching
statistical significance at>~ 5 M amiodarone concentration (Fig. 13B). Thus, at
concentrationg 5 pM, amiodarone exerts direct inhibitory effeats parasite amplification,

evasion and/or reinvasion.
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Figure 13: Effects of amiodarone on intraerythrocyic amplification and in vitro parasitemia

A. In vitro parasitemia withP. falciparum in human erythrocyteas a function of the amiodarone concentration
(arithmetic means + SEM, n = 16 (4 cultures studreduadruplicates)r, *** indicate significant difference
(p<0.05, p<0.001) from the absence of amiodarone.

B. Intraerythrocytic DNA amplification as a functiofithe amiodarone concentration (arithmetic meaB&M,

n = 3 cultures studied in quadruplicates).

To elucidate the effect of infection and of amiamtee on eryptosis, the percentage of
phosphatidylserine-exposing erythrocytes was detenby measurement of annexin V-

binding in FACS analysis. The percentage of ann¥ximnding erythrocytes was low prior to
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the infection (2.7 + 0.4 %, n = 6). Within 24 hourdgection was followed by a marked
increase in the percentage of annexin V-bindingheogytes (Fig. 14). The percentage of
annexin V-binding was significantly higher in infed than in noninfected erythrocytes both
in the absence and presence of amiodarone (Fig.Th) phosphatidylserine exposure of
infected erythrocytes was significantly augmentgaimiodarone (Fig. 14), an effect reaching

statistical significance at 10 M amiodarone.
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Figure 14: Effects of amiodarone on phosphatidylséne exposure of infected and noninfected
erythrocytes

Arithmetic means + SEM (n = 3 cultures studied uplitates) of the percentage of annexin V-bindinfgéted
(open bars) and non-infected (closed bars) eryytescfollowing infection of human erythrocytes wikh
falciparum in the presence of the indicated concentrationansiodarone. *, **, and *** indicate significant
difference (p<0.05, p<0.01, and p<0.001) from nofedted erythrocytes, ### indicates significanfedénce
(p<0.001) from absence of amiodarone.

A second series of experiments explored the effeatniodarone olasmodium infectionin
vivo. To this end, mice were infected wikh berghel with or without amiodarone treatment
Amiodarone (daily injections of 50 mg/kg b.w. anmaodne intraperitoneally) was
administered daily from thé"&lay of infection, when parasitemia was still lovig{FL5B). In
both, treated and untreated mice, the percentagdeafted erythrocytes increased gradually.

However, the percentage of parasitized erythrocyias significantly lower in amiodarone-
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treated animals than in animals without amiodarveatment, an effect reaching statistical
significance between day 13 and day 21 after ildadqfFig. 15A, B).

The treatment with amiodarone further influencee sairvival ofP. berghei-infected mice.
As shown in Fig. 15C, all untreated animals diedhini 26 days after the infection. In

contrast, 70% of the amiodarone-treated animalg\ad the infection for more than 26 days.
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Figure 15 Parasitemia and survival ofPlasmodium bergheinfected mice
A: Original histograms of parasitemia-dependent Sgdluorescence in untreated animals (upper paaeid)
animals treated from day 8 until day 20 with 50 kggh.w. of amiodarone i.p. (lower panels) 10 (jadinels)
and 20 (right panels) days after infection wittberghei.
B: Arithmetic means = SEM of parasitemia in mice withéreatment (open circles, n = 10) or with 50 ngg/k
b.w. of amiodarone i.p. (closed circles, n = 6)aafiinction of days after infection witR. berghei. **, ***
indicate significant difference (p<0.05) from thetneated animals.
C: Survival of mice without treatment (open circlesmath 50 mg/kg b.w. of amiodarone i.p. (closectkds) as

a function of days after infection witflasmodium berghei.

To check whether the beneficial effect of amiodaron the course of malaria was dependent

on the stimulation of PS exposure, erythrocytesewiaken from the mice on day 8 after
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infection and phosphatidylserine exposure of imddctand non-infected erythrocytes
determined. As shown in Fig. 16, infected erythtesyfrom both, amiodarone-treated and
non-treated mice showed significantly more PS exposMore importantly, treatment with

amiodarone significantly increased eryptosis ofeatéd erythrocytes while having no

appreciable effect on non-infected erythrocytes.
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Figure 16: In vivo effect of amiodarone on phosphatidylserine exposuref infected and
noninfected erythrocytes

Arithmetic means £+ SEM (n = 6-10) of the percentafjleannexin V-binding infected (open bars) and non-
infected (closed bars) erythrocytes retrieved fromte infected withPlasmodium berghei on day 8 after
infection treated without (left bars) or with am@dne (right bars). *** indicates significant difence

(p<0.001) from non-infected erythrocytes, ### iatls significant difference (p<0.001) from control.

44



Discussion VIl

7. DISCUSSION

A wide variety of antimalarial drugs are availaidethe market to treat malaria. In the last
five years, treatment d?lasmodium infections in endemic countries has been transédrivy
the use of combinations of drugs containing artesimém derivatives. All the recent
combination therapies are not so clear and tangehted since there is a high possibility of
resistance oPlasmodium towards these agents. To counteract the resistneasmodium
various therapeutic agents are to be developedshwhust act either through host-mediated
or show prophylactic action.

The better way to apt is host-mediated treatmemtesmillions of people in the tropical
countries suffer with this dreadful disease and theidence is increasing. Utilising
mechanisms involved in eryptosis, especially whsrapeutic agents, is quite interesting in so
much as their weaknesses can equally be advana@eoe. | used this principle in evading
Plasmodium from proliferation and prevent the further coucdemalaria as | knew the facts
and physiological changes involved in eryptotic @ldsmodium infected erythrocytes.
Comparing the both conditions | found that the d¢téel erythrocytes also show some similar
physiological changes with that of eryptotic ergitytes. Coming to a conclusion of my
theoretical findings | combined these two physiadafjphenomena and make up the early
apoptosis of the infected erythrocytes and thusemethe further course of the disease.
Based on my hypothesis, upon experimentation tosomprise | found some favourable
findings which might combat this dreadful disea3@ing to the frequent appearance of drug-
resistantPlasmodium strains, the classical antimalarial drugs tendecome rapidly obsolete,
generating a continuous need for new therapeugatag possibly endowed with innovative
mechanisms of action hence eryptosis may be arlogtton.

Azathioprine favourably influences the course of miaria

Earlier findingsindicated that azathioprine is widely used asnamunosuppressive drug. The
side effects of azathioprine included anemia, whiats been attributed to bone marrow
suppression. Alternatively, anemia could resulirfraccelerated suicidal erythrocyte death,
which is characterized by exposure of phosphatitiyie (PS) at the erythrocyte surface and
by cell shrinkageThey have shown exposure to azathioprin2 (bg/mL) with increased
cytosolic C&" activity and annexin V binding and decreased fodascatter for 48 hours
(Geiger et al., 2008b)This is more or less equad 7.2 UM concentration. When | used a
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range of concentrations from 0.001 puM to 10 puM emb@tions in thein vitro
experimentation | found that 1 pM concentration amobve showed decrease in the
proliferation as well as the intraerythrocytic DNvnplification ofPlasmodium. The effect of
azathioprine in thén vitro studies may be due to direct effect on the paasitwell as on the
infected erythrocyte. This might be an opporturidymove further in my work to check
whether there is any eryptotic effect on co-incaebdtealthy erythrocytes. Performing double
staining to check the eryptosis in both infected aon infected erythrocytes, my results
indicated that there is not any significant effexft azathioprine on the non infected
erythrocytes.

Several mechanisms may contribute to the efficdcgzathioprine. In theory, the effect of
azathioprine could have been due to its immunes®sgpg potency [(Anstey et al.,
1998a;Casetta, luliano, and Filippini, 2007;Hollancet al., 1998a;Wise et al., 2007b)].
However, it is not likely that immunosuppressiorhiages both, a significant reduction of
parasitaemia and a milder course of the diseaseieder the dose administered is
comparatively very low than its regular therapedise used for immunosuppressive activity
of azathioprine.

The in vitro experimentation results indicate the direct effeft azathioprine on the
Plasmodium and infected erythrocytes. Its potent activitythe in vitro studies is because of
absence of any metabolic machinery in the mediued user the regular growth of the
plasmodium. Azathioprine could further affect parasitaemial drost survival by directly
affecting the survival and replication of the pajbo or its ability to evade parasitized
erythrocytes and to invade noninfected erythrocytes

Thein vivo study unravels antimalarial effect of azathioprine. the favourable influence on
the course of malaria. Most importantly, azathiogrireatment significantly enhances the
percentage of surviving animals after infectionhvi#t berghei. As shown previously, without
treatment, the infection of mice with berghei is followed by an invariably lethal course of
malaria within 22 days (Huber et al., 2004b). Imtcast, most of the mice treated with
azathioprine survived the infection for 22 dayseThason for increase in the survival of the
mice may be due to increase in the acceleratedaclea of the infected erythrocytes and
decreased in further invasion of new erythrocytes.

The effect of azathioprine could further be seconda its ability to stimulate suicidal death
of erythrocytes (Geiger, Foller, Herrlinger, andnga 2008a), an effect, which could
contribute to or even account for the blunted ptesiia and the survival of the infected

mice. The drug could be effective by acceleratezhrence of infected erythrocytes due to
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eryptosis. Moreover, the enhanced eryptosis mamnepte the release of pro-inflammatory
cytokines from activated macrophages (Boas etl@b8c;Yamanaka et al., 2005b), thereby
resulting in the activation of the hormonal stressponse (Kempe et al., 2006c).

Other than eryptotic activity of azathioprine if§eet on the parasite immunity may also be
one of the un-noticed mechanisms. Along side, @zatime acts as purine inhibitor which is

necessary for the fast growing cells. This mightdme of the hindrances for the further
proliferation of the parasite and need to be v&difio reveal the exact mechanism involved in
the decrease in the course of malaria other thgtasis as one of the major factor.

Further experiments like usage of the drug in pireeal evaluation studies with different

standard malaria drug combinations may confirnortdinical trials.

Beneficial effect of aurothiomalate on murine malaia

Eryptosis is stimulated by aurothiomalate, a gadtaining drug effective against rheumatoid
arthritis (Sopjani et al., 2008g). Gold complexessénr indeed been shown to counteract
malaria (Blackie, Beagley, Chibale, Clarkson, M@y Smith, 2003;Navarro, 2009;Navarro
et al., 2009;Navarro et al., 1997b;Navarro et &004c;Sanchez-Delgado et al.,
1996b;Sannella et al., 2008d;Wasi, Singh, Gajanand, Raichowdary, 1987). But exact
mechanism involved is still in question. Premateath ofPlasmodium-infected erythrocytes

is considered to favourably influence in the claliccourse of malaria since
phosphatidylserine-exposing cells are rapidly @dafrom circulating blood. They are
considered to be effective also through inhibitadrheme aggregation, haemozoin formation
and/or parasitic thioredoxin reductase as wellnasraction with the DNA of the parasite
(Cohen et al., 1965c;Egan, 2003;Egan, 2008a;Martneal., 2008c;Slater et al., 192c;Ziegler
et al., 2001b).

The treatment with aurothiomalate had only mildeef$§ on the parasite burden and
moderately delayed the lethal course of malariepfohg infection of mice withP. berghel.
Similar to what has been observed earlier (Hubat.e2004a), the infection of mice with
berghei was followed by an invariably lethal course of ama without aurothiomalate
treatment. More than 50% of the sodium aurothiotedi®ated animals survived the
infection for 30 days, even though they all dmdday 44. The other chances of the mice to
survival may be the activity of aurothiomalate & thioredoxin reductase enzyme of the
Plasmodium (Sannella et al., 2008e) which prevented in salvand proliferation of the

plasmodium.
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The effect of sodium aurothiomalate treatment nmayart be due to a toxic effect on the
pathogen, which compromises the intraerythrocytoovgh of the parasite. As a matter of fact,
gold-containing drugs have previously been showrbeotoxic for Plasmodium (Blackie,
Beagley, Chibale, Clarkson, Moss, and Smith, 2008 et al., 1965d;Egan, 2003;Egan,
2008b;Martinez et al., 2008d;Navarro, 2009;Navambd al., 1997a;Navarro et al.,
2004d;Sanchez-Delgado et al., 1996a;Sannella,e2@08f;Slater et al., 1992d;Wasi, Singh,
Gajanana, and Raichowdary, 1987;Ziegler et al.,1800Drugs could specifically enter
infected erythrocytes, as the pathogen dramaticalyhances the permeability of the
erythrocyte membrane (Kirk, 2001c).

Alternatively, sodium aurothiomalate may exert atpctive effect by accelerating the death
of infected erythrocytes. Phosphatidylserine-expgsierythrocytes are engulfed by
macrophages (Boas et al., 1998b;Yamanaka et &15a2(and are thus rapidly cleared from
circulating blood (Kempe et al., 2006b). As erymosainly affects infected erythrocytes,
accelerated eryptosis should decrease the parasi@oh thus favourably influence the course of
the disease (Foller, Bobbala, Koka, Huber, Gulbamg] Lang, 2009b) and Wilson’s disease
(Wood et al.,, 1996c;Andrews et al.,, 1999Db;Closse akf 1999a;Gallagher et al.,
2003a;Pandolfi et al., 2007b). Accordingly, eryjgolsas been suggested to foster vascular
derangements of metabolic syndrome (Zappulla, 2008a

The discrepancy between the moderate influenceudti@omalate on parasitemia and the
effect on survival of the infected host is suggestior an additional effect of the drug on
mouse survival. Possibly it is in part the antianimatory effect of the drug, which accounts
for at least part of the effect on host survivadl &ime stimulation of eryptosis. As a matter of
fact, aurothiomalate treatment virtually abolislied increase in TNkplasma concentration
following infection.

The observed antimalarial effects are probably atediby severe oxidative stress originating
from P. falciparum thioredoxin reductase inhibition. Which was alrgddten demonstrated
(Sannella et al., 2008a). Of course, further expental work is absolutely necessary to prove
aurothiomalate can be used in clinical trails. Holpe both the mechanisms will lead to the
potent antiplasmodial activity and also helps ieventing the resistance &iasmodium
towards other antimalarial agents when used in coation.
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Protective effect of amiodarone in malaria

Haematological side effects of amiodarone have Ibeparted rarely. Cases of bone marrow
suppression resulting in anemia or thrombocytopdrdaae been reported which may be
caused by decreased formation or accelerated ddgaéinythrocytes. Suicidal erythrocyte
death (eryptosis) is characterized by cell shriekagd cell membrane scrambling leading to
phosphatidylserine exposure at the cell surfacanubtors of erythrocyte membrane
scrambling include increase of cytosolic?Ceoncentration ([Cd]i) following activation of
Cd*-permeable cation channels. According to previobseovations, amiodarone triggers
suicidal erythrocyte death or eryptosis. Amiodarareatment may in turn accelerate the
clearance oPlasmodium-infected erythrocytes.

Administration of amiodarone showed an influencetbe in vitro parasitemia and host
erythrocyte survival as well as thevivo course of malaria. When compared along with other
standard malarial drugs artemensinin and chloreguamiodarone showed significant
eryptotic effect but these trials were only perfedm vitro experimentation.

Amiodarone significantly decreased the vitro parasitemia and intraerythrocytic DNA
amplification of P. falciparum within human erythrocytes, a result of intraergtiytic
amplification with subsequent evasion from the loedl and invasion into new erythrocytes.
Amiodarone may thus influence survival, prolifeoatiand/or the ability of the parasite to exit
from or enter into erythrocytes. Moreover, amiot@@augmented cell membrane scrambling
with phosphatidylserine exposure of infected eiythtes, a hallmark of suicidal erythrocyte
death (Lang et al., 2008a). Further there may beyratiects of amiodarone when used directly
on theplasmodium and may lead to increase in the polymorphisms.oflarone being a potent
potassium channel blocker may also exert effedherpotassium channel of tRéasmodium,
which is essential for cell survival and in theulagion of the cell membrane potential and
electrochemical gradient. During its lifecycl®lasmodium falciparum parasites must rapidly
adapt to dramatically variant ionic conditions wntthe mosquito mid-gut, the hepatocyte and
erythrocyte cytosol and the human circulatory sygWaller et al., 2008).

Most importantly, treatment with amiodarone sigrafitly enhanced the percentage of
surviving animals following infection withP. berghei. As shown in earlier studies, the
infection of mice withP. berghei is followed by an invariably lethal course of maaKoka

et al., 2008b). In contrast, two thirds of the aglaimne-treated animals survived the infection

for 26 days. The dose utilized (50 mg/kg day) wasilar to that used previously without
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evidence of toxicity (Benaim et al., 2006;Breitamst et al., 2008;DeWitt et al.,
2005;McCarthy et al., 2004;Mendez et al., 1999;8anet al., 2007).

The present observations do not allow safe coraiigsson the mechanisms underlying the
beneficial effect of amiodarone treatment Rlasmodium infected mice. In theory,
amiodarone could have affected parasitemia and sastival by directly affecting the
survival and replication of the pathogen or byaitdlity to evade parasitized erythrocytes and
to invade noninfected erythrocytes. A direct togdfect on the parasite would be expected to
decrease the DNA/RNA content of infected erythresyt Compromised evasion and
subsequent invasion would decrease the numbefeaxfted erythrocytes. As a matter of fact,
as indicated above, high concentrations of amiguadecreased the number of erythrocytes
parasitizedn vitro and the DNA/RNA content of parasitized erythrosyte

Alternatively, amiodarone may have affected pagasia and host survival by accelerating
the suicidal death of infected erythrocytes (Fotteal., 2009a). As reported earlier (Nicolay,
Bentzen, Ghashghaeinia, Wieder, and Lang, 200#@pdarone increases [€& and triggers
annexin V-binding, but does not significantly dexse forward scatter and does not
significantly influence ceramide formation. Thusniadarone triggers phosphatidylserine
scrambling at least in part by increasing?Centry into the cell. The lack of cell shrinkage
despite of increases in cytosolic’Caoints to some additional effect of amiodaronejctvh
may account for the different thresholds for a gigant amiodarone action on the different
parameters. Phosphatidylserine-exposing erythrecgte engulfed by macrophages (Boas et
al., 1998a;Yamanaka et al., 2005d) and are thudlyagleared from circulating blood (Kempe et
al., 2006a).

Amiodarone being an anti arrhythmic drug needsedanrmnitored initially in mice model. |
indeed did some observations which were not so ipemhsigns of adverse effects of the drug.
The dose selected was also very low when compaitedhvat of the normal therapeutic dose of
amiodarone used to treat arrhythmias.

In final concern 1 like to show attention much & hew uses of old drugs which are clinically
established and patient friendly. This would beaenn approach and an advantageous choice
of effective drug discovery which will have mostoprising effects. Indeed, much work

concerning the safety profile can be avoided leatlina drastic reduction of times and costs.
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8. CONCLUSION

Eryptosis is triggered by a variety of endogenowsliators and xenobiotics (Lang, Gulbins,
Lerche, Huber, Kempe, and Foller, 2008a;Mahmud let 2009b;Niemoeller et al.,
2008c;Niemoeller, Foller, Lang, Huber, and LangQ&f Sopjani et al., 2008b;Sopjani et al.,
2008d;Wang et al., 2008) and enhanced in a vaoétglinical conditions including iron
deficiency, sickle-cell anemia, beta-thalassemiducage-6-phosphate dehydrogenase
(G6PD)-deficiency, phosphate depletion, Hemolytiedic Syndrome, sepsis, malaria and
Wilson’s disease (Lang, Gulbins, Lerche, Huber, Kepand Foller, 2008a). Some of those
diseases and xenobiotics have been shown to fdyardluence the course of malaria, i.e.
sickle-cell trait, beta-thalassemia-trait, homoaygdib-C and G6PD-deficiency (Ayi et al.,
2004a;Cappadoro et al., 1998c;de Jong et al., 2RB6aa et al., 2002a;Kuypers et al., 1998a),
iron deficiency, lead, chlorpromazine and cyclogpo(Foller, Bobbala, Koka, Huber, Gulbins,
and Lang, 2009a;Koka, Lang, Boini, Bobbala, Hulkemd Lang, 2008b). Moreover, the
enhanced eryptosis may promote the release ofnfleoyimatory cytokines from activated
macrophages, thereby resulting in the activatiora diormonal stress response (Zappulla,
2008b).

In conclusion azathioprine, aurothiomalate and dnione stimulate the erythrocytic
machinery responsible for the eryptosis followingction withPlasmodium. They revealed
the antiplasmodial effect both in human and micéameg these drugs at lower dose when
compared to that of their original therapeutic dekewed stimulation of eryptosis in the
infected erythrocytes and hence confirmed eryptosght be one of the possible mechanisms
involved for the early recognisation and removathed eryptosed eythrocytes by the spleen
macrophages. The experimental results not onlyfyutat the stimulation of eryptosis in
infected erythrocytes is not only a host dependifence mechanism but also a novel
approach to prevent the chances of resistancagmudia.

In final concern my experimental results demonsttae usefulness of the approach for the
selection and design of new lead drugs active agRirfalciparum with minimal chances of
resistance. Hence, | like to show my attention mocithe new uses of old drugs which are
clinically established and patient friendly. Thisomld be a modern approach and an
advantageous choice of effective drug discovergiwvhiill have most promising effects. Indeed,
much work concerning the safety profile can be @®dileading to a drastic reduction of

times and costs.
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