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Abstract

In Plasmodium falciparum-infected cells or in P. berghei infected mice, increase of reduced glutathione (GSH) levels confers resistance
to chloroquine (CQ). GSH is synthesized within the cells through a complex biochemical pathway composed of several well known
enzymes, in which glucose-6-phosphate dehydrogenase (G6PD) plays an important role. The physiological hormone dehydroepian-
drosterone sulfate (DHEAS) is a potent inhibitor of G6PD activity, and G6PD deficiency is known to exert antimalaria protection. This
study aimed to investigate the ability of DHEAS to enhance the antimalarial activity of CQ, via an inhibition of G6PD activity and GSH
synthesis. Two P. berghei CQ resistant strains (CQR6 and CQR30) were selected in vivo from the sensitive strain NK65. Drug effects were
checked both by monitoring the evolution of parasitaemia and by the survival of infected mice. In addition, intra-parasite levels of GSH
and G6PD activity were measured before and after the treatment. Results demonstrate that acquisition of CQ resistance in P. berghei is
associated with a significant increase in parasite G6PD activity and GSH level. Combination of CQ with DHEAS or buthionin sulfoximin
(BSO, a specific inhibitor of GSH synthesis) significantly increased sensitivity of resistant parasites to CQ and increased the survival
period of the infected mice. This reduction of parasitaemia and improvement of the survival of infected mice were associated with intra-
parasite depletion of GSH and inhibition of G6PD activity due to DHEAS action. This experimental study suggests that DHEAS could be
used to potentiate antimalarial action of CQ, particularly on CQ resistant strains.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Plasmodium falciparum resistance to chloroquine, the
traditional first-line antimalarial, is now widespread, while
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resistance to second-line drugs continues to expand. Cross-
resistance between closely related members of the same
chemical classes is also present [1]. While several factors
concur to generate resistance, it is clear that a better
understanding of the mechanisms of action of CQ and
how CQ generates resistance from the parasite can help us
identify and develop new effective treatments against CQ-
resistant malaria.

Both the mode of action and mechanisms of resistance to
chloroquine are complex, only partly known, and contro-
versial [2-4]. In general, they are thought to operate
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through separate mechanisms but the two might converge
toward a specific point: it has been postulated that the malaria
parasites dispose cytotoxic haem (a by-product of haemo-
globin degradation) by either packing it up into an insoluble
crystal (haemozoin) in the parasite food vacuole [5,6], or by
degrading it via hydrogen peroxide in the food vacuole [7] or
via reduced glutathione in the cytoplasm [8—10]. In addition
to its direct effect on haem, GSH could play a critical role in
protecting the parasite against oxidative stress and lipid
peroxidation induced by haem itself [11-13]. The correlation
between GSH level and chloroquine resistance is supported
by the recently reported higher expression of y-glutamyl-
cysteine synthetase, the first enzyme in the glutathione
biosynthetic pathway [14]. To produce GSH from glu-
tathione disulfide (GSSG), glutathione reductase uses nico-
tinamide adenosine diphosphate (NADPH), which is
obtained via the pentose phosphate shunt. G6PD is the
key enzyme of pentose phosphate process. A correlation
has been shown in cancer cells between increased GSH
levels, resistance to oxidant stress and increased G6PD
expression [15]. Moreover, the over-expression of G6PD
by transcomplementation in GSH depleted cancer cells
restored the level of GSH [15]. From the above description,
it becomes apparent that the combination of drugs that can
deplete parasites from GSH in vivo, via G6PD inhibition
could potentiate the antimalarial action of CQ and thus re-
establish it as a first line therapy for malaria, irrespective of
the localisation of GSH action.

DHEAS and dehydroepiandrosterone (DHEA) are
androgen precursors mainly secreted from the adrenal
cortex in humans [16]. The amount of DHEAS produced
and the serum concentrations of DHEAS are higher than
those of any other steroids in the body, and present in adult
male plasma at an approximately 6 uM concentration
[17,18]. DHEAS was suggested to be a reservoir and a
precursor of DHEA, a precursor of sex steroids, which is
released by the action of endogenous DHEAS sulfatase,
found widely distributed in peripheral tissues [19]. DHEA
has a track record of safe clinical use for ageing, cardio-
vascular illness, and cancer. DHEA and DHEAS are potent
inhibitors of G6PD [20]. Reports indicate that inhibition of
GO6PD activity by DHEA or other analogs induced growth
arrest, decreased DNA synthesis, or both in a variety of
normal or tumor cell lines and tissues [21-24]. It has been
shown that 16alpha-bromoepiandrosterone, an analogue of
the human adrenal steroid hormones DHEA and DHEAS
was endowed with antimalarial activity against several
strains of P. falciparum in vitro and against Plasmodium
berghei in a mouse model [25], possibly mediated by
enhanced opsonization and phagocytosis of ring stage
parasitized erythrocytes [26,27]. In population-based stu-
dies it has been established that inherited deficiency
of erythrocyte G6PD confers protection against severe
P. falciparum malaria [28]. Interestingly, another study
[29] has indicated that age-related decreases in the fre-
quency and density of P. falciparum parasitaecmia were

greater during puberty and that the blood level of DHEAS
was a significant predictor of resistance. Recently, DHEAS
levels has been significantly associated with decreased
parasite density and increased haemoglobin level in pub-
ertal girls living in Kenya [30].

In this study, the ability of DHEAS to enhance the
antimalarial action of CQ was investigated in P. berghei
mouse model in vivo. Drug effect was checked both by
monitoring the evolution of parasitaemia and the survival
of infected mice. We also assessed whether such enhance-
ment could be obtained directly or via inhibition of G6PD
activity and GSH level.

2. Materials and methods
2.1. Mice and parasites

Female Swiss mice 6-10 weeks old and 3 P. berghei
strains were used in this study: a CQ sensitive strain CQS
(NK65 from Professor I. Landau, Museum d’Histoire
Naturelle, Paris [31]) and two resistant strains obtained
from strain NK65 by drug pressure with 6 and 30 mg/kg
CQ for at least 30 treatment courses using the methodology
described in Peters [32] (herein after referred to the CQR6
and CQR30 lines respectively). The CQR6 and CQR30
strains CQ resistance levels were maintained by CQ pres-
sure during successive passages in naive animals, and it
was loosed after about five passages without treatment. All
experiments were performed on parasites obtained from
infected untreated mice for one passage. In vitro and in
vivo sensitivity profile of P. berghei CQ sensitive (CQS)
and CQ resistant strains (CQR6 and CQR30) are presented
in Table 1.

2.2. Invivo study

In order to study the effect of CQ alone or combined
with DHEAS or BSO on parasite growth and survival of
infected mice, we adapted the test described by Hawking
[33].

2.2.1. Effect on parasite growth

Groups of five mice were inoculated with 3 x 107 P
berghei CQ30 strain infected erythrocytes. They were then
treated with three daily doses (dy, d; and d,) starting 4 days
after infection, with CQ (30 mg/kg/day) alone or combined
with either DHEAS (400 mg/kg/day; Sigma) or BSO
(1100 mg/kg/day; Sigma). CQ was administrated by intra-
peritoneal (i.p.) injection, DHEAS and BSO by subcuta-
neous (s.c.) injection. The effect of BSO was evaluated
since it has been shown that it reverses P. berghei CQ-
resistance [34]. Mice in the control group received NaCl
solution (0.9%) s.c., which was also used to dissolve CQ,
DHEAS and BSO. Parasitaemia was followed by Giemsa-
stained thin blood smears before treatment start (dy), and
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Table 1

Full sensitivity profile of P. berghei chloroquine sensitive (CQS) and chloroquine resistant strains (CQR6 and CQR30)

Characteristics P. berghei strains

CQS CQR6* R* CQR30 R
In vivo chloroquine sensitivity: EDso (mg/kg) 1.5+03 50 +7 333 >90 >60
In vitro chloroquine sensitivity: ICso (UM) 0.26 £ 0.19 20+ 19 75.8 45 £ 1.8 145.5
In vitro amodiaquine sensitivity: ICsy (LM) 0.26 + 0.03 35+£03 13.4 152 + 25 58.0
In vitro quinine sensitivity: ICsq (UM) 1.53 +£ 0.34 10 + 0.6 6.5 31 £2.7 20.3
In vitro mefloquine sensitivity: 1Cso (LM) 0.11 + 0.04 0.2 £ 0.02 1.7 25+£0.38 21.7

R: resistance index (ICsy on each strain/ICsq on the CQS line).
? Data published by Platel et al. [34].

then 24 h (d;) and 5 days (d;) after the last dose of the
treatment. Each experiment was performed in triplicate.

2.2.2. Effect on infected mice survival

Anidentical method was used. The P. berghei strain used
was NK65. Treatment was either CQ (1 mg/kg/day) alone
or combined with DHEAS (400 mg/kg/day), or NaCl
solution as control (0.9 %). Mice were followed until
death. Each experiment was performed in triplicate.

2.3. Biochemical analysis: effect of DHEAS on intra-
parasite G6PD activity and GSH level

Infected mice (20-50% parasitaemia) were divided into
two groups, and received for 3 days: DHEAS s.c. (400 mg/
kg/day) or NaCl s.c (0.9 %) alone (control). Measurements
of G6PD activity and GSH level were done on isolated
parasites 24 h after the last dose. All experiments were
performed >5 times.

2.4. Preparation of isolated parasites

Infected erythrocytes were obtained from mouse whole
blood collected by cardiac puncture into a 3.8% solution of
sodium citrate (v/v). Leukocytes and platelets were
removed as described in Dubois et al. [35]. Cells were
washed three times with 0.9% NaCl. A thin smear was
made to check for absence of leukocytes. Parasites were
isolated by lysis of infected erythrocytes by saponin (0.2%,
v/v), during 2 min at room temperature. After lysis, para-
sites were washed three times with 0.9% NaCl, counted on
malassez cell after coloration with “bleu de Una” and
diluted in PBS (pH 7.4), in order to obtain a suspension of
10° parasites/ml. The purity of the parasite suspension was
assessed by detection for acetylcholinesterase using the
method of Ellman et al. [36] to estimate contamination by
red blood cells.

2.5. Determination of G6PD activity and GSH level

GO6PD activity was determined spectrophotometrically
(MRP1 G6PD, 124672, Boehringer) based on Lohr and
Waller [37]. The parasite suspension (10°/ml) was lysed by
three times 10 s sonication on ice. After centrifugation of

the suspension for 5 min at 12000 rpm at 4 °C, the super-
natant was used for the determination of G6PD activity.
Results were expressed in international units (i.u)/ 10°
parasites.

GSH level was measured as previously described in
Dubois et al. [35] using the Brehe and Burch method
[38]. The suspension of 10° parasites/ml was lysed into
1 volume of distilled water and 1 volume of 5-sulfosaly-
cilic acid (0.12%, w/v). The precipitation was allowed to
proceed on ice for 10 min. The tube was span for 5 min at
800 rpm and 4 °C, and the supernatant removed and diluted
1/10 for measurement of total GSH. To measure GSSG, the
parasites extract was immediately incubated for 1h at
room temperature following the addition of N-ethylmalei-
mide (NEM stock solution 0.05 M) (4 volumes per 10
volumes of sample) to block the reduction to GSH. NEM
was extracted five times with an equal volume of ether.
GSSG was measured as for total GSH.

2.6. Statistical analysis

Average of asexual parasitaemia and levels of parasite
growth inhibition were considered as quantitative variable.
Differences between average of G6PD activity, GSH and
GSSG levels and asexual parasitaemia means were eval-
uated with the non-parametric Mann—Whitney U test. The
Logrank (Mantel-cox) test was used to compare survival
between groups. The differences were considered statisti-
cally significant when P < 0.05.

3. Results

3.1. Parasite GSH content and G6PD activity
versus CQ resistance

Intraparasite GSH levels and G6PD activity were com-
pared between the CQS, CQR6 and CQR30 strains. GSH
levels (P < 0.02 for both CQS/CQR6 and CQS/CQR30)
and G6PD activity (P < 0.02 for both CQS/CQR6 and
CQR6/CQR30, and P < 0.007 for CQS/CQR30) increased
significantly with level of CQ resistance (Figs. 1 and 2).
However, no difference was observed in GSH levels
between CQR6 and CQR30 strains (P > 0.7) (Fig. 1).
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Fig. 1. Levels of GSH and GSSG in trophozoites of P. berghei chloroquine
sensitive (CQS) and chloroquine resistant (CQR6 and CQR30) strains
isolated from infected and untreated mice for one passage. All experiments
were done when the parasitaemia reached 20-50%. Columns indicated
with symbols (x) are significantly different in relation to isolated sensitive
parasites at the P < 0.02. All experiments were performed at least five
times.

Likewise intraparasite GSSG levels increased significantly
with level of CQ resistance (P < 0.02 for both CQS/CQR6
and CQS/CQR30) (Fig. 1). There was no statistically
significant difference in the levels of GSSG between
CQR6 and CQR30 strains (P > 0.5) (Fig. 1).
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Fig. 2. G6PD activity in trophozoites of P. berghei chloroquine sensitive
(CQRS) and chloroquine resistant strains (CQR6 and CQR30) isolated
from infected and untreated mice for one passage. All experiments were
done when the parasitaemia reached 20-50%. Columns indicated with
symbols (x) and (xx) are significantly different at the P < 0.02 (CQS vs.
CQR6) and P < 0.007 (CQS vs. CQR30) levels, respectively. All
experiments were performed at least five times.
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Fig. 3. Study of the reversion of chloroquine resistance by BSO (CQ +
BSO) and DHEAS (CQ + DHEAS), as assessed from the degree of
parasitaemia relative to untreated mice infected with P. berghei CQR30
strain. Results show means of 15 mice £+ S.D. in each group. Columns
indicated with symbols (x) and (x*) are significantly different at the P <
0.0001 and P < 0.001 levels, respectively (comparing parasitaemia at day 3
vs. day 0).

3.2. Partial reversion of CQ resistance induced by
DHEAS

P. berghei, CQR30 strain, infected mice were treated
with CQ plus DHEAS (a specific inhibitor of G6PD
activity) or BSO (a specific inhibitor of GSH synthesis).
DHEAS and BSO partially increased CQ activity against
the highly CQ-resistant strain CQR30 (Fig. 3). Parasitae-
mia decreased significantly 24 h after administration of the
last dose in mice treated with CQ/DHEAS (d; < d, para-
sitaemia: P < 0.001) and those treated with CQ/BSO (d3 <
dp parasitaemia: P <0.0001). No significant difference was
seen between mice treated with CQ/DHEAS (60.96%
inhibition) or with CQ/BSO (57.38% inhibition) (P >
0.2). In contrast, parasitaemia increased significantly in
the same period in CQ-treated and untreated controls (d; >
dy parasitaemia: P < 0.0001 in both CQ-treated mice and
untreated control). In both combination treatment groups,
this initial reduction was followed by a significant increase
5 days after the last dose of the treatment (d; < dy
parasitaemia: P < 0.0001 in both groups of mice treated
with CQ/DHEAS and CQ/BSO) (data not shown).

3.3. Effect of DHEAS on mice survival
P. berghei, CQ-sensitive strain, infected mice treated 3

days with CQ alone or associated with DHEAS were
followed until death. Infected mice treated with CQ/
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Fig. 4. Times of survival of P. berghei NK65 strain infected mice untreated (Control) and after 3 days of treatment with chloroquine (CQ) or drug association
chloroquine/DHEAS (CQ + DHEAS). Results obtained from 15 mice of each group.

DHEAS survived longer (1.64 and 2.0 times) than those
treated with CQ only or untreated, respectively (P <
0.0001). There was no difference between groups treated
with CQ only or untreated (P > 0.2) (Fig. 4).

3.4. Effect of DHEAS in parasite G6PD activity and
GSH and GSSG content

After 3 days of treatment of P. berghei CQR strains
infected mice with DHEAS, we observed a significant

reduction of G6PD activity (Fig. 5) and of GSH level
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Fig. 5. GO6PD activity in trophozoites of P. berghei chloroquine resistant
strains (CQR6 and CQR30) isolated from infected mice untreated (NT)
and after 3 days of DHEAS treatment (T). All experiments were done 24 h
after the last treatment. P-value < 0.02 (x) and <0.003 (**) comparing level
of G6PD activity between treated and untreated parasites for CQR6 and
CQR30, respectively. All experiments were performed at least five times.

(Fig. 6) in parasites, 24 h after the last treatment. G6PD
activity decreased significantly in both CQR6 (P < 0.02)
and CQR30 (P < 0.003) (inhibition level = 37.5 and
70.31% in CQR6 and CQR30, respectively). GSH levels
too decreased significantly (P < 0.004 and <0.005 for
CQR6 and CQR30, respectively; inhibition level =
64.72 and 69% in CQR6 and CQR30, respectively). In
contrast, GSSG content increased significantly 24 h after 3
days of treatment of CQR strains of P. berghei infected
mice with DHEAS (Fig. 6) (P < 0.004 and <0.005 for
CQR6 and CQR30, respectively).

4. Discussion

Our group has previously reported that the acquisition of
CQ resistance in P. berghei was associated with an increase
in GSH [10,35]. This high level of CQ resistance can
partially be reversed by treatment with butionin sulfoximin
(BSO), a specific inhibitor of GSH synthesis [34]. Con-
comitantly, the resistance reversal effect of verapamil is
lost [34]. We further hypothesised that inhibition of G6PD
activity in CQ-resistant P. berghei could reduce GSH
production and consequently increase parasite sensitivity
to CQ. The present study demonstrates that selection of
high CQ resistant strains of P. berghei by CQ pressure
correlates with a significant increase of the parasite GoPD
activity, thus resulting in increased GSH levels. We further
confirm that CQ-resistant P. berghei produces significantly
more GSH than sensitive strains, though no correlation
with the degree of resistance was apparent.

It is generally accepted that CQ forms adducts with
haem [11,12]. The cascade of events leading to parasite
death is not clearly identified. There are indications that
crystallisation does not account for all haem disappearance
and the alternative pathways of disposal might exist,
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namely via GSH [8-10] and/or H,O, [7]. Although it is not
fully explained how GSH would degrade haem, GSH
content is higher in CQ resistant parasites than in CQS
ones. So it is possible that, resistance may be associated
with a shift from crystallisation to GSH- and Gst-mediated
disposal of haem in our model [10]. Three observations are
in agreement with this hypothesis: (i) the reduced haemo-
zoin synthesis and increased GSH level and Gst activity in
P. berghei infecting reticulocytes (richer in GSH than
mature erythrocytes) [10], (ii) the apparent disappearance
of the malaria pigment observed by microscopy (data not
shown), and (iii) this malaria pigment reappears when
these CQ-resistant strains (CQR6 and CQR30) loosed their
CQ resistance (data not shown). In addition, how such
event can justify decreased parasite response to CQ
remains unclear. One must assume that CQ is less effective
in competing with GSH [10] than in inhibiting crystal-
lisation. Alternatively, because of its weak-base properties,
it might just be less concentrated in the parasite cytoplasm,
or the CQ/haem complex could be degraded by GSH. On
the other hand, various mechanisms could be postulated
that are not directly related to haem degradation: the
higher content in GSH could just provide the parasite with
extra anti-oxidant defence against toxic chloroquine-haem
adducts, although peroxidation has recently been ques-
tioned as a mechanism of action for CQ [39]. Obviously,
resistance to CQ is known to be multigenic and multi-
factorial [40,41].

We also observed that DHEAS (a specific inhibitor of
GO6PD activity) and BSO (a specific inhibitor of GSH
synthesis) enhanced the antimalarial action of CQ on P.
berghei CQ-resistant strains, by inhibiting parasite growth.
Moreover, the survival of mice infected with CQ-sensitive
strains was significantly prolonged when treated with
otherwise ineffective CQ regimen combined with DHEAS.
These results are in agreement with recent findings which
shown that some inhibitors of GSH synthesis such as BSO
[10], acetaminophen, indomethacin and disulfiram [42],
enhanced the antimalarial action of CQ in vivo. Both
DHEAS and BSO deplete the parasite in GSH. According
to our results, DHEAS action resulted into an accumulation
of GSSG within the parasite. This accumulation of GSSG
indirectly translates the reduction of NADPH, which is
necessary for the reduction of GSSG to GSH. This phe-
nomenon would deprive Plasmodium from GSH that nor-
mally protects it against toxicity of free and complexed
heam. This altered levels of GSH is not the only mechan-
ism, since it has been shown that G6PD deficiency is
known to exert antimalarial protection, via enhanced
opsonization and phagocytosis of rings, the early parasite
stage within the erythrocytes [26,27]. These mechanisms
could partially help explain resistance against malaria
observed frequently in malaria endemic areas, in people
presenting with hereditary deficit in G6PD [28,43,44].

The effect of DHEAS was partial and transient. This
could be related to the drug regimen chosen in our study, or
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to alternative pathways for NADPH reduction, notably
those involving isocitrate dehydrogenase and glutamate
dehydrogenase [45,46]. Other mechanisms would be
implicated in this phenomenon because our CQR6 and
CQR30 strains are also resistant to amodiaquine, meflo-
quine and quinine. Finally, the parasite obviously possesses
other means, such as mutations in the Pgh1 drug pump [40]
and in the membrane protein pfcrt [41].

DHEA has a track record of safe clinical use for ageing,
cardiovascular illness, and cancer. The effects of DHEA,
an androgen hormonal precursor produced by the surrenal
glands, are complex. In addition to its inhibitory effect on
G6PD activity, DHEAS has a potent immunomodulatory
effects and may be in the causal pathway that allowed the
induction of protective immune responses. These immu-
nomodulatory effects include activation of T cell function
and increased antibody response [47,48]; production of
nitric oxide (NO), a vasodilator involved in the control of
inflammatory reactions and infection [49,50], such as
falciparum malaria [51]; increased cytotoxicity of natural
killer cells (NK) by insulin like growth factor I (IGF-I)
activation [52]. Moreover, a DHEA analogue (16alpha-
bromoepiandrosterone) was shown to inhibit in vitro
growth of P. falciparum and P. berghei [25]. Kurtis
et al. [29] have shown that postpubertal levels of DHEAS
in plasma were significant predictors of resistance against
malaria, with respect to lower frequency and density of
parasitaemia in multiple comparisons. Recently, it has also
been found that DHEAS level was an independent pre-
dictor of malaria parasite density in the parasitemic school-
girls from Kenya who had entered puberty [30]. These
authors found that DHEAS levels were significantly asso-
ciated with decreased parasite density and increased hae-
moglobin level in pubertal girls [30]. Thus, the effects of
DHEAS observed in this study may also relate to enhanced
protective immune response against malaria parasite.

In conclusion, P. berghei acquisition of CQ resistance is
associated with the increase of GSH level and G6PD
activity. This study underlines that DHEAS can be used
to potentiate the antimalarial action of CQ in vivo, parti-
cularly on CQ resistant strains. DHEAS acts on malaria
parasite through intra-parasite depletion of GSH by inhibi-
tion of G6PD activity or, through induction of protective
immune response, which has also been shown to play a
critical role in the clearance of resistant P. falciparum
infections [53]. It suggests that combination of CQ with
this drug can serve to treat patients of P. falciparum malaria
that are infected with CQ-resistant strains, and thus limit
the spreading of resistant parasite. However, more data are
needed to assess the potential of combining classical
antimalarials with drugs affecting GSH. Additional evi-
dence that such mechanisms occur in human malaria
infection should be provided to support the rationale for
the use of such association, knowing that DHEAS is
widely used in many countries as anti-oxidant supplement
in humans.
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