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ABSTRACT

Artemisinin (ART) class of compounds are of special interest due to their rapid onset of action and high
activity against multidrug resistant malaria. The major drawback in monotherapy with ART and its
derivatives is the high rate of recrudescent infection. Currently, the general recommendation in treatment of
falciparum malaria with artemisinins is a combination with another antimalarial drug with relatively long

half-life.

Our study demonstrated for the first time that the highly unusual time-dependent disposition of ART in
patients can be similarly solicited in the rat. Artemisinin is also a potent auto-inducer of drug metabolism in
rats. The study suggests caution in the interpretation of repeat-dose rat toxicity studies with ART unless its
pharmacokinetics is simultaneously monitored, since during multiple administrations, the exposure of the

drug will not be constant.

ART-based combination therapies (ACT) have been shown to improve treatment efficacy and also control
drug resistance in South-East Asia. Our study showed different degrees of synergism with combination of
ART and the two Mannich bases, amodiaquine (AMD) and pyronaridine (PYR). AMD showed high degree
of synergism as compared to PYR. Although AMD and chloroquine are 4-aminoquinolines, their interaction
with ART is different. Chloroquine showed only addition. ART combination at clinically relevant
concentration ratios showed additive to synergistic activity with atovaquone (ATQ) and clear synergism with
quinine, and mefloquine. Since quinine and mefloquine both belong to the quinoline methanol class and
show synergistic activity with ART, it may be concluded that artemisinins are synergistic with this group of
compounds and possibly, with most, if not all, other members of the class 2 aryl amino alcohol antimalarial

compounds.

A non-artemisinin based combination, Malarone® (ATQ and PRG) has been found to be active against
multidrug resistant falciparum malaria. Recently, it has been introduced as an alternative prophylactic drug
for prevention of malaria in travelers to areas with chloroquine resistant falciparum malaria. However, little
is known about the mechanism of synergistic interaction between atovaquone and proguanil. Our study
evaluated in vitro pharmacodynamic interactions of ATQ, PRG and cycloguanil (CYC). ATQ-PRG
combination showed addition to high synergism whereas ATQ-CYC combination showed antagonism at
therapeutically relevant concentration ratios. Our results support that Malarone’s effectiveness is due to

synergism between atovaquone and proguanil and may not require the presence of cycloguanil.

Keywords: Artemisinin, combination, amodiaquine, chloroquine, pyronaridine, atovaquone, quinine,
mefloquine, proguanil, cycloguanil, malarone®, time dependent pharmacokinetics, in vitro, auto-induction,

pharmacodynamic.
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INTRODUCTION

Epidemiology of malaria

Malaria is a public health problem in more than 90 countries. Almost one half of the
world’s population lives under the constant threat of malaria (4). Malaria probably causes
“the greatest harm to the greatest number” (88). Global burden of malaria can be described
as: 2.7 million deaths, 300-500 million cases, and 44 million disability adjusted life years.
The socio-economic burden of the disease is also very high, accounting for a reduction of

1.3% in the annual economic growth rate (130).

Malaria has many manifestations and its impact varies depending on the epidemiological
settings. About 80-90% of all malaria deaths occur in Africa south of Sahara, and the great
majority of them are children under five (75, 151). Malaria kills one child every 30
seconds. Older Africans have reduced risk due to development of immunity to the disease
as a result of continuous exposure. Pregnant women are the major adult risk group. At

present there is no effective, practical vaccine that can be used to prevent malaria.

Major trends pointing towards a worsening situation include:
® Anincrease in epidemic malaria
® Anupward trend in mortality over the last three decades
e An upward trend in drug-resistance P. falciparum malaria
e The re-emergence of P. vivax malaria in areas from where it had been previously
eradicated

® Anincrease in imported malaria into the developed world

The malaria parasite

Malaria is caused by protozoan parasites of the genus Plasmodium. The parasites are
inoculated into the human host by a feeding female anopheline mosquito. The four
Plasmodium species that infect humans are: P. vivax, P. ovale, P. malariae and P.
falciparum. Each species has distinctive morphologic characteristics that are clinically
important (59). P. falciparum shows several small trophozoites whereas P. malariae shows

few trophozoites. P. vivax shows large trophozoites with fragmented cytoplasms whereas
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P. ovale shows small and neat trophozoites with James dots and oval cells. P. falciparum
is the most prevalent and causes most problems because of its high virulence, rapid rate of
asexual reproduction in the host and an ability to sequester in small blood vessels, with
high risk of development of cerebral malaria (168). Moreover, the parasite is becoming

resistant to commonly used antimalarial drugs.

Life cycle of P. falciparum

The parasite requires two hosts, a female Anopheles mosquito and a human. The malaria
life cycle begins when
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mosquito bites her prey
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Figure 1. Life Cycle of Malaria Parasite

Merozoites enter red blood cells and develop through the so-called ring, trophozoite, and
schizont stages. The erythrocyte provides the parasite with a safe haven from the host’s
immune system, but presents certain logistical problems with regard to access to nutrients
and disposal of waste products. Parasite growth is supported by the ingestion of host
haemoglobin. During a 48 hour cycle the merozoites burst from the mature schizonts,
releasing cell debris, which causes a febrile episode in the host. Within minutes,

merozoites invade new red blood cells and the cycle continues. After several cycles, some
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of the intraerythrocytic parasites develop into sexual stage gametocytes. The gametes are
ingested when a mosquito bites an infected individual. They mate in the gut of the insect
and they pass through the gut wall, where they develop into oocysts that release

sporozoites that migrate to the salivary glands to be passed on to another individual (59).

Chemotherapy of malaria

The first antimalarial drug quinine is a quinoline alkaloid extracted from the bark of the
Peruvian Cinchona tree. During the advent of World War I, the supplies of quinine were
unable to meet demands (59). Chloroquine was developed to meet the demands and shortly
after World War II, chloroquine and pyrimethamine largely replaced quinine for
prophylaxis and routine treatment. As a result quinine was spared from widespread or
prolonged use and development of high level resistance to the drug also slowed (86, 146,
169, 170). Chloroquine is an inexpensive and readily available drug in many endemic
areas. Other drugs developed after World War II are primaquine, sulfonamides, and
antifolates (proguanil and pyrimethamine). Antifolates are usually used in combination

with sulphonamides.

During 1963 resistance to chloroquine developed and a new structural analogue of quinine,
mefloquine came into existence. Mefloquine has been proven to be effective in malaria
chemotherapy in the field for over 30 years, especially against chloroquine-resistant
malaria parasites (116, 149). However resistance to mefloquine has been observed in
falciparum treatment in Southeast Asia (112, 171). Artemisinin (qinghaosu) is a plant
extracted endoperoxide antimalarial drug developed in the 1970s. Artemisinins meet the
dual challenges posed by drug-resistant parasites and the rapid progression of malarial

illness (106).

Drug resistance in P. falciparum malaria

Globally the control of malaria is deteriorating. Key factor contributing to the increasing
malaria mortality and morbidity is the wide spread resistance of P. falciparum to the
conventional antimalarial drugs such as chloroquine, sulfadoxine-pyrimethamine (SP) and
mefloquine (Figure 2) (125, 129, 136, 151). Multidrug-resistant P. falciparum malaria is
prevalent in Southeast Asia and South America. Now Africa, with the highest burden of

malaria, is also being affected (157, 158).
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Figure 2. Global status of resistance to chloroquine and sulfadoxine/pyrimethamine.
Data are from the WHO

Antimalarial drug resistance is usually a result either of changes in drug accumulation or
efflux (chloroquine, quinine, amodiaquine, mefloquine, halofantrine resistance) (165) or
reduced affinity of the drug target resulting from point mutations in the respective genes
encoding the target (pyrimethamine, cycloguanil, sulphonamides, atovaquone resistance)
(60, 153). The resistance occurs when the drug concentrations are sufficient to reduce the
susceptible parasite population, but inhibit less or do not inhibit multiplication of the
mutants (27). Resistance causes drug failures when, because of reduced susceptibility,
drug levels that would normally eliminate the infection can no longer do so. However,
fully drug-sensitive parasites can still cause a recrudescent infection if the plasma

concentrations of the drug are insufficient (159).

Increasing multidrug resistant P. falciparum in many parts of the world has aggravated the
problem of deciding which antimalarial to use, particularly in countries where P.
falciparum has developed resistance to chloroquine, mefloquine primaquine, antifolates
such as Fansidar (Sulphadoxine-Pyrimethamine) and, to some extent, quinine which

previously was effective in the treatment of severe and complicated malaria (115).
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Further proliferation of drug resistance is closely related to (84):
e Massive population movements.
¢ Inadequate health services.
e Improper use of antimalarial drugs.
e Limited resources and operational difficulties in implementing malaria control

activities.

In the present scenario, artemisinins are a promising new class of drugs. Artemisinin and
its derivatives are effective against chloroquine and mefloquine resistant malaria. There is
little or no cross resistance of artemisinin with other drugs. Artemisinin clears the
peripheral blood of parasites more rapidly than other available drugs (106, 161). More
importantly, therapeutically significant artemisinin-resistant human malaria has not been
reported yet (16, 17). Delayed artemisinin resistance could possibly be due to its short
half-life (162), complex mechanism of action, or probably, the number of genetic

mutations necessary for resistance to develop is very high.

ARTEMISININ AND ITS DERIVATIVES

The plant Artemisia annua

The Chinese herb Qing Hao (blue green herb) has been used for two millennia in
Traditional Chinese Medicine (2, 123, 151). The earliest reference to the plant goes back to
“52 prescriptions”” found in the Mawangudi Tomb in an era dating back to 206 BC-AD23.
The first prescription of Qing Hao for treatment of malaria-related symptoms is found in
“The handbook of Prescriptions for Emergencies” by Ge Hong, who lived during AD 281-
340 (175). Active moiety Artemisinin (ginghaosu) was isolated by Chinese scientists in
1972 from the aerial parts of Artemisia annua L (1, 83, 95). The compound showed good
in vitro and in vivo antimalarial activity. Several studies showed artemisinin to be an
exceptional antimalarial agent with negligible toxicity and high efficacy against human

malaria parasites, including those resistant to conventional antimalarials (92).
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Chemical structure and metabolism

Artemisinin is structurally different from the previously known antimalarials. The
compound is an unusually stable sesquiterpene lactone with an endoperoxide ring
(empirical formula C;sH»,Os) (Figure 3). Presence of the endoperoxide moiety is the key

to its antimalarial activity (24, 83, 89, 101).

reduction

dihydroartemisinin {2)

(3a), Z= Me, artemether

(3b), Z=Et, arteether

(3¢), Z=C(O)CH,CH,CO,Na,
sodium artesunate

(3d), Z=CHyPh(CO,Na)-p,
sodium artelinate

derivatization
—_—

Figure 3. Artemisinin and its derivatives

The white needle crystals of artemisinin are hardly soluble in water or oil therefore
formulations other than oral and rectal are not in clinical use. However, since the peroxide
bridge is stable under certain chemical reactions, several more soluble artemisinin
derivatives, arteether, artemether, sodium artesunate, sodium artelinate and
dihydroartemisinin (DHQ) have been synthesized for the treatment of malaria (Figure 3).
DHQ is the first metabolite of artemether, arteether and artesunate. Overviews on synthesis
of artemisinin and other derivatives are given elsewhere (156). DHQ is the most effective

compound of this class (76). Artesunate can be regarded as a pro-drug of DHQ.

Antimalarial activity

Artemisinin and its derivatives induce more rapid reduction of parasitemia (151),
decreasing the number of parasites faster than any other known drug. As a consequence
they are of special interest for severe malaria (71). The fast decline in the number of

parasites is also beneficial in combination therapies. Most of the antimalarials work at late
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trophozoite and schizont stages of the malaria parasite but artemisinins also act at early
trophozoites and ring stages (151). Artemisinins do not affect liver-stage parasites or
stages within the mosquito (121). Lower gametocyte carriage rates have been observed

after treatment with artemisinin and its derivatives (98, 121).

Mechanism of action

Although artemisinin has been on the market for more than 30 years little is known to date
about its biological targets (174). One of the main reasons is that artemisinin does not exert
its lethal effect through the whole intact molecule, but rather, through some transient
species generated after cleavage of the peroxy bond (174). Artemisinin is hydrophobic and
passes biological membranes easily (15). In vitro studies have suggested an uptake of
artemisinin by both healthy and malaria infected red blood cells (8). During the blood
stage phase of the parasite, more than 70% of the haemoglobin within the infected
erythrocyte is digested (61). Heme is released which is toxic for the parasite and
neutralized by polymerization into haemozoin. Heme or iron (II) salts triggers reductive
cleavage of the peroxide bond in artemisinin to form oxygen centred radicals. Oxy radicals
then form carbon centred radicals (79, 107, 119) (Figure 4). These radicals cause oxidative
stress and damage to the parasite’s membrane systems like mitochondria, rough

endoplasmic reticulum and plasma membranes (8, 35, 102).

r H,
Fe(llO «{'f Fe(IlO, g :
h.('(_:, = HO
Fe(ll) 0 1.5-H

- - Shlft
o}
L 0 _
Fa(ll} l j-scission
J“i@
rebound
5 epnxldancn
“Fe(lll)
b O -
Fe(IV)=0 +— = Fa(ll)-0"

Figure 4. Mechanism of action of artemisinin. Formation of free radicals.

16



Incubation of the parasite with labelled artemisinin showed incorporation of the label into
at least six parasite proteins (9). A member of translationally controlled tumour proteins
(TCTP) was also alkylated (21). Inhibition of protein synthesis in human erythrocytes
infected with P. falciparum was also documented. Change in electrolyte levels of early and
late parasite stages with a reduction in potassium and phosphorus and an increase in
sodium has also been reported. Electronic microscopy with radiolabelled artemisinin and
DHQ in P. falciparum infected erythrocytes has shown accumulation of the drug in the
mitochondria and food vacuoles of the parasite. Artemisinin has shown to concentrate in
malaria haemozoin where it is covalently bound to hemin (72). The malaria parasite is rich
in heme iron derived from the proteolysis of host cell haemoglobin. It is believed that the
hemin-rich environment of the parasite is one of the reasons for the selective toxicity of

artemisinin (72).

More recently, an alternative mechanism of action for artemisinins based on inhibition of
the malarial parasite’s calcium ATPase (sarco endoplasmic reticulum calcium ATPase,
SERCA) has been suggested (43). We still lack information on the changes in gene

expression levels of the parasite on exposure to artemisinin.

Adverse effects

Artemisinin compounds have been safely used for treatment of falciparum for more than
two decades. Nevertheless, the animal toxicity reports involving some of the derivatives
have raised concerns about their safety in humans. Signs of neurotoxicity have been
observed in laboratory animals upon repeated dosing, particularly with the oil-soluble
derivative arteether or after prolonged exposure (23, 78, 93). However, no serious adverse

events have been found with its treatment even on careful monitoring.

Artemisinin derivatives have successfully been used in the treatment of pregnant women
with no observed effects on the foetus or newborn children, who were followed up for one
year (103). In general, the artemisinin compounds are considered to be well-tolerated, with

few or no side effects in clinical use (151).
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Pharmacokinetics

Artemisinin is primarily eliminated by enzymatic metabolism to presumably four inactive
metabolites, lacking the peroxide bridge which is important for antimalarial activity (90).
Only trace amounts of these compounds are detectable in urine in both healthy volunteers
and malaria patients after oral administrations (109). The ether and ester derivatives are
metabolised to active metabolite dihydroartemisinin, which accounts for most of the
clinical effect. The pharmacokinetics of DHQ is not yet completely clear. Information
regarding the metabolism of artemisinin derivatives is however still lacking which is

necessary to provide a better basis for optimal dosage regimens.

Artemisinin has an absorption lag-time of 0.5-2 hours with peak plasma concentrations at
1-3 hours after oral intake. It has a relatively short half-life of 1-3 hours (11, 68, 147).
Cytochrome P-450 enzyme 2B6 with some possible contribution of CYP3A4 and CYP2A6
have been suggested to metabolise the compound (142, 143). 80-85% of artemisinin bound
to plasma proteins (11). Artemisinin exhibits time and dose—dependent kinetics in both
healthy volunteers and malaria patients. Plasma concentration of the drug is significantly
lowered by the 5™ day of the treatment. The lower plasma concentrations toward the end of
the treatment period are believed to be due to an increase in the saturable first-pass
extraction of the drug, affecting its bioavailability (10, 15). Since intravenous
administration of artemisinin is not possible, data on its absolute bioavailability is
unavailable. The pre-clinical investigations of artemisinin have lagged behind its clinical
employment. Auto-induction of artemisinin is caused by involvement of CYP2B6 but not

to 2C9 (134).

Analytical methods

Due to lack of chromophore moieties in the structure of artemisinin, development of
analytical systems for detection of the substance has been a slow process. Although several
analytical methods are now available for detection of artemisinin in biological fluids, only
two have gained widespread use in pharmacokinetic studies. The first one is based on
potentiometric detection, first described by Zhao (181) and later validated in a number of
laboratories for various derivatives (81, 105). The second approach is based on a post-

column, on-line derivatization step described by Edlund et al (44) and later modified by
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Batty (14, 20). We have used the second method for our analysis. The system has been
shown to be robust and sensitive in detection of artemisinin, artesunate and

dihydroartemisinin but not artemether and arteether.
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SPECIAL BACKGROUND

Paper I: Time dependent pharmacokinetics of artemisinin

Artemisinin and its derivatives represent the most effective group of compounds against
multidrug resistant P. falciparum malaria. Despite extensive clinical use, the
pharmacokinetic and drug metabolic characteristics of artemisinin remain inadequately
understood. A singular feature of artemisinin pharmacokinetics is a remarkable time-
dependency. It increases its own elimination by inducing enzymes which are responsible
for its own metabolism in both healthy subjects and malaria patients, and the compound
has high liver extraction ratio which results in extensive first pass metabolism after
repeated oral administration (13, 14, 144). Derivatives artemether (52, 91, 150) and
convincingly, artesunate (82) also show auto-induction effects. Due to this phenomenon,
plasma artemisinin concentrations (AUC) on 5th day of treatment reduce to 30% of those
observed on day 1 in uncomplicated falciparum malaria patients (11, 14, 68). In healthy
adults, plasma concentrations also reduced to 34% by day 4 with a further decrease to 24%
by day 7 (11, 14, 68) (Figure 5). A treatment course of less than one week resulted in 4-6

fold increase in oral clearance (11, 14, 68).

4000 - Figure 5. Artemisinin area under the
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It has not been known whether artemisinin has the ability to induce drug metabolism in

other species than in humans. Artemisinin is rapidly eliminated in rat liver slices; whereas
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metabolic activity in kidneys and lung tissues is low (40). Presence of such auto-induction
would have implications for the interpretability of toxicological tests in animals. Therefore
the present study was done to evaluate artemisinin’s auto-induction property in the rats, the

most common species used in toxicological studies.

Paper II and III: Combination therapy

The use of single drug for the treatment of malaria has been generally accepted because the
dose can be controlled easily and drug interactions can be avoided. However, with
problems of emergence and the spread of drug resistant falciparum malaria in most
endemic regions, the rationale for using a single compound warrants change (99). Table I

lists the main limitations associated with single drugs and drug combinations.

Table I. Drawback with antimalarial drugs and drug combinations.

Drug Main limitations
Chloroguine Resistance
Quinine Complianceysafety/resistance
Amodiaguine Safetyfresistance
Meflogquine [Safetyl/resistance/icost)
Halofantrine Safety/resistance/cost

Artemisinins

lartemether, Compliance/jsafety) (GMPY
artesther, lcost)
artesunate)

Sulphadoxine—

g . Resistance
pyrimethaming

Atovaquone- Resist entialicost
proguanil esistance potentialfcos
Lurmefantrine— {Compliance)/resistance

artemather potential/{cost)

Combination therapy (CT) is now generally recommended in order to reduce the threat to
the usefulness of present antimalarials. Combination of antimalarials that do not share the
same resistance mechanism will reduce the chance of selection because the chance of a
resistant mutant surviving is the product of the per parasite mutation rates for the

individual drugs, multiplied by the number of parasites in an infection that are exposed to
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the drugs (159). It is believed that CT is an effective approach in curbing the development
of resistance of parasites to either compound (159, 164), especially if the activities of the
compounds are unrelated, preferably compounds with different modes of action. The risk
of a patient being infected with a parasite strain simultaneously resistant to two

antimalarials is very small (166).

The mechanisms of action of drugs vary, and they can act in different biosynthetic
pathways of the Plasmodium parasite (Figure 6). Thus different drug combinations can act
additively or synergistically to kill the parasites. The basic concept consists of combining a
rapidly acting, short half-life drug with a slowly eliminated drug; maintaining minimum
inhibitory concentration levels for at least 7 days in order to cover 3-4 parasite cycles.
Artemisinins are considered to be the most important drugs in the CT because they

produce the fastest therapeutic response of all drugs.

[Lysosomal food vacuole |
Drugs Drugs New targets
« Antifolates + Quinolines interact with + Plasmepsin aspartic
haem/haemozoin proteases
New targets
o —~ + Paroxides oxidoreductively  « Falcipain cysteine
+ Glycolysis [e.g. lactate .
dehydrogenase) generate free radicals protease

+ Nucleatide biosynthesis

§ " "" -"A o
'______.— . - | Parasite plasma
—— 'S

New targets

+ Glucose transport
+ Mutrient uptake

+ Na*/H* antiport

Apicoplast /
Drugs
+ Antibictics inhibiting protein translation T —R
{e.g. tetracycline and doxycycling) Drugs
New targets + Atovaguone inhibition of cyt ¢ reductase
+ Plasticd DNA replication and transcription New targets

« Type 2 fatty acid biosynthesis
+ Non-mevalonate isoprenyl biosynthesis
{link to protein prenylation)

+ (Dihydrooratate dehydrogenase)

Figure 6. Site of drug action and new target. P. falciparum residing in an erythrocyte.
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Following are among the major reasons for the inefficiency of artemisinins in total parasite
clearance (162):
1. Short half-life.
Generation of artemisinin insensitive stages.
Time dependent pharmacokinetics.

Poor compliance.

A

High rate of recrudescent infection (5, 6, 13, 38, 110)

Nowadays, the general recommendation in treatment of falciparum malaria with
artemisinins is in combination with another antimalarial drug with a relatively long half-
life (37, 104, 111, 166) (Figure 7). Moreover, by reducing the number of parasites rapidly
by artemisinins, the risk for resistance development against the second drug of the CT will
be reduced. Trends of such effects have been reported for artesunate and mefloquine
combination, in which halted progression of mefloquine resistance has been observed
(113). Such combination would also decrease the risk of recrudescence due to the long
protective action of the second drug and will reduce the treatment course and dose, which

is beneficial from a compliance point of view.

- Figure 7.

total parasites

detection limit

The addition of an artemisinin o & more slowly
eliminared and less active drog (e.g, mefloguine) results in
rapid veducrion in the parasite biomass, The large shaded
triangle [A) represents the total parasite numbers exposed to
the less active drog. If a three-day course, an ariersinin
derivative is added, then parasite numbers are reduced
eonsiderably and only B parasites are cxposed ta the less
active drug alone. Furthermore these parasites “see” much
higher concentrations of the less active drug (From *m’ to *n™
compared with those "seen’ by the same residoe (8} il no
artemisinin derivative is given, i.e, from ‘x’ o *y'. This
provides considerably less selection opportunity for resistance,

Many artemisinin derivatives in combination with other antimalarials are either in clinical
use or in clinical phase trials such as artesunate-amodiaquine, artesunate-sulfadoxine-
pyrimethamine, artemether-lumefantrine and artesunate-mefloquine (85). Artesunate in
combination with mefloquine is in use as first line treatment of P. falciparum malaria in
Southeast Asia and artesunate in combination (111) with fansidar is being considered for

use in Africa (41).
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Few in vitro combination studies have been published on artemisinin interactions with
other antimalarial drugs (Table II). The in vitro studies on combination of artemisinin and
its derivatives have shown potentiation with mefloquine, quinine and tetracycline, addition
with chloroquine, doxycylcine and primaquine and antagonism with pyrimethamine (27,
56, 140). The in vitro study on combination of artemisinins with atovaquone has shown
inconclusive results (25). An in vitro study on the combination of pyronaridine with
artemether showed weak antagonism (127). No in vitro study has been done on the
interactive pattern of amodiaquine, pyronaridine and quinine in combination with

artemisinin.

Table II. Published in vitro studies on combination of artemisinin with partner drugs.

Drugs In vitro Studies Result
Chloroquine (27, 56, 140) Antagonistic to additive
Amodiaquine None -
Pyronaridine None -
Atovaquone (25) Inconclusive

Mefloquine (27, 46, 56) Synergistic
Quinine None -

The present study was done as a follow up to the very few previous interactive studies and
with newer drugs to quantify the potentially synergistic behaviour of chloroquine,
amodiaquine, pyronaridine, atovaquone, mefloquine and quinine with artemisinin using
three strains of P. falciparum. Optimal drug ratios for the respective synergism between
the combinations were also determined. There are no studies on the observed in vitro
interactions of the various drug combinations onto the in vivo situation. Therefore, we have
tried to correlate the observed/expected (O/E) effective concentration (EC) values with

clinically relevant therapeutic drug concentrations.
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Chloroquine

Chloroquine (CQ) (Figure 8), a 4-aminoquinoline is an effective antimalarial drug both for
treatment and prophylaxis of malaria. It is active against blood stages of Plasmodium
parasite which are relatively resistant to the action of quinine (145). Plasma terminal half-
life is 278 hours. It is not active against pre-erythrocytic, hypnozoitic-stage of parasites
(117) and mature gametocytes. CQ has few side effects when taken in the dose prescribed
for malaria and it is the cheapest of all antimalarials available.

- N . Unfortunately, most strains of falciparum malaria are now resistant

HN o e

7 to chloroquine and more recently chloroquine resistant vivax has
oy
also been reported.

Figure 8. Chloroquine

Interaction of CQ with DNA might underline the antimalarial activity of this drug (33, 34,
65). It is assumed that the food vacuole is the site of action of chloroquine and it somehow
interferes with the parasite feeding process. CQ is one of the most rapidly acting inhibitors
of nucleic acid and protein synthesis in susceptible parasite strains. CQ also inhibits
protein degradation in trophozoite-infected erythrocytes (179), leading to an inhibition of
haemoglobin digestion and starvation of the parasites. It has also been shown to inhibit
phospholipases and prevent the degradation of endocytic vesicles in the food vacuole,
thereby preventing haemoglobin degradation (48). CQ interferes with pigment formation
by forming a complex with a transiently available form of heme. Thus inhibition of heme

polymerisation is envisaged to poison the parasite with its own metabolic debris (58).

Amodiaquine

Amodiaquine (AMQ) (Figure 9) is a structural analogue of chloroquine differing only by
having a p-hydroxyanilino aromatic ring (Mannich base) in its side chain. Despite a similar
o mechanism of action to CQ, AMQ is a superior and relatively more

w0 active inhibitor in virro than CQ (108, 155). It is more effective with

Jl lower parasitological and clinical failure rates than CQ.

Figure 9. Amodiaquine
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It has a short half-life of approximately 3 hours, but its major active metabolite
desethylamodiaquine has a half-life similar to that of chloroquine (122). AMQ has
relatively little therapeutic toxicity and rapid fever clearance (3). Most toxicity reports are
on prophylactic use rather than therapeutic use (114). No serious toxicity has been reported

for treatment of acute malaria (3).

Previous studies have shown that amodiaquine possesses great potency against both CQ
sensitive and resistant isolates of P. falciparum (30, 47, 64, 133). The enhanced potency of
AMQ can be explained in terms of the difference in the levels to which the two drugs
accumulate within the malaria parasite (70). AMQ accumulation is greater than that of CQ
(70). AMQ binds to heme and inhibit heme polymerisation in vitro, with a similar

efficiency to CQ (180).

Pyronaridine

Pyronaridine (PYR) (Figure 10) was synthesised in China in 1970 (28, 182, 183). It shares
its structural similarities with amodiaquine, both are Mannich bases. It has an elimination
half-life of 60 hours (54). PYR exhibits marked blood schizontocidal activity against
chloroquine sensitive and resistant parasites in both rodent malaria in vivo and P.
Salciparum in vitro (31, 49) and is well tolerated (29, 96, 126). It is currently used in China
for the treatment of chloroquine resistant malaria (26).
Further pharmacokinetics and clinical studies are currently
planned to assess the potential of this drug for wider use in

malaria control. PYR may have potential as replacement for

oral formulations of chloroquine in many areas.

Figure 10. Pyronaridine

It is expected that either PYR has high affinity to the enzyme heme polymerase or the
chloroquine efflux pump has lower affinity for this compound (18). PYR causes swelling
of the pellicular complexes of intraerythrocytic trophozoites (29) and changes in the food
vacuoles, and formation of the multilamellate whorls followed by other organelle changes.

Chloroquine and mefloquine did not induce any comparable change (172, 173).
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Atovaquone

Atovaquone (ATQ) (Figure 11) (formerly designated as 566C80) belongs to a class of
hydroxynapthoquinones which were initially evaluated as antimalarial agents in malaria
patients in the early 1950°s (53). It has a broad-spectrum antiprotozoal activity (66). ATQ
is active against Plasmodium, Pneumcystis and Toxoplasma species (7, 67, 73, 74, 137). It
is effective against the primary liver stages of falciparum parasite (36). ATQ is
metabolically stable with an elimination half-life of approximately 2-3 days (128). Its
potential as an antimalarial stems from its high intrinsic activity against erythrocytic stages
of P. falciparum in vitro (19, 63). It is moderately effective in

: _l,_u inhibiting gametocyte maturation in vitro (57). ATQ alone has

] i ] - proven safe and produces clinical cures against multidrug resistant

malaria in Thailand, however, one third of the patients recrudesced.
Figure 11. Atovaquone

ATQ is a structural analog of protozoan ubiquinone (coenzyme Q), a mitochondrial protein
that accepts electrons from dehydrogenase enzymes and transfers them to cytochrome bcl
complex (COMPLEX III) (62). It inhibits this passage of electrons resulting in the collapse
of the mitochondrial membrane potentially thereby killing the parasites (138). As an
inhibitor of electron transport, ATQ has a novel mode of action and is not cross-resistant
with other antimalarials. Atovaquone acts by binding to a polypeptide in the mitochondrial
respiratory chain, thereby blocking electron transport in the dihydrogenase and inhibiting
the pyrimidine biosynthesis pathway (66). Since malaria parasites are unable to salvage

preformed pyrimidines, this leads to blocking of the parasite-replication.

Mefloquine (Lariam®)
Mefloquine (MQ) (Figure 12), a synthetic 4-quinolinemethanol is a potent schizontocide

with a half-life of 20-30 days (39, 132, 160). MQ is a slow acting drug
with greatest activity against mature trophozoites. It acts on asexual
N intraerythrocytic forms of P.vivax but has no activity against gametocytes
or the intra-hepatic stages of the Plasmodium (131).

Figure 12. Mefloquine
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MQ is effective against both chloroquine-sensitive and resistant P. falciparum. In an effort
to delay development of resistance to MQ, a combination of MQ-SP (Fansimef®) was
advocated. Severe side effects have been reported on prophylactic use of the combination
(99). Another combination, MQ-artesunate has been developed in recent years. It has
shown high cure rates with a treatment period of 1-3 days. This combination is widely
recommended for clinical use in Southeast Asia. However, there is a high selection

pressure for resistance to MQ.

Little is known about the mechanism of action. MQ causes morphological changes in the
food vacuole of P. falciparum. The changes resemble the alterations observed after
chloroquine treatment, except MQ appears to cause degranulation of haemozoin rather
than the clumping of pigment. MQ has been shown to inhibit heme polymerisation in vitro
with a similar or lower efficiency than chloroquine. Unlike chloroquine MQ doesn’t bind

to DNA.

Quinine

Quinine (Figure 13) is an effective antimalarial drug with structural similarities to
mefloquine. The mean elimination half-life of quinine is between 10 to 12 hours (87, 163).
It has a schizontocidal effect against all Plasmodium species infecting man. The drug is
effective against late rings and early trophozoite stages. Quinine has
less susceptibility to small rings and has no effect on exo-erythrocytic
O, " stages. Resistance to quinine is not an operational problem as yet in
e Africa but it has shown dose dependent adverse effects.

Figure 13. Quinine

Quinine has a similar action to mefloquine both in vivo and in vitro but it is not known
whether the mechanism of action of quinine is more closely aligned to that of chloroquine
or mefloquine. Quinine inhibits heme polymerisation and heme catalase activity in malaria

parasites within the food vacuole but with less extent than chloroquine (135).

28



Paper IV: In vitro pharmacodynamics of Malarone®

A non-artemisinin based combination, Malarone® (ATQ and PRG) has been found to be
active against multidrug resistant falciparum malaria. Recently, it has been introduced as
an alternative prophylactic drug for prevention of malaria in travelers to areas with

chloroquine resistant falciparum malaria.

Monotherapy with ATQ showed recrudescence of parasitemia in one-third of patients with
P. falciparum infection (32)). Therefore to increase its efficacy atovaquone was combined
with different drugs. Proguanil, tetracycline and doxycycline enhanced the activity against
P. falciparum in vitro (25, 177). The combination Malarone® with dapsone showed 2-3
times more activity than the Malarone® combination alone. High activity was a result of
dual synergistic interaction between Malarone® and cycloguanil-dapsone (176, 178).
Malarone® is safe and effective but its high cost hinders its deployment in endemic areas.
Little information is available on the mechanism of synergistic interaction between
atovaquone and proguanil. The study was conducted to evaluate in vitro pharmacodynamic
interactions of ATQ, PRG and cycloguanil (CYC) against P. falciparum using a wide

range of concentration with relevant in vivo ratios.

Malarone®

Malarone® is a fixed dose combination of atovaquone and proguanil. Malarone® is
mainly used for prophylaxis against P. falciparum malaria as an alternative to Lariam® or
chloroquine+proguanil. The combination was found to be effective against multidrug
resistant P. falciparum, P. ovale and P. malariae, moderately against P. vivax (22, 97,
124). Malarone® reduces the transmission of P. falciparum (50). Clinical trials on
atovaquone and proguanil (Malarone®) gave a cure rate of 98% and the combination is
now registered in some places in Europe. It has been evaluated for treatment of acute

uncomplicated falciparum malaria.

Proguanil

Proguanil (Figure 14) is a biguanide and its antimalarial activity was first described in

1945. Proguanil is regarded as the prodrug. It metabolizes via cytochrome P450 CYP2C19
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(mainly) and 3A4 (partially) in the liver to cycloguanil. Proguanil is safe and may be used
on pregnant women and children. Proguanil showed some intrinsic activity against
falciparum malaria. It is suggested that the synergy between atovaquone and proguanil
- [__.:| may not mediate through the active metabolite cycloguanil but

My through proguanil’s ability. Proguanil enhances atovaquone’s ability
S to collapse mitochondrial membrane potential (45, 77, 139).

Figure 14. Proguanil

Cycloguanil

Cycloguanil is the active metabolite which inhibits the parasite’s dihydrofolate reductase
enzyme (DHFR) and disrupts folate synthesis required for parasite DNA synthesis.
Cycloguanil is active against the erythrocytic stages of P. falciparum in vitro (154).
Cycloguanil is more potent than proguanil at therapeutically relevant concentrations (51,
141). Some studies have shown cycloguanil’s usefulness in combination with atovaquone

and has been suggested that its activity is independent of DHFR (55, 80).
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AIMS OF THE STUDY

1. Artemisinin is a potent auto-inducer in humans. Therefore it is important to relate
effect not to dose but to drug exposure, which will be lower after multiple
administrations of a drug undergoing auto-induction. Since the metabolizing enzymes
and their inducibility differ between species, the present study was undertaken to
investigate whether the compound is also an auto-inducer in the rats, the most common

species used in toxicological testing.

2. Combination therapy is an effective approach in curbing the development of resistance
of parasites to the present antimalarials, especially if the mechanisms of action of the
compounds are unrelated. Artemisinin is effective against multidrug resistant malaria
and no resistance has been seen with this compound. The present study was conducted
to investigate the in vitro interaction of artemisinin with amodiaquine, pyronaridine,
chloroquine, atovaquone, quinine and mefloquine against Plasmodium falciparum.
Optimal drug ratios were also determined using a wide range of concentration ratios

with relevance to an in vivo situation.

3. A non-artemisinin based combination; atovaquone-proguanil (Malarone®) can be one
of the choices for the treatment of multidrug resistant malaria. Malarone® is useful
because of its high activity against multidrug resistant malaria. It is used as an
alternative prophylactic drug for prevention of malaria in travellers to areas with
chloroquine resistant falciparum malaria. Little is known about the interaction between
atovaquone and proguanil. The present study was done to investigate the in vitro
pharmacodynamic interactions between atovaquone, cycloguanil and proguanil against
P. falciparum using a wide range of concentration ratios with relevance to the in vivo
situation. The experiments were done both in the presence and absence of excess para-
aminobenzoic acid (PABA) and folic acid to examine the role of dihyrofolate reductase

(DHFR) in the mechanism of action of proguanil and cycloguanil.
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MATERIALS AND METHODS

Auto-induction of artemisinin in the rats

Three male Sprague Dawley rats were pre-treated with 60 mg of artemisinin/kg/day orally
for duration of 5 days (artemisinin pre-treated). Another three rats received the oil-in-water
emulsion vehicle for the same duration (vehicle pre-treated). After sacrification, the livers
were excised and frozen (-80°C) from both groups until preparation of microsomes
according to the method of Kupfer and Burstein (144). Microsomal protein concentrations
were determined by the Lowry method (100). Four different artemisinin concentrations

(10, 50, 100 and 500 uM) were used for incubating the microsomes (figure 15).

Microsomal incubations

Ethanolic sol of ART in tubes (10, 50,
100 and 500 uM)

Solvent evaporated i under N, gas

10 ul of DMSO & Tris buffer added,
vortexed

Heated 70°C for 10 min i
Cooled 37 °C

Microsomes added, agitated 2 min in
water bath at 37°C

Addition of 100 ul NADPH l

Tubes vortexed at low speed

First sample withdrawn in 200 pl
of methanol

Vortexed at high speed & kept on ice

Figure 15. Flow chart of microsomal incubations.
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Similar samples were withdrawn at pre-determined time intervals and centrifuged at
10,000 g for 10 minutes for artemisinin pre-treated and vehicle pre-treated groups.

Experiments were done in duplicates.

Drug quantitation & data analysis

Samples were analysed for artemisinin concentration by HPLC with post-column on-line
alkali derivatization with UV detection (289 nm). The kinetics of artemisinin
disappearance with time in the incubations was modelled with Michaelis-Menten type

equations: dC/dt =-V * V. /(K + Carr) for one or several metabolic pathways.

The four different drug concentrations with microsomes from each animal were fitted
simultaneously by four identical differential equations (as above) with common
parameters. The parameters were obtained after fitting results to individual animals and to

pooled data for the pre-treated and the control groups.

Kinetic model parameters were estimated by iteratively re-weighted least squares non-
linear regression of drug concentrations against time (WinNonlin 1.1 with the Gauss-
Newton algorithm as modified by Levenberg and Hartley with weighting by 1/Cearc?).

Intrinsic clearance (Cl;,) was calculated as a secondary parameter by Clipe =V - V/Ky,.

In vitro interaction studies

Drugs and parasite cultures

The test drugs included artemisinin, amodiaquine, pyronaridine, choloroquine, atovaquone,
quinine and mefloquine. Chloroquine and pyronaridine were dissolved in water and the
other five drugs were dissolved in 95% (v/v) alcohol. The solutions were diluted with

distilled water to obtain stock solutions of 10~ M respectively.

Three P. falciparum strains were selected for the study. The cultures were maintained

according to the candle jar method (148).

33



Sensitivity testing and combination experiments

A series of 10 fold dilutions in water (10*-10™" M) were prepared for all the drugs from
the stock solutions. In vitro tests were first run for mono drugs in duplicates to assess
individual drug sensitivities against the respective strains. The 50% effective concentration
(ECso) values were determined. Drug solutions were then prepared for the drug interaction

experiments on the basis of their estimated ECs, values.

A chequer board pattern with a single column of the test drugs and duplicate columns for
controls was used for the interaction experiments. The solutions were introduced into 96

well-flat-bottom microtitre plates. All the experiments were done in duplicates.

The plates were incubated at 37° C for 48 hours in the candle jars. Both the parasite
growth and the degree of inhibition were then estimated by determination of parasite

densities on Giemsa stained blood films by light microscopy.

Drug quantitation & data analysis

The statistical analysis was based on log-concentration/response probit method according
to Litchfield and Wilcoxon (94). The concentrations were transformed into logarithms and
the percentage inhibition values into probits. The data was transformed in a linear square
regression. Growth inhibition at a given drug concentration was calculated by the formula

probit y =a+b*logy.

The assessment of drug interaction is based on calculation of the sum of the fractional
inhibitory concentrations (3_FICs) at the given effective concentration by the formula (ECx
of agent A in mixture/ECy of agent A alone) + (EC, of agent B in the mixture/EC, of agent
B alone). Y} FICs <1 denote synergism, 1-2 denote additive interaction, 2-4 denote slight

antagonism and >4 denote marked antagonism.
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Malarone®: Non-artemisinin based combination

Baseline sensitivity and interaction experiments

Four different P. falciparum strains F32 (Tanzania), FCR3 (Thailand), K1 (The Gambia)
and LS25 (Kenya/Uganda) were used to assess baseline sensitivity of atovaquone,
proguanil and cycloguanil. The parasite strains were kept in continuous culture according
to the classical Trager and Jensen method (148). In vitro interactions among atovaquone,
proguanil and cycloguanil at various concentration ratios were determined by means of a
chequer board design. P. falciparum parasites were exposed to various drug concentrations

in 96 well-flat-bottom microtitre plates. All the experiments were done in duplicates.

Drug quantitation & data analysis

Probit analysis of log dose-response followed by linear least square regression was
employed to calculate effective drug concentrations capable of inhibiting 50% and 90% of
parasite growth (ECsy and ECy). Observed/expected (O/E) ECsy and ECy values of the
drug combinations were calculated along with sum of fractional inhibitory concentration

(YFICs).
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RESULTS AND DISCUSSIONS

Paper I

Time dependent pharmacokinetics in the Rats

Artemisinin disappearance was more rapid, especially at lower concentrations, in liver
microsomal incubations from artemisinin pre-treated rats compared to control rats (Fig 2 in
article 1) (Figure 16). This highly unusual time-dependent disposition of artemisinin has

also been demonstrated after repeated administration in patients and healthy subjects (11,
13).
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Figure 16. Artemisinin disappearance in liver microsomes pre-treated with artemisinin
(A1-A3) and control animals (C1-C3).

Initial estimates of the maximum velocities (Vyax) and Michaelis-Menten constant (K,)
from Hanes-Woolf graphs were respectively 1.9, 1.3, 2.0 umole/min/mg and 38, 29, 34
uM for the three artemisinin pre-treated rats and 0.63, 1.0, 0.91 pmole/min/mg and 126,
81, 127 uM for the three control animals (Table III). The values made the basis for the

WinNonolin Software.
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Table III. Comparison of maximum velocities (V) and Michaelis-Menten constant
(K,) values for the pooled data using the WinNonlin software and Hanes-Woolf model.

WinNonlin Hanes-Woolf
Treatment Voo K, Voo K,
(umole/mim/mg) | (uM) (umole/mim/mg) M)
Artemisinin 1.8 20 1.73 33
Control 0.85 67 0.85 111

Michaelis-Menten model

A single-pathway Michaelis-Menten saturable elimination model fitted best to the
concentration-time data of artemisinin incubations by non-linear regression. Parameter
estimates indicated a 2 fold increase in the Vpa. This finding is compatible with the
common mechanism of enzyme induction resulting in de novo synthesis of proteins.
However a 3-fold decrease in the Michaelis-Menten constant (K,,) in microsomes from the
pre-treated group indicated an affect on low—capacity high affinity enzyme (Table I in
article 1). There is an indication that in the non induced condition, artemisinin is
metabolized by more than one rat liver enzyme, whereas in induced state one enzyme
becomes pre-dominant. Estimates of intrinsic clearance (Cli,) in microsomes from pre-
treated animals were 8-fold higher compared with controls. The results were comparable
with the human findings. A 4-6 fold increase in Cli,; was also observed in uncomplicated
falciparum malaria. A marked sex difference has been reported for artemisinin disposition

in the rat (12), therefore the present findings may not apply to female rats.

Papers II and 111

Sensitivity Data

The basic sensitivity data of the drugs against three P. falciparum strains is shown in Table
IV. Strains 2 and 3 showed chloroquine sensitivity whereas strain 1 showed partial
chloroquine resistant profile. All the three strains were highly sensitive to the other six

tested drugs.
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Table 1IV. Growth inhibition of the three strains of P. falciparum by artemisinin,
amodiaquine, chloroquine, pyronaridine, atovaquone, quinine and mefloquine.

Antimalarial Effective

Drugs concentration Strain 1 Strain 2 Strain 3
(EC) ;M

Artemisinin EC 5 13.9 13.2 5.1
EC g9 54.7 55.0 10.2

Amodiaquine EC 5 0.2 0.2 0.8
EC g 214 27.7 50.0

Chloroquine EC 5 98.0 40.3 36.5
EC g9 309.5 142.5 102.5

Pyronaridine EC 5 23.6 335 37.5
EC gy 54.6 47.5 75.6

Atovaquone EC 5 20.0 34.5 27.5
EC o 455 54.0 46.0

Quinine EC 5o 142.3 276.0 334.0
EC g9 541.3 911.5 1844.5

Mefloquine EC 5 37.5 34.5 41.0
EC o 71.5 76.5 64.7

Interactive profile of artemisinin combinations

Table V shows interaction between artemisinin and the partner drugs. The
observed/expected (O/E) ECs, (50 % effective concentration), ECyy and ECyy values were
plotted against drug concentration ratios (combinant drug/artemisinin). Artemisinin
showed synergism with mean O/E ECy values of 0.25 and 0.8 with the two Mannich
bases, amodiaquine and pyronaridine respectively. Chloroquine combination with
artemisinin showed addition with a mean value of 1.2 (Table III in article 2). Although
both amodiaquine and chloroquine are 4-aminoquinolines, their interaction with
artemisinin appeared to be different. Artemisinin showed ECy value of 0.36 and 0.44 with
quinine and mefloquine respectively indicating synergism. The atovaquone combination
showed additive to synergistic effect with ECgyy of 0.85 (Table 3 in article 3). Interstrain
differences in the degree of drug interaction were seen with the three strains for all

combinations.
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Table V. Interaction of artemisinin with the partner drugs.

Drugs Strain 1 Strain 2 Strain 3
Amodiaquine Marked syn Marked syn Marked syn
Chloroquine Addition Addition Moderate syn
Pyronaridine Moderate syn Moderate syn Moderate syn
Atovaquone - Addition Moderate syn

Quinine Moderate syn Marked syn Moderate syn
Mefloquine Moderate syn Moderate syn Addition
Syn: synergism, ‘-*: insufficient data

In vitro interactions onto the in vivo situation

As it is difficult to project the observed in vitro interactions of the various drug
combinations onto the in vivo situation, we have tried to correlate the O/E EC values with
clinically relevant therapeutic drug concentrations. The area under the curve (AUC) and
maximum concentration (Cpy,y) are the most useful pharmacokinetic parameters to describe

the therapeutic drug concentrations and profiles.

Table VI. Mean Observed/Expected (O/E) values of EC90 in relation to area under the
curve (AUC) and maximum concentration (Cmax) ratios for the drugs.

Drugs AUC/AUC, O/EECy | Chaxt/Cmaxz O/E ECy
Amodiaquine 0.05 0.2-0.7 0.07 0.2-0.7
Chloroquine 9.06 0.9-1.8 0.96 0.9-1.5
Pyronaridine NA NA 0.44 0.6-1.1
Atovaquone 209.35 ND 13.55 0.9-1.5
Quinine 26.73 0.5-1.1 7.42 0.5-0.9
Mefloquine 129.81 1.0-2.4 3.29 0.9-1.1

Cmax1/Cmax2 = max conc. of combinant/artemisinin after a single dose. O/E > 2 indicates antagonism, O/E <2>1
indicates partial synergism, O/E =1 addition, O/E <1>0.5 indicates low grade synergism, O/E < 0.5 indicates clear
synergism. NA-not applicable i.e. no pharmacokinetic data available, ND-not done

Table VI shows the O/E ECy values corresponding to clinically relevant AUC/AUC; and
Cmax;/Cmax; ratios. The AUC, and Cmax, represent the values for artemisinin and AUC,

and Cmax, those for the “partner” drug. The AUC;/AUC; and Cj,,x1/Cax2 ratios have been

39



estimated from published pharmacokinetic data (42, 54, 152, 167). The Cp, and AUC

ratios were fitted to the data to find the corresponding O/E ECy, values for each strain.

Chloroquine and artemisinin combination showed additive interaction in chloroquine
sensitive strains which is in concordance with previous results (27). Amodiaquine and
chloroquine are 4-aminoquinolines and considered to share, in principle, the same mode of
action. However, a different interactive profile of amodiaquine was found with

artemisinin. Therefore, it may be wrong to equate amodiaquine with chloroquine.

Amodiaquine showed marked synergy with artemisinin. No in vitro and in vivo study has
been reported with this combination. Interestingly, our in vitro results from artemisinin-
amodiaquine combination are comparable to the interactions of artemether and
benflumetol (69). The O/E values for artemisinin and amodiaquine were in the range 0.1-
1.0, similar to the combination of artemether and benflumetol. The potentiative interaction
of artemisinin and amodiaquine may be due to the presence of a Mannich base structure in

amodiaquine.

Pyronaridine generally showed at least additive activity but predominantly moderate
synergism with artemisinin. Previously, pyronaridine and dihydroartemisinin have shown
weak in vitro antagonism against chloroquine resistant P. falciparum strains but an
additive effect against P. yoelii (118, 127). A synergistic effect could be related to high
affinity of pyronaridine to the enzyme heme polymerase or induction of the pellicular
complexes of intraerythrocytic trophozoites (26). Interestingly, pyronaridine and
amodiaquine both have a Mannich base side chain and both act synergistically with

artemisinin (120).

Atovaquone and artemisinin combination showed addition to moderate synergism at
concentration ratios between 10 and 100 against all the three strains. In a previous study,
both synergistic and antagonistic interaction was found between atovaquone and
artemisinin (25). In the absence of an explanation for these contradictory results, it can be

concluded that there is some evidence of synergism between the two drugs.
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Mefloquine and artemisinin combination showed synergism at mefloquine/artemisinin
ratios below 10. Both in vitro and in vivo studies on combination of artemisinins with
mefloquine and quinine have shown synergism (27, 46, 56) and mefloquine and artesunate
combination is already in clinical use in multidrug resistant areas of Thailand (99). The
degree of synergism is almost the same between our present in vitro interaction studies on
mefloquine and quinine and previous in vitro studies on artemether-benflumetol (69). One
of the reasons for synergism could be the target, food vacuole and the other could be the

interaction of both the compounds with the parasite membrane.

Quinine and artemisinin combination showed clear synergism. Previous in vitro studies on
the combination of artesunate-quinine and arteether-quinine have also shown synergism
(46, 56). Quinine has a similar action to mefloquine. Quinine inhibits heme polymerization
within the food vacuole and artemisinin is also reported to react with hemin within food
vacuole. Therefore, these drugs might act synergistically at different sites of the same
target molecule. Since quinine has a relatively short half-life of 16 hours, most probably a
one day treatment will not be sufficient. Whether a three day combination therapy may be

enough, thanks to the synergy, remains to be settled.

Paper IV

Pharmacodynamic interactions of Malarone®

The basic sensitivity data of atovaquone, proguanil and cycloguanil against F32, FCR, K1
and LS25 P. falciparum strains are presented in article IV Table 2. ECsy and ECqy values
for atovaquone and proguanil were similar in strains F32, FCR and K1 but were
approximately two orders of magnitude higher in strain LS25 for atovaquone and five

times higher for proguanil. Cycloguanil showed only minor differences in the four strains.

Proguanil pharmacodynamic interaction with atovaquone varied from addition to high
synergism with prevailing synergism especially at therapeutically relevant concentration
ratios of proguanil/atovaquone found in the body after oral administration of the
combination (Table 3, Fig. 2A, 2B in article 4). The mean Y FICs of 0.37 at ECs and 0.13

at ECy were observed at these concentration ratios.
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Cycloguanil and atovaquone combination showed an interaction varying from synergism
to antagonism with prevailing antagonism at therapeutically relevant concentration ratios.
The combination yielded corresponding mean Y FICs values of 3.70 and 2.11 at ECsy and

ECy, indicating antagonism.

Effect of PABA and folic acid

The ECsp and ECy values for proguanil alone were not influenced by RPMI-1640 medium
with low concentrations of para-aminobenzoic acid (PABA) and folic acid (LPLF culture
medium), whereas corresponding values for cycloguanil were more than ten times lower in
LPLF medium than in normal RPMI-640 medium (Table 2 article 4). This observation
may suggest and support the previous observations (55, 80) that proguanil acts on a
therapeutic target different from that of cycloguanil, independent of the activity against
DHEFR in P. falciparum. The results from a study showed that proguanil acts as an activity
enhancer to atovaquone but the molecular basis behind this enhancement is not known
(139). It is also clear from our studies that only relatively low proguanil concentrations are

required for achieving the enhanced atovaquone activity.
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CONCLUSIONS

e Artemisinin appears to be a potent inducer of drug metabolism in rats as in humans.
Therefore caution in interpretation of repeat-dose rat toxicity studies is important

with artemisinins unless their pharmacokinetics is simultaneously monitored.

e Induction is manifested more as a decrease in K., values rather than an increase in

Vmax values leading to an overall 8-fold increase in enzyme capacity (Cliy).
e Induction may be due to either of the following
1) An activation of a major metabolizing enzyme.
2) An increased synthesis of a normally low-capacity, high affinity enzyme.

e Amodiaquine appears to be a promising candidate with artemisinin. It may well
represent as an even better alternative than the already established mefloquine or
benflumetol as partner drug to artemisinins for the treatment of malaria in Africa.
Thorough investigation with regard to the mechanism of action of amodiaquine
may shed some light on the synergy between artemisinin and amodiaquine in

contrast to chloroquine.

e Pyronaridine may have some potential. Mannich bases appear to be synergistic
with artemisinins. Along with mefloquine, quinine may also be considered for
multi-drug resistant areas such as Southeast Asia. Chloroquine and atovaquone

may not be good candidates as partners to artemisinin.

e The datasupports that the synergism between an artemisinin compound and a
partner drug may be optimized by adjusting the dosing of the two compounds to
the pharmacodynamic drug interaction findings and the pharmacokinetic

characteristics of the two drugs.

e Synergism was observed between proguanil and atovaquone at wide range of
concentration ratios especially within therapeutically relevant ratios. Antagonism
was observed between cycloguanil and atovaquone at therapeutically relevant

concentration ratios.

e Our study supports that proguanil’s activity is independent of dihydrofolate

reductase (therapeutic target of cycloguanil).
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Proguanil enhances antimalarial activity of atovaquone at concentrations which are

much below its 50% effective concentration (ECs).

The effectiveness of Malarone® is due to synergism between atovaquone and

proguanil and does not depend on the metabolism of proguanil to cycloguanil.
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