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Malaria remains an important health risk among travelers to tropical/subtropical regions. However, in Japan,
only 2 antimalarials are licensed for clinical use — oral quinine and mefloquine. The Research Group on Che-
motherapy of Tropical Diseases introduced atovaquone-proguanil in 1999, and reported on its excellent
antimalarial efficacy and safety for treating non-immune patients with uncomplicated Plasmodium falciparum
malaria (20 adult and 3 pediatric cases) in 2006. In the present study, additional cases of malaria were
analyzed to confirm the efficacy and safety of this antimalarial drug. Fourteen adult and 2 pediatric cases
of P. falciparum malaria and 13 adult cases and 1 pediatric case of P. vivax/ovale malaria were successfully
treated with atovaquone-proguanil, including 3 P. falciparum cases in which the antecedent treatment failed.
Two patients with P. vivax malaria were treated twice due to primaquine treatment failure as opposed to
atovaquone-proguanil treatment failure. Except for 1 patient with P. falciparum malaria who developed a
moderate liver function disturbance, no significant adverse effects were observed. Despite the intrinsic lim-
itations of this study, which was not a formal clinical trial, the data showed that atovaquone-proguanil
was an effective and well-tolerated therapeutic option; licensure of this drug in Japan could greatly contrib-
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ute to individually appropriate treatment options.
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1. Introduction

Malaria is one of the most important, potentially fatal, health prob-
lems among travelers from industrialized countries who visit regions
with endemic malaria, affecting approximately 10,000 European and
North American travelers annually [1]. A study of imported malaria in
selected European countries and the United States revealed case fatality
rates of 0%-3.6%, averaging 1.6%, for Plasmodium falciparum malaria [2].
Treatment is becoming increasingly difficult due to the widespread
drug resistance of P. falciparum, and the occasional drug resistance of
P. vivax. Atovaquone-proguanil (Malarone, GlaxoSmithKline) is a fixed-
dose combination of 250 mg of atovaquone and 100 mg of proguanil
hydrochloride that was originally developed for treating drug-resistant
P. falciparum malaria. Since its investigational use in endemic areas,
such as Africa and Southeast Asia in the 1990s, this agent has been
used extensively for prophylaxis and treatment of malaria among
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travelers. To date, this agent has been well tolerated and highly effective,
with only occasionally reported cases of treatment failure,

In Japan, oral quinine and mefloquine are the only licensed anti-
malarial drugs, raising concerns that patients may follow an unfavor-
able clinical course if they do not tolerate these drugs or their illness
responds poorly. The Research Group on Chemotherapy of Tropical
Diseases, Japan, of which the authors are principal members, advo-
cates the use of medicines that are not nationally licensed for tropical
and parasitic diseases [3,4]. This system is indispensible for the appro-
priate treatment of Japanese patients who contract exotic diseases for
which formal compassionate drug use protocols are not available [5].
Atovaquone-proguanil, which is one of those medicines, was imported
in 1999, and our experience with this antimalarial drug was reported
in 2006. Atovaquone-proguanil was found to be efficacious and safe
when used in non-immune patients with uncomplicated P. falciparum
malaria [4]. Here, we report on additional cases of malaria treated with
atovaquone-proguanil, including those due to P. vivax/ovale infection.

2. Patients and methods
2.1. The research group and the use of medicines

The Research Group on Chemotherapy of Tropical Diseases was
established in 1980 and is currently funded by the Ministry of Health,
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Labour and Welfare in Japan. The group has introduced nationally
unlicensed medicines such as those against amebiasis, leishmaniasis,
trypanosomiasis, fasciolosis, and cryptosporidiosis. In addition to
atovaquone-proguanil (purchased from john Bell & Croyden Ltd.,
London, UK), the group has also introduced other antimalarial drugs, in-
cluding chloroquine, artemether-lumefantrine, primaquine, injectable
quinine, and rectal artesunate [3]. The quality of these medicines was
examined at the National Institute of Health Sciences, Tokyo, especially
upon their first introduction. Some antimalarials are readily available at
25 registered medical facilities distributed throughout the country. This
enables the appropriate treatment of patients, without significant delay,
in any area of the country. Other medicines are provided, upon request,
to those registered facilities from a central storage facility at the Insti-
tute of Medical Science, University of Tokyo, Tokyo.

Members of the registered medical facilities have obtained approv-
al for participating in this program from the research ethics committee
of each facility. The use of these unlicensed drugs at the registered fa-
cilities is allowed only after obtaining the patient's informed consent
that clearly states that the drugs are not licensed in Japan. In excep-
tional cases, when a patient cannot be referred to one of the registered
facilities, e.g., due to disease severity, drugs have been used outside of
the registered medical facilities on a humanitarian basis. Following
treatment, the physicians-in-charge complete the patient records that
were formulated by the research group. Since August 2009, those unli-
censed medicines have been used in accordance with the Ethics Guide-
lines for Clinical Research, Ministry of Health, Labour and Welfare, Japan
(July 31, 2008). Clinical research insurance is made available to cover
unexpected health damages that may occur with the use of those
medicines.

2.2. Patients and analysis

Cases were excluded if they were enrolled in our previous study
[4]. Analyses were conducted using the patients’ records; however,
when necessary, direct contact with the physicians-in-charge was
made in order to gain more detailed information. Each patient's phy-
sician was primarily responsible for the selection of the antimalarial
(atovaquone-~proguanil); in some cases, drug selection was aided by
consultation with specialists in the aforementioned research group.
Patients were excluded if they received other antimalarials at the
same episode, as this could compromise evaluation of the test drug.
An exception was made for the use of primaquine as a radical cure
of P. vivax/ovale malaria.

Table 1
Atovaquone-proguanil treatment of P. falciparum malaria.

Non-immune individuals were defined as those who lived in non-
endemic countries for at least 1 year and who traveled to an endemic
country and contracted malaria [6]. The effectiveness and adverse
effects of the antimalarial were evaluated based on the physicians’ de-
scriptions, as well as by a review of the laboratory data shown in the
patient records.

3. Results
3.1. Treatment of P. falciparum malaria

Patients who developed illness between 2003 and 2010 were en-
rolled (Table 1). Fourteen adult patients were treated, all of whom re-
ceived 4 tablets, once daily for 3 successive days. Many of the patients
were Japanese, most were non-immune, and all were infected while
traveling to sub-Saharan African countries. Of those patients, 3 re-
ceived atovaquone-proguanil after failure of an antecedent treatment,
i.e,, Case 4, after injectable quinine and mefloquine; Cases 6 and 14,
after artemether-lumefantrine. Defervescence and malaria parasite
clearance were confirmed in all or in almost all cases, respectively.
Possible adverse effects were reported in 2 cases. One patient (Case
5) showed a liver function disturbance (aspartate aminotransferase
(AST), 215 IU/L; alanine aminotransferase (ALT), 294 IU/L; total biliru-
bin (T-Bili), 2.0 mg/dL), leukopenia (2200/uL), and thrombocytopenia
(48 % 103/uL), which worsened after start of the treatment and returned
to normal within 4 weeks of treatment. The second patient (Case 11)
developed a low-grade headache and diarrhea.

A seventeen-month-old girl (Case 15) developed P. falciparum ma-
laria after visiting Guinea and was treated with 3/4 tablet, once daily
for 3 days. Another 2-year-old girl (Case 16) developed P. falciparum
malaria after visiting Uganda and was given 1 tablet, once daily for
3 days. Both of the children were cured without noticeable adverse
effects.

3.2. Treatment of P. vivax/ovale malaria

Patients who developed illness between 2001 and 2008 were en-
rolled (Table 2). Thirteen adult patients, one of whom contracted
P. ovale malaria, were treated with 4 tablets, once daily for 3 days; 2
patients were counted twice, as described below. Most of the cases
were non-immune and many were foreign nationals who visited
Papua New Guinea. The above 2 patients were counted twice due to
demonstrated relapses of P. vivax malaria. One patient was infected

Treatment results

Case Age/sex Body weight Nationality Semi-immune Country of disease Parasite  Effectiveness Outcome Adverse Remarks
(kg) acquisition clearance events
1 47/M ND? Ghana Unknown Ghana -+ ++ ND - VFRs®
2 30/F 52 Japan - Mozambique + ++ Cure -
3 40/M 82 Japan - Liberia + + Cure —
4 44/M 81 Japan - Tanzania ND + ND - Failure of antecedent therapy
5 29/F 50 Japan - Ghana + + Cure + Headache, nausea, liver function
disturbance, leukopenia, thrombocytopenia
6 58/M 83 Japan — Sierra Leone + ++ ND - Failure of antecedent therapy
7 26/F 48 Japan - Kenya + + Cure -
8 33/M 64 Japan - Kenya + + Cure -
9 29/F ND Japan - Ghana + ++ ND -
10  33/M ND Ghana — Ghana + ++ Cure - VFRs
11 54M 73 Japan - Ghana + ++ Cure + Slight headache, diarrhea
12 52/F ND Japan - Niger + + Cure -
13 39/M 61 Ghana + Ghana ND + Cure -
14  29/M 65 Japan - Uganda/Tanzania  + ++ Cure - Failure of antecedent therapy
15 O1/F 8.8 ND - Guinea + + Cure - 3/4 tablet/day for 3 days
16 02/F 13 Japan - Uganda + ++ Cure - 1 tablet/day for 3 days, VFRs

2 ND; not described.
5 VERs; visiting friends and relatives.
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Table 2
Atovaquone-proguanil treatment of P. vivax/ovale malaria.

Treatment results

Case  Age/sex  Body weight  Nationality Semi-immune  Country of disease  Parasite Effectiveness  Outcome Adverse  Remarks
(kg) acquisition clearance events
1 23/F 68 USA? - Thailand ND® ++ Relapse -
2 23/F 68 US.A. - Thailand + + Cure - Retreatment of Case 1
3 30/F 63 South Africa  Unknown P.N.G.C + ++ Cure -
4 62/M 61 Japan - P.N.G. + ++ Cure -
5 22/F 66 US.A. - P.N.G. + + Cure —
6 25/M ND UKd - P.N.G. + ++ Relapse -
7 25/M ND UK. - P.N.G. + ++ Cure — Retreatment of Case 6
8 24/M 72 USA. — P.N.G. + + Cure -
9 26/M 72 UK. - P.N.G. + + Cure .
10 22/F 54 Japan - Honduras + ++ Cure -
11 45/M 80 Madagascar Unknown Madagascar + ++ Unknown + Slight skin itch
12 21/M ND Japan . Uganda + ++ Cure — P. ovale malaria
13 24/M 66 Japan - Vanuatu + ++ ND —
14 14/F ND Japan - P.N.G. + ++ Cure o Adult dosage

All but Case 12 were due to P. vivax malaria.
2 U.S.A.; the United States of America.
5 ND; not described.
¢ P.N.G.; Papua New Guinea.
d UK. the United Kingdom,

in Thailand and initially received atovaquone-proguanil, followed by
primaquine base 15 mg/day for 14 days, which led to defervescence
(Case 1). However, because of a relapse occurring after 4 months,
atovaquone-proguanil was administered again, followed by prima-
quine base 30 mg/day for 14 days, which resulted in complete cure
(Case 2). A second patient was infected in Papua New Guinea and pri-
maquine base 30 mg/day was given for 14 days, following acute-stage
treatment with atovaquone-proguanil (Case 6). Due to a relapse that
occurred after 3 months, atovaquone-proguanil was administered
again, followed by the same daily dosage of primaquine for 28 days,
leading to a complete cure (Case 7). Defervescence and malaria para-
site clearance were confirmed in all or almost all cases, respectively. As
a possible adverse effect, 1 patient reported a low-grade skin itch.

A 14-year-old girl (Case 14) contracted P. vivax malaria after visit-
ing Papua New Guinea. She received the adult dosage of atovaquone-
proguanil, followed by primaquine, and showed complete cure, with-
out developing adverse effects.

4. Discussion

This study was not conducted as a formal clinical trial and is, there-
fore, subject to some limitations. One limitation is the non-uniform
evaluation of the effectiveness and adverse effects of the drug. Catego-
rization of the therapeutic effectiveness and outcome, as well as the
determination of possible adverse effects may have been assessed dif-
ferently between physicians. In addition, post-treatment follow-up
periods may have varied between patients; for example, foreign visi-
tors to Japan may have been observed only for a short period of time
prior to their return to their home country. However, it is also plausi-
ble that the physicians established close relationships with their pa-
tients due to the unique nature of this trial, with the result that most
of the unusual events, such as recrudescence/relapse of malaria or
delayed adverse effects, were reported even after the patient record
was fulfilled and submitted. Thus, despite these limitations, the data
contribute to the evaluation of the efficacy and safety of atovaquone-
proguanil in malaria treatment in Japan.

In our previously reported study [4], the efficacy and safety of
atovaquone-proguanil were compared to those of mefloquine in
non-immune patients with uncomplicated P. falciparum malaria. In
that study, all 20 patients were cured with atovaquone-proguanil
compared to 49 cures out of 50 cases treated with mefloquine. The
mean fever clearance time and parasite clearance time appeared to be
longer in the atovaquone-proguanil group, but the differences were

not statistically significant. Adverse effects were significantly fewer in
the atovaquone-proguanil group, with no patients reporting gastroin-
testinal or neuropsychiatric symptoms, such as dizziness and vivid
dreamns; these symptoms were occasionally reported by mefloquine re-
cipients. The only reported adverse effect in the atovaquone-proguanil
group was mild-to-moderate elevation of liver enzymes, which, how-
ever, seemed to be associated with the disease itself. In addition, 3 chil-
dren with P. falciparum malaria (Ages: 1 year and 11 months, 4 years
and 1 month, and 5 years and 8 months) were treated successfully
and safely with reduced dosages of atovaquone-proguanil. The results
of the current study reinforces the observation that atovaquone-pro-
guanil is an effective and well-tolerated malaria treatment regimen in
Japan.

Combining studies performed in the 1990s in malaria-endemic re-
gions, such as Southeast Asia, Africa, and South America, atovaquone-
proguanil has shown an overall cure rate of >98% for P. falciparum
malaria [7]. The excellent efficacy of this agent against P. falciparum
malaria was maintained when studied in Thailand during November
2004-December 2005 (97.8%) [8]. Regarding imported malaria, two
studies in France that examined the drug's efficacy against P. falci-
parum malaria, one with 25 cases [6] and the other with 112
cases [9], confirmed the excellent efficacy and safety of atovaquone-
proguanil. Another study in France reported the use of the agent in
72 patients with excellent tolerability, with only 1 treatment failure
associated with digestive disorders [10]. A Danish study enrolled 50
P. falciparum malaria patients, most of whom seemed to be non-
immune, and reported successful treatment in all patients and the
absence of significant adverse effects [11]. A more recent French
study also reported 48 pediatric patients with imported P. falciparum
malaria who were treated successfully with atovaquone-proguanil
[12]. The only reported adverse events were from 3 patients who dis-
continued the antimalarial because of vomiting. Thus, the available
data support the safety and efficacy of atovaquone-proguanil for
treating imported, uncomplicated P. falciparum cases. These data
also provide a rationale for the recommended use of atovaquone-
proguanil in malaria treatment guidelines in developed countries. In
addition, due to the gradual increases in chloroquine resistance of
P. vivax, a US. recommendation for treatment of malaria positioned
this agent as the treatment of choice for the acute stage of P. vivax ma-
laria acquired in Papua New Guinea or Indonesia [13].

Proguanil was postulated to exert anti-plasmodial activity after
being metabolized to cycloguanil by CYP2C19 rather than in its native
form. Because the CYP2C19-related poor metabolizers are more
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frequent in East Asian populations, including Japanese [14], concern
was raised that Japanese patients might not respond well to treatment
with antimalarials containing proguanil. Although a phenotypic or ge-
netic analysis was not conducted, the current study does not support
that concern. Additionally, studies on African and Asian populations
did not reveal any association between the poor metabolizers and
breakthrough parasitemia or treatment failure associated with pro-
guanil use [15].

The P. falciparum cytochrome b complex is thought to be the target
of atovaquone, the major constituent of the combination drug. Since
2002, cases of genetically confirmed atovaquone-proguanil treat-
ment failures have been reported for P. falciparum, each showing a
modification of codon 268 (wild type, tyrosine) to serine, asparagine,
or cysteine, which results in the inhibition of atovaquone binding to
the complex, thus conferring resistance [16]. According to Rose et al.
[17], most of the resistant parasites were found in cases contracted
in sub-Saharan Africa, but cases acquired in other areas such as Com-
oros [18], South America [19], and the Indian subcontinent [20] were
also reported. Other possible causes of treatment failure may include
still unidentified mutations of the Plasmodium genes, impaired bio-
availability of the drug, and heavier than normal patients [21]. Vigi-
lance will necessarily be required to monitor the future occurrence
of this drug-resistant form of malaria in travelers returning to Japan.

Generally, treatment with atovaquone-proguanil has been report-
edly well-tolerated with fewer reported neuropsychiatric adverse
events than those associated with mefloquine. Two reviews of antima-
larial drugs’ adverse effects mentioned occasional elevation of trans-
aminases [22,23], which, however, often resolved within 4 weeks of
atovaquone-proguanil treatment [22]. A systematic summary of studies
with this drug indicated that liver function disturbance occurred in <5%
of cases [24], while a study in Thailand showed elevation of ALT and
AST in 16% and 13% of patients, respectively [25]. An anecdotal report
has also been published on a traveler who was prescribed prophylactic
atovaquone-proguanil and who developed an acute hepatitis-like
illness, with increased levels of ALT (~700), AST (~>200), and with
T-Bili levels indicative of jaundice [26]. The liver function disturbance
reported in one of the present P. falciparum cases, however, may not
be totally ascribed to the drug's adverse effects, rather it may have
been malaria-related. More data are needed regarding this hepatotoxic-
ity issue, especially when focusing on Japanese patients.

In conclusion, atovaquone-proguanil has, again, been shown to be
an effective and well-tolerated therapeutic regimen for P. falciparum
and P. vivax malaria. The licensing of this product in Japan, where
only 2 antimalarials are licensed, could greatly contribute to offering
individually appropriate treatment options.
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Abstract

Background: Concern over the potential cardiotoxicity of anti-malarial drugs inducing a prolonged
electrocardiographic QT interval has resulted in the almost complete withdrawal from the market of one anti-
malarial drug - halofantrine. The effects on the QT interval of four anti-malarial drugs were examined, using the
guinea pig heart.

Methods: The guinea pig heart was isolated, mounted on a Langendorff apparatus, and was then perfused with
pyruvate-added Klebs-Henseleit solutions containing graded concentrations of the four agents such as quinidine
0.15 - 1.2 uM), quinine (0.3 - 24 pM), halofantrine (0.1 - 2.0 uM) and mefloquine (0.1 - 2.0 uM). The heart rate-
corrected QaTc intervals were measured to evaluate drug-induced QT prolongation effects.

Resuits: Quinidine, quinine, and halofantrine prolonged the QaTc interval in a dose-dependent manner, whereas
no such effect was found with mefloquine. The ECsq values for the QaTc prolongation effects, the concentration
that gives a half-maximum effect, were quinidine < quinine = halofantrine.

Conclusions: In this study, an isolated, perfused guinea pig heart system was constructed to assess the cardiotoxic

potential of anti-malarial drugs. This isolated perfused guinea pig heart system could be used to test newly
developed anti-malarial drugs for their inherent QT lengthening potential. More information is required on the
potential variation in unbound drug concentrations in humans, and their role in cardiotoxicity.

Background

Worldwide, in 2006, an estimated 247 million (189-327
million) malaria cases occurred, with an approximated
881,000 (610,000-1,212,000) deaths [1]. Plasmodium
Jalciparum is the species that can cause severe, compli-
cated malaria and death. Intravenous (IV) quinine (a 4-
quinoline methanol) has been the mainstay of treatment
for such severe malaria, although in some countries,
including the United States, quinidine, the dextrorota-
tory diastereoisomer of quinine, is used because of the
non-availability of IV quinine. Parenteral forms of arte-
misinin derivatives are increasingly being used in devel-
oping countries and more recently also in industrialized
countries. Cardiac toxicity has been a major concern
with the use of IV quinine or quinidine, with quinidine
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considered to be more toxic than quinine [2,3]. The pri-
mary mechanism of cardiotoxicity caused by quinine or
quinidine is the prolongation of the electrocardiographic
(ECG) QT interval which can cause potentially fatal
ventricular arrhythmias, including torsades de pointes,
and even sudden death.

Since the 1960s, chloroquine-resistant and multidrug-
resistant strains of P. falciparum have emerged in Africa
and Southeast Asia and have spread worldwide. Newer
anti-malarial drugs were developed including meflo-
quine, a 4-quinoline methanol similar to quinine, and
halofantrine, a 9-phenanthrene methanol structurally
related to quinoline anti-malarial drugs. Because both
drugs are administered orally, their widespread use was
anticipated for the treatment of uncomplicated cases of
drug-resistant P. falciparum infection. However, in
1993, reports of severe and sometimes fatal cardiotoxi-
city associated with the use of halofantrine led the
World Health Organization to limit its use [4], and as of

© 2010 Kinoshita et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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2002, there were at least 20 reports of fatal cardiac com-
plications relating to use of the drug [5]. These events
were attributed to a QT prolongation effect of halofan-
trine, identified in several human studies of the drug
[6,7]. These unexpected cardiac problems resulted in the
withdrawal of the drug from the market in many coun-
tries except Pakistan and parts of West and Central
Africa [8], and underlines the importance of examining
the cardiotoxic potential of quinoline and other structu-
rally related anti-malarial drugs before the wider mar-
keting of newer drugs.

In this study, the effects on the QT interval of the fol-
lowing anti-malarials: quinidine, quinine, halofantrine,
and mefloquine were examined, using an isolated per-
fused guinea pig heart model. The aim of this study was
to clarify whether the results obtained from this model
could be used to predict the cardiotoxicity of these anti-
malarial drugs when used in clinical settings.

Methods

Chemical agents

Quinidine sulfate dihydrate and quinine hydrochloride
dihydrate were purchased from Wako Pure Chemical
Industries Ltd. (Tokyo, Japan). Mefloquine hydrochlor-
ide and halofantrine hydrochloride were kindly donated
by Roche Co. Ltd. (Basel, Switzerland) and SmithKlein
Beecham Co. Ltd. (Brentford, UK), respectively. All
other chemicals used were of the reagent grade and
were purchased commercially.

Isolation of guinea pig hearts

The isolated perfused guinea pig heart system used in
this study was constructed using a method described
elsewhere [9]. Male Hartley guinea pigs weighing 350 to
500 g were anesthetized with a mixture of urethane and
o-chloralose (1.2 and 30 mg/kg, respectively, intraperito-
neally), and then injected with heparin (500 U/body,
intraperitoneally). After 30 min, the heart was promptly
excised. After the aorta was cannulated, the heart was
mounted on a Langendorff apparatus and perfused with
the pyruvate-added Klebs-Henseleit solution composed
of: NaCl, 118 mM; KCl, 4.7 mM; CaCl,, 2.55 mM;
MgSO,, 1.18 mM; KH;PO,, 1.18 mM; NaHCO;, 24.88
mM; glucose, 11.1 mM; sodium pyruvate, 2 mM; ascor-
bic acid, 0.14 mM; EDTA2Na, 0.5 mM. The solution
was aerated with O,y: CO, (95:5) and kept at 37°C (pH
7.4 £ 0.01). The perfusion pressure was kept at 85 cm
of water. The sinoatrial node of the heart was crushed
after perfusion was commenced.

Electrocardiogram recording

An ECG recording of the epicardial surface was com-
menced immediately after attaching the heart to the
Langendorff apparatus. A stimulator was seated at the
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right atrium and the heartbeats were artificially kept
constant at 210 per min by 3.5 Hz stimuli. Two silver
wire electrodes were placed on the epicardial surface.
Signals from both electrodes were amplified by an elec-
tric amplifier (AB-621G, Nihon-Kohden, Tokyo),
recorded on a personal computer (PC-9801VX, NEC,
Tokyo) via an A/D converter (Analog-Pro Jr., Canopus
Electric, Kobe), and analysed with WAVE MASTER II
and WM Read (Canopus Electric, Kobe) as described
previously [10,11].

QT interval measurement

Quinidine, quinine, and mefloquine were dissolved in
Klebs-Henseleit solution at 0.15 - 1.2 uM, 0.3 - 2.4 uM,
0.1 - 2.0 uM, respectively. Halofantrine, which is poorly
water-soluble, was first dissolved in polyethylene glycol
400 (PEG) and then in Klebs-Henseleit solution at 0.1 -
2.0 uM, with a final PEG concentration of 0.1% (v/v).
The anti-malarial drug free 0.1% PEG Klebs-Henseleit
solution served as a control for halofantrine treatment.
Each heart was allowed to equilibrate with the drug-free
solutions for 30 min. Measurements were performed
after perfusion with the drug-containing solutions for 15
min. ECG parameters such as the heart rate, QT or
QaT (from the beginning of the Q wave to the top of
the T wave) intervals were obtained from the average
wave shape of recordings for 10 sec.

Analysis of the QT interval prolongation

QTc and QaTc intervals were obtained after correction
of QT and QaT intervals using the Bazett’s formula
[12], since the formula was shown to be applicable to
the guinea pig heart [13]. The QT prolongation effects
of each drug were fitted simultaneously according to the
full nonlinear regression analysis for effect as expressed
in the equation below.

E

E= max
_(C—Ec50

E_.
1+exp min

)

Where E is the change in QaTc interval, E ., is the
maximum effect of the drug, E,;, is the minimum effect
of the drug, ECs, is the concentration that gives a half-
maximum effect, and C is the concentration of drug.
Each parameter was calculated by the simultaneous fit-
ting using a nonlinear least-squares programme
(MULTTI) with the modified Marquardt method [14].

Statistics

Change in the QaTc interval is expressed as a mean +
standard error of the mean (SEM) and ECs, is expressed
as a mean +* standard deviation (SD). Statistical analysis
was performed using the Student’s ¢-test.
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Results

Perfusion with quinidine

Perfusion of the isolated guinea pig heart with the control
solutions showed no QTc¢ prolongation effect. To assess
the optimal experimental conditions, the hearts were per-
fused with graded concentrations of quinidine (the proto-
type anti-malarial drug carrying cardiotoxic potential).
Quinidine prolonged both the QTc and QaTc intervals at
concentrations of 0.15 - 1.2 uM in a dose dependent man-
ner. The ECs, for the QTc and the QaTc interval was 0.45
and 0.49 pM, respectively. Unexpectedly, the QTc interval
proved difficult to measure at high drug concentrations as
the end of the T-wave was unclear, overlapping the follow-
ing P-wave. Therefore, it was decided to use the QaTc
instead of the QTc interval to assess drug-induced QT
lengthening throughout this study.

Effects of anti-malarial drugs on the QaTc interval

Figure 1 shows the relationship between concentrations
of the four anti-malarial drugs and the changes in
the QaTc interval. Quinidine and quinine prolonged the
QaTc interval in a dose dependent manner within the
range of concentrations described above. Statistically,
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the QaTc prolongation effect was significantly higher
with quinidine than quinine at concentrations of 0.3 and
1.2 uM (p <0.05). Halofantrine also prolonged the QaTc
interval in a dose dependent manner within the range of
concentrations described above. The ECsq values of qui-
nidine, quinine, and halofantrine were 0.49 + 0.61, 1.68
+ 0.43, 1.59 £ 1.26 uM, respectively, and thus the in
vitro QaTc prolongation effect was highest with quini-
dine, and those with quinine and halofantrine were simi-
lar and were lower than that with quinidine. In contrast,
mefloquine did not prolong the QaTc interval within
the range of concentrations of 0.5 - 2.0 uyM.

Discussion
An isolated, perfused guinea pig heart system was
constructed to assess the cardiotoxic potential of anti-
malarial drugs. While the cardiotoxic effects of halofan-
trine have been studied previously using a similar (feline
heart) model [15], there have been no previous studies
reported where the cardiotoxic potential of several anti-
malarial drugs were assessed simultaneously.

Quinidine, quinine, and halofantrine, all of which have
been known to have potential cardiotoxicity in humans,

Concentration (uM)

Figure 1 Relationships between QaTc changes and concentrations of quinidine (A), quinine (B), halofantrine (C), and mefloguine (D) in
the isolated perfused guinea pig heart system. Each bar represents the mean + SEM (n = 3 - 4), *Statistically significant compared with the
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exerted a QT prolongation effect in this experimental
model. The effects of the three anti-malarial drugs were
shown to be dose-dependent at the drug concentrations
tested. In general, the biologically active component is
considered to be the unbound drug, and the therapeutic
range of unbound quinine in African children was
shown to be 0.2 - 2.0 mg/mL (0.62 - 6.2 uM) [16]. This
suggests that the quinine concentrations used in this
experimental model may prove clinically relevant. The
observed higher QT prolongation effect of quinidine
(ECs0 = 0.49 £ 0.61 uM) over quinine (1.68 + 0.43 uM) is
consistent with the findings in humans that the former is
more cardiotoxic than the latter in terms of developing
serious ventricular arrhythmias [2] and prolonging the
QT interval [3]. An in vitro study was conducted on the
inhibition of potassium channel currents on Xenopus
oocytes expressing the human ether-a-go-go-related gene
(hERG), which represents an underlying molecular
mechanism of QT prolongation [17]. This study also
showed that quinidine was more toxic than quinine with
ICs values of 4.6 uM and 57 pM, respectively. In addi-
tion to this inherent difference in cardiotoxic potential
between quinidine and quinine, the former was reported
to have a higher unbound fraction than the latter [18].
When assessing cardiotoxicity in human therapies, the
possibility of finding differences in unbound fractions of
an anti-malarial drug should also be considered. For
example, the plasma unbound fraction of quinine was
reported to be lower in cerebral malaria than in uncom-
plicated malaria [19], which may explain why severe qui-
nine toxicity is unusual in severe falciparum malaria [20].
Moreover, studies are needed to investigate the various
factors that could influence the total concentration and
consequently the unbound concentration of an anti-
malarial drug to ensure safer use of drugs.

Mefloquine did not prolong the QT interval within
the range of concentrations of 0.5 - 2.0 uM. This agent
is characterized by its very high protein binding, e.g,
98.3% shown in humans [21], with the unbound plasma
mefloquine concentration in human therapy reported to
be 0.05 uM [22]. This concentration is below the lowest
concentration used in this study, making it very unlikely
to be cardiotoxic in clinical settings. In fact, although
Davis et al [23] suggested a mild and transient QTc¢
lengthening in humans after mefloquine use, this was
not evident in other studies [6,24], consistent with the
expert’s view that there is no convincing evidence for
significant cardiotoxicity following mefloquine adminis-
tration [2]. The possible mefloquine-induced cardiotoxi-
city might, however, be due to another mechanism, i.e.,
reduced contractility of cardiac muscles due to inhibi-
tion of the L type Ca®* channel by mefloquine [25].

The findings of this study, which showed that the QT
prolongation effect of halofantrine was lower than that
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of quinidine and similar to that of quinine, may not
seem to be clinically relevant. There are, however, few
studies in which the therapeutic levels of unbound halo-
fantrine concentrations in humans are well defined. One
study showed the average peak total halofantrine con-
centration to be 6.4 uM [26], and the serum protein
binding rate of halofantrine was reported to be 83%
[27]. Therefore, the average peak unbound halofantrine
concentration was calculated as 1.2 uM.

Other reports showed that the unbound therapeutic
plasma concentration was 0.57 uM [22]. According to
the results of this study, these reportedly low concentra-
tions in humans do not seem to lengthen the QT inter-
val. However, halofantrine is characterized by its marked
differences in plasma concentrations among individuals,
with one individual showing a five-times higher peak
concentration than the other [26]. It has also been
reported that its absorption is significantly enhanced
when administered with fatty food (6.6 times higher
peak concentrations) [28] or grapefruit juice [29]. In
addition, the metabolite desbutylhalofantrine was shown
to have some QT interval prolongation effect in a rabbit
model [30]. Alternatively, the inherent cardiotoxicity of
halofantrine may be detected more sensitively in other
experimental models. For example, another in vitro
study of inhibition of the potassium channel currents
on hERG transfected cells, the IC5;, was as low as
0.04 uM for halofantrine whereas it was 2.6 pM for
mefloquine [22].

To assess cardiotoxicity of an anti-malarial drug, fac-
tors other than the inherent QT prolongation potential
as shown in this study and the plasma unbound drug
concentration need to be considered. For instance, accu-
mulation in the myocardium may differ between anti-
malarial drugs [22]. Furthermore, one report showed an
absence of QT prolongation with an increased fraction
of unbound quinidine induced by heparin administra-
tion [31]. Therefore, caution must be exercised when
simply applying findings of unbound drug levels to
assess cardiotoxicity in clinical settings.

Conclusion

The results of this study were largely consistent with the
reported cardiotoxicity of the four anti-malarial drugs in
clinical use. This isolated perfused guinea pig heart sys-
tem could be used to test newly developed anti-malarial
drugs for their inherent QT lengthening potential. More
knowledge is required on the variability of unbound
anti-malarial drug concentrations in humans, as well as
their impact on cardiotoxicity in clinical settings.
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Abstract.

In cerebral malaria, the binding of parasitized erythrocytes to the cerebral endothelium and the consequent

angiogenic dysregulation play a key role in pathogenesis. Because vascular endothelial growth factor (VEGF) is widely
regarded as a potent stimulator of angiogenesis, edema, inflammation, and vascular remodeling, the plasma levels of
VEGEF and the soluble form of the VEGF receptor (sVEGFR)-1 and -2 in uncomplicated malaria patients and healthy
adults were measured by enzyme-linked immunosorbent assay (ELISA) to examine their roles in malaria. The results
showed that VEGF and sVEGFR-2 levels were significantly elevated in malaria patients compared with healthy adults.
Moreover, it was confirmed that malarial parasite antigens induced VEGF secretion from the human mast cell lines
HMC-1 or KUB812 cell. This is the first report to suggest that the interaction of VEGF and sVEGFR-2 is involved in the
host immune response to malarial infection and that malarial parasites induce VEGF secretion from human mast cells.

Malaria is a complex disease that results in the death of
more than one million people every year.! The most lethal
form of malaria is caused by infection by Plasmodium falci-
parum that induces severe anemia and/or cerebral malaria
(CM), which are considered to be the most serious complica-
tions leading to mortality. Although the detailed pathophysi-
ology of CM remains far from resolved, it is thought that the
binding of parasitized erythrocytes to the cerebral endothe-
lium and the consequent angiogenic dysregulation play a key
role in the disease pathogenesis. Thus, the pathogenesis of
severe malaria is closely related to pathophysiological changes
of blood vessels such as endothelial cell activation, increased
vascular permeability, and blood-brain barrier dysfunction.
A recent study showed that vascular endothelial growth fac-
tor (VEGF) and its receptor-related molecules are overex-
pressed in the brain tissues of CM patients.? Increased levels
of VEGF are often detected in tissues and biologic samples
from malaria patients.

The VEGF was first identified as a potent stimulator of
vascular endothelial permeability and was subsequently
reported to promote the proliferation, migration, and survival
of endothelial cells.>* The VEGF is characterized by its highly
specific mitogenic activity for endothelial cells and its angio-
genic effect observed both in vitro and in vivo. In addition to
its role in promoting endothelial permeability and prolifera-
tion, VEGF may also contribute to inflammation and coagula-
tion.> In vitro, VEGF induces the expression of cell adhesion
molecules, including E-selectin, intercellular adhesion mole-
cule 1, and vascular cell adhesion molecule 1, in endothelial
cells and promotes the adhesion of leukocytes.®” Moreover,
VEGF signaling up-regulates tissue factor mitochondrial
RNA (mRNA), protein, and procoagulant activity.® The proin-
flammatory/procoagulant effects of VEGF are mediated, at
least in part, by the activation of NF-xB, Egr-1, and nuclear
factor of activated T cells (NFAT) transcription factors.*!! The
VEGEF has been implicated as a pathophysiological mediator
in several human diseases, including rheumatoid arthritis, can-
cer, and inflammatory bowel disease.
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Recently, it was reported that mast cells are the main source
of VEGF and can rapidly release VEGF from a preformed
pool, which is then sustained by the secretion of newly synthe-
sized VEGFE."*"* Mast cells play an important role in inflam-
mation' and in the host defense against foreign pathogens.'-"7
Our recent reports have indicated the importance of mast cell
activation through Toll-like receptor (TLR) 4 or the binding
of FceR| to IgE antibody for the protection from malarial
infection.'s!”

In this study, the level of VEGF and the soluble form
of its receptors, vascular endothelial growth factor recep-
tor (SVEGFR)-1 and -2, in the plasma from uncomplicated
malaria patients and healthy adults was compared to exam-
ine the potential role of these molecules in the host immune
response to malarial infection. The specific activity of malarial
antigens on the secretion of VEGF by human mast cell lines
was also studied.

A total of 73 malaria patients with uncomplicated malaria
including 55 P. falciparum and 18 Plasmodium vivax patients
were enrolled in this study. The 55 P. falciparum patients (par-
asite density: 5.2 x 10-9.8 x 10%uL) consisted of 46 Asian
(39 males and 7 females), 6 Africans (5 males and 1 female),
and 3 Caucasians (2 males and 1 female), whereas the 18
P. vivax patients (parasite density: 7.2 x 10-3.5 x 10%uL) con-
sisted of 16 Asians (14 males and 2 females) and 2 Africans
(2 males). The participants ranged from 18 to 67 years of age
and were either tourists or business travelers visiting malaria-
endemic countries in South-East Asia, South Asia, or Africa.
The clinical manifestations of uncomplicated malaria were
defined according to World Health Organization (WHO) cri-
teria.® The plasma from 15 Asian patients with febrile illness
without an obvious source of infection and from 26 healthy
adults was also collected to use as a control. The study design
was approved by a committee (headed by Dr. Mariko Honda)
at Jikei University School of Medicine in Tokyo, where the
experiments were performed. The informed consent was
obtained from all of the participants. All plasma samples were
collected before the treatment of the patient, and in addi-
tion, four plasma samples were also obtained from the Asian
P. falciparum patients at convalescence after the treatment. The
plasma was stored at —80°C until used. The VEGF,sVEGFR-1,
and sVEGFR-2 levels in the plasma and culture supernatants
were measured using a sandwich enzyme-linked immunosor-
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bent assay (ELISA) kit (R&D Systems, Minneapolis, MN).
The human mast cell/basophil line KUS812 cells? and the
human mast cell line HMC-1 cells® were maintained in RPMI
M 1640 medium or IMDM (Invitrogen, Grand Island, NY).
The KU812 or HMC-1 cells (10%mL) were treated with 20 pg/
mL of soluble malarial parasite or normal erythrocyte crude
antigen for 24 hr. The culture supernatants were then collected
and analyzed by ELISA to determine the VEGF concentra-
tion. Soluble antigens of malarial parasites were prepared
from P. falciparum (FCR-3 strain)-infected human erythro-
cytes cultured in vitro or from the blood of P. vivax-infected
patients. Briefly, malarial parasite-infected erythrocytes were
lysed with 0.5% saponin and then washed with phosphate
buffered saline (PBS). After two rounds of freeze-thawing,
the sample was sonicated at 5A for 30 sec, and then used as
crude malarial parasite antigens in the experiments.!® Normal
erythrocyte crude antigen was also prepared from normal
erythrocytes using the same method.

The total amount of VEGF was measured in patients infected
with P. falciparum or P. vivax and compared with the levels in
the febrile illness and healthy adult groups. The relationship
between malarial infection and the VEGF response before
drug administration was also examined. The total VEGF con-
centration in patients with P. falciparum or P. vivax infections
was significantly higher than those in the febrile illness and
healthy adult groups (Table 1). However, no significant dif-
ference in the VEGF, VEGFR-1, and -2 levels between the
P, falciparum and P, vivax patients (Table 1) or among the dif-
ferent races was observed (data not shown). In addition, a sig-
nificant association between the age or sex of the participants
and the incidence of malaria was not observed. Morcover,
there was no significant correlation between parasitemia and
the levels of VEGF level (data not shown).

One potential ligand of VEGF is the soluble form of
VEGFR-1 (sVEGFR-1 or sFlt-1), which is generated by the
differential splicing of VEGFR-1 mRNA.? We measured
the sVEGFR-1 and -2 levels in the plasma from the malaria
patients, febrile iliness patients, and healthy adult groups. The
sVEGFR-1 plasma level in each of these groups was not signif-
icantly different and was very low compared with sVEGFR-2,
suggesting that sVEGFR-1 might not participate in malarial
infections. Interestingly, the sVEGFR-2 plasma level in malar-
ial patients was dramatically increased compared with the
febrile illness patients and healthy adults, whereas the amount
of sSVEGFR-2 in P, falciparum and P. vivax patients was not
significantly different (Table 1). Finally, four post-treatment
plasma samples were obtained from P falciparum-infected

TABLE 1

Plasma VEGF, sVEGFR-1, and sVEGFR-2 levels in malaria patients
and healthy adults*

VEGF SVEGFR-1 SVEGFR-2
Subject (pg/mL) (pg/ml) (pg/mL)

Plasmodium falciparum

malaria 62.5+1997 389+159 4414 = 428%
Plasmodiwm vivax

malaria 60.9 2047 30.1+93 3839 = 587%
Febrile illness$ 13.1£9.1 259 +87 2595 + 324
Healthy adults 115+ 86 209+ (1.3 2576 =522

#*VEGF = vascular endothelial growth factor; sSVEGFR = soluble vascular endothelial
growth factor receplor.

¥ P < 0.01 (vs. febrile iliness and healthy adults).

£P <0.01 (vs. (ebrile iliness and healthy adults).

§ Patients with {ebrile illness without an obvious source of infection.

patients, and the VEGF and VEGFR-2 levels in the plasma
were determined. The results showed that their levels had
returned to comparable levels with the febrile illness patients
and healthy adult group after the treatment (data not shown).

To investigate the possibility that malarial antigens can
induce VEGF production from mast cells, in vitro VEGF pro-
duction in HMC-1 cells and KU812 cells was examined after
their stimulation with malarial antigens. The HMC-1 and
KU812 (1 x 10° cells/mL) were stimulated with 20 pg/mL of
P. falciparum, P. vivax, or normal erythrocyte crude antigens
overnight, and then the amount of VEGF in culture superna-
tants was measured by ELISA. A large amount of VEGF was
observed in the supernatants of HMC-1 and KUS812 cells after
stimulation with both P. falciparum and P, vivax crude antigens
(Table 2), which suggests that malarial parasites induce VEGF
secretion from human mast cells during infection.

Recently, Muehlenbachset and others® reported that the
plasma level of sVEGFR-1 was elevated in first-time mothers
with either placental malaria, hypertension, or both. However,
it has been reported that sSVEGFR-1 is abnormally overex-
pressed in the placenta of preeclamptic patients and is rea-
sonable for the major pathological symptoms on the maternal
side such as hypertension and renal dysfunction.” Clark and
others® reported that the serum from pregnant women con-
tains sFlt-1 (sVEGFR-1), which was not present in the serum
from men or nonpregnant women. The serum levels of pla-
centally derived sVEGFR-1 are also elevated before and dur-
ing preeclampsia.®? It is still unclear whether the elevation
of sSVEGFR-1 observed in the placental malaria is caused by
malarial infection or another serious disease affecting preg-
nancy. In this study, the observed plasma sVEGFR-1 levels
in the malarial patients and control groups were low, which is
consistent with findings previously reported for healthy vol-
unteers under non-pregnancy-related conditions.” Generally,
sVEGFR-2 has much higher plasma levels than sSVEGFR-1,
and the kinase activity of VEGFR-2 is approximately 10-fold
higher than that of VEGFR-1, suggesting that VEGFR-2 plays
a more important role in VEGF-mediated effects in vivo.?

Recently, Jain and others® examined the plasma levels of 30
biomarkers in human malaria using a multiplex bead-based
cytokine immunoassay and found that VEGF was protective
against CM-associated mortality. The VEGF is known to bind
to two membrane-anchored receptors, VEGFR-1(Flt-1) and
VEGFR-2 (KDR/FIK-1), on endothelial cells that result in the
MAPK signaling cascade. To examine the role of these recep-
tors in murine malaria, Plasmodium berghei ANAK was used
to infect VEGFR-1 knockout (KO) mice and mice treated
with an antagonistic peptide specific to VEGFR-2. Although
increased parasitemia was observed in mice treated with the

TABLE 2

Vascular endothelial growth factor (VEGF) production in human
mast cell lines

Human Plasmodiwm falciparum Plasmodium vivax Normal erythrocyte
mast cell antigen (pg/ml.) antigen (pg/mL) antigen (pg/mL}
HMC-1 612.1 +£75.3* 375.4 + 38.9% 562+ 84
KU812 22494 + 97.8* 1692.6 + 193.5% 203.5x79.2

* P < 0.01 {vs. normal erythrocyte antigen).

Plasmodium falciparum. P. vivax. or normal erythrocyte antigen: P falciparum, P vivax,
and normal erythrocyte antigen were prepared according to a previously reported method.”
Briefly. P falciparum-infected, P vivax-infected, or normal erythrocytes were lysed with
0.05% saponin in phosphate buffered saline (PBS) at 37°C for 20 min, washed with PBS and
then centrifuged at 2,280 g. The pellet was sonicated and used for in vitro stimulation of the
cells as crude malarial or normal ervthrocyte antigens.
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antagonistic peptide to VEGFR-2, parasitemia was much
lower in the VEGFR-1 KO mice. These findings suggest the
importance of VEGF and VEGFR-2 interaction in the host
response to malarial infection (Furuta, unpublished data).

We have recently attempted to examine the possible roles
of mast cells and VEGF in malaria using mast cell-deficient
(W/W*) and control littermate (+/+) mice. When W/W" and +/+
mice were infected with P. berghei ANKA (PbA), +/+ mice
showed lower parasitemia and higher VEGF levels when com-
pared with W/W" mice. The diminished resistance to infection
in the W/W" mice was considered to be caused by the lack of
mast cells and the low amount of VEGF as W/W" mice recon-
stituted with the bone marrow-derived mast cells (BMMCs)
of +/+ mice recovered resistance to PbA infection and had
high VEGF serum levels. Moreover, increased parasitemia
was observed in antiVEGF antibody-treated mice compared
with nontreated mice (Furuta, unpublished data). Although
their precise role is currently unknown, these results clearly
suggest the involvement of mast cells and mast cells-derived
VEGF in malarial infection. With regard to the mechanism
by which mast cells interact with malarial parasites, we have
proposed the following explanation. Mast cells are derivatives
of hematopoietic progenitor cells that migrate into virtually
all vascularized tissues where they complete their matura-
tion. Mature mast cells are normally located in perivascular
tissues and close to blood vessels. It is probable that soluble
malarial parasite antigens (or the debris of destroyed malarial
parasites) leak out of blood capillaries into the perivascular
tissues and activate mast cells. We also propose that the spleen
is important for the interaction of mast cells and malarial par-
asites, as parasitized erythrocytes or damaged parasites are
filtered from the blood stream in the red pulp of the spleen
where mast cells are known to be located.

On the basis of similarities in lineage development and
the activation as well as release of mediators, basophils and
mast cells have long been considered to be closely related to
one another. However, the role of basophils has not yet been
explored in human malarial infections. Although mast cells
are typically located in tissues and in close association with
blood vessels, basophils normally circulate in the blood. In our
previous study described above,” when mast cell-deficient
W/W" and control +/+ mice were infected with PbA, para-
sitemia in W/W" mice was higher than +/+ mice. The resistance
to PbA infection in W/W" mice was recovered by the transfer
of BMMC:s of +/+ mice. This finding suggests a protective role
for mast cells in murine malaria. As to the role of basophils
in murine malaria, because basophils were present equally in
W/WY and +/+ mice, it suggests that basophils are not directly
involved in the protection against malaria.

In this study, both HMC-1 and KUS812 cells secreted VEGF
after stimulation with malarial parasite antigens, suggest-
ing the direct activation of mast cells by malarial parasites.
As mast cells express TLR1, 2, 3,4, 6,7, and 9, it is possible
that they are activated directly by molecules that interact with
TLRs.* It has been reported that glycosylphosphatidylinositol
and hemozoin derived from malarial parasites function as a
ligand for TLR2 or TLRY on dendritic cells,®2 and recently,
we have reported that malarial peroxiredoxin recognizes
TLR4 on mast cells and induces cytokine production.” Taken
together, these findings suggest that malarial parasite com-
ponents activate mast cells through TLRs to secrete various
kinds of inflammatory mediators.

In conclusion, we have confirmed that plasma VEGF lev-
els are elevated in malarial patients compared with febrile ill-
ness patients or healthy adults, and is accompanied with an
increased level of sVEGFR-2, but not sVEGFR-1. In vitro
studies showed that malarial parasite antigens induce VEGF
secretion from the human mast cell lines KU812 and HMC-1.
This is the first report to indicate that the interaction between
VEGF and VEGFR-2 is involved in the host immune response
to uncomplicated malaria. These findings may be useful for the
development of diagnosis and prognostic markers for malarial
infection, and will hopefully provide the basis for a new strat-
egy in antimalarial therapy.
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