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Malaria continues to be a major threat to global health. Artemisinin combination therapy (ACT) is the
recommended treatment for clinical malaria; however, recent reports of parasite resistance to artemisinin in
certain areas where malaria is endemic have stressed the need for developing more efficacious ACT. We report
that cysteamine (Cys), the aminothiol used to treat nephropathic cystinosis in humans, strongly potentiates the
efficacy of artemisinin against the Plasmodium parasite in vivo. Using a mouse model of infection with
Plasmodium chabaudi AS, we observe that Cys dosing used to treat cystinosis in humans can strongly potentiate
(by 3- to 4-fold) the antimalarial properties of the artemisinin derivatives artesunate and dihydroartemisinin.
Addition of Cys to suboptimal doses of artemisinin delays the appearance of blood parasitemia, strongly
reduces the extent of parasite replication, and significantly improves survival in a model of lethal P. chabaudi
infection. Cys, the natural product of the enzyme pantetheinase, has a history of safe use for the clinical
management of cystinosis. Our findings suggest that Cys could be included in novel ACTs to improve efficacy
against Plasmodium parasite replication, including artemisinin-resistant isolates. Future work will include
clinical evaluation of novel Cys-containing ACTs and elucidation of the mechanism underlying the potentiation
effect of Cys.

Malaria still represents a huge global health burden, with
500 to 600 million clinical cases resulting in 1 to 2 million
deaths annually (www.who.int). The impact is particularly dev-
astating in resource-poor countries of sub-Saharan Africa and
Southeast Asia, where malaria is endemic and access to ap-
propriate antimalarial drugs can be limited. Furthermore, as a
result of widespread use and misuse of antimalarial drugs, the
Plasmodium parasite has developed resistance to commonly
used drugs, such as chloroquine, mefloquine, and sulfadoxine-
pyrimethamine (23). Artemisinin is a sesquiterpene lactone
endoperoxide (extracted from Artemisia annua) with potent
antimalarial activity, and artemisinin combination therapy
(ACT) is the strategy recommended by the World Health
Organization for clinical care of malaria (www.who.int). How-
ever, recent reports of delayed parasite clearance times follow-
ing standard ACT treatment in patients from the Pailin prov-
ince of Cambodia have suggested emergence of resistance to
artemisinin in the Plasmodium parasite (12). These alarming
reports have highlighted the urgency for the development of
novel and more effective chemotherapeutic strategies, includ-
ing modification of current ACT composition.

We have used a mouse model of blood-stage infection with
P. chabaudi AS to identify novel genetic factors affecting host
response to malaria. We mapped two major loci, Char4 (chro-
mosome 3) and Char9 (chromosome 10), that control differ-
ential responses of innately susceptible A/J (high parasitemia,
high mortality) and uniquely resistant AcB55 (low parasitemia,

high rate of survival) mice to P. chabaudi infection. Char4-
associated resistance was found to result from a loss-of-func-
tion mutation (I90N) in the erythrocyte enzyme pyruvate ki-
nase (Pklr) (28). Subsequently, we observed that erythrocytes
heterozygous or homozygous for defective variants in human
PKLR are resistant to P. falciparum infection ex vivo (reduced
parasite replication and increased phagocytosis), validating our
initial observations with the mouse (5). On the other hand, we
established that Char9-associated susceptibility is caused by a
loss of activity in the pantetheinase enzyme encoded by the
Vnn1/Vnn3 genes (27). Pantetheinase is an amidohydrolase
that hydrolyzes pantetheine (product of coenzyme A degrada-
tion) to pantothenic acid (also called pantothenate or vitamin
B5) and the small aminothiol cysteamine (Cys) (NH2-CH2-
CH2-SH2) (13). Strikingly, exogenous administration of cys-
teamine to pantetheinase-deficient malaria-susceptible A/J
mice reversed the phenotype by reducing blood parasitemia
levels and increasing survival time (26, 27).

Cysteamine, in the form of cysteamine bitartrate (Cystagon),
is currently used for the clinical treatment of nephropathic
cystinosis in humans (21). Cystinosis is a lysosomal storage
disease caused by mutations in the lysosomal cystine trans-
porter cystinosin, which result in lysosomal accumulation of
cystine and concomitant cytopathic effects (3). Cysteamine de-
pletes cells of cystine in vitro and in vivo and dramatically
improves the prognosis for children with cystinosis. Using a
mouse model of P. chabaudi infection, we have investigated the
potential antimalarial activity of cysteamine at pharmacologi-
cal doses that mimic those currently used in patients suffering
from cystinosis. We have also tested the potential for cysteam-
ine to enhance the antimalarial activity of known drugs, includ-
ing artemisinin derivatives. Our results show that cysteamine
can strongly potentiate and synergize with artemisinin deriva-
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tives to reduce blood parasitemia and rescue lethality in P.
chabaudi-infected mice.

MATERIALS AND METHODS

Mice. A/J and C57BL/6 (B6) mice were purchased from Jackson Laboratories
(Bar Harbor, ME) and were housed at McGill University. All animals were
handled and cared for according to the guidelines of the Canadian Council on
Animal Care. A lactate dehydrogenase (LDH) virus-free isolate of P. chabaudi
AS was maintained by weekly passage in A/J mice. Mice were infected intrave-
nously (i.v.) into the tail vein with 105, 106, or 107 parasitized red blood cells
(pRBC) suspended in pyrogen-free saline. Following infection, the percentage of
pRBC was determined daily with thin blood smears stained with Dif-Quik (Dade
Behring, Newark, DE), as described previously (19).

Pharmacokinetic (PK) studies of cysteamine hydrochloride in vivo. Cysteam-
ine was detected in plasma by high-performance liquid chromatography (HPLC)
analysis with UV detection (10). Briefly, blood was collected in EDTA/heparin-
containing tubes, and plasma was obtained by centrifugation. Plasma thiols were
reduced by treatment with Tris(2-carboxyethyl)phosphine (0.05 M final concen-
tration, 20 min at 20°C), and proteins were precipitated with trichloroacetic acid
(TCA; 10% final concentration). Free thiols from the protein-free supernatant
were derivatized using SBD-F (7-benzo-2-oxa-1,3-diazole-4-sulfonic acid), used
at a final concentration of 0.2 mg/ml (1 h at 60°C) in 0.05 M borate buffer (pH
9.5). The mixture was then analyzed by HPLC: the mobile phase consisted of an
aqueous solvent (0.1 M acetic acid, 0.1 sodium acetate, pH 4.3) running on a
Supelco LC-8 column, and elution of plasma analytes was carried out with a 0 to
10% acetonitrile gradient. SBD-F derivatized analytes were detected by reading
fluorescence at 515 nm (excitation at 385 nm). Cysteamine elution peaks were
quantified (surface area), and plasma concentrations were calculated using a set
of internal cysteamine standards processed at the same time. Area under the
concentration-time curve (expressed as minutes per micromolar) from time zero
to the last measurable concentration (AUC0–last) was calculated using the trap-
ezoid approximation method.

Cysteamine, chloroquine, artesunate, and dihydroartemisinin administration
in vivo. Cysteamine hydrochloride (Sigma, Burlington, Ontario, Canada) was
prepared in phosphate-buffered saline (PBS). Artesunate and dihydroartemisi-
nin (DHA) were generous gifts of Dafra Pharmaceuticals; artesunate and DHA
were prepared in 5% sodium bicarbonate and diluted in water to appropriate
concentrations. All solutions were prepared fresh daily and filter sterilized, and
injections were performed intraperitoneally (i.p.) or subcutaneously (s.c.) for 4
days or according to the treatment regimen. Mice were weighed prior to treat-
ment to determine appropriate doses, and injection volumes ranged from 100 to
400 �l per mouse. In the case of animals treated with two drugs, artemisinin
derivatives were administered first (due to the short half-life of cysteamine), and
cysteamine was administered 5 to 10 min later on alternate sides. Untreated
control animals were injected with PBS alone.

Statistical tests. Groups with normally distributed data points were compared
using parametric unpaired t tests, while groups with non-Gaussian distributions
were compared using nonparametric Mann-Whitney tests. Survival differences
were analyzed using the log-rank test. Synergistic effects were defined as the
percent inhibition of the combination therapy that was �10% greater than the
sum of the percent inhibition of the individual mice. Standard error of percent
inhibition was calculated from the parasitemia level of individual mice compared
to the mean parasitemia level of the control group.

RESULTS

Characteristics of cysteamine activity against Plasmodium
chabaudi infection in vivo. To gain more insight into the anti-
malarial effect of cysteamine (Cys) in vivo, we compared the
pharmacokinetic characteristics (plasma level) of Cys admin-
istered through the s.c. and i.p. routes. We measured peak
plasma concentration (Cmax) and total bioavailability (AUC)
after administration of a single dose of 120 mg/kg of body
weight of Cys hydrochloride (Fig. 1A). The Cmax was higher
(665 �M) and was reached more rapidly (time to Cmax [Tmax]
of �5 min) following i.p. injection than by the s.c. route, for
which a Cmax of 250 �M was attained with a Tmax of 30 min. On
the other hand, total Cys bioavailability levels (AUC0–last) were

comparable for both routes (24,282 versus 15,277 min � �M for
i.p. and s.c. routes, respectively). To determine which pharma-
cokinetic parameter (AUC versus Cmax) is important for effi-
cacy against Plasmodium, we compared the i.p. and s.c. routes
of injection in a continuous treatment regimen, starting 1 day
prior to infection (105 P. chabaudi pRBC, i.v.) and continuing
daily for 11 days. Parasitemia was monitored on thin blood
smears at days 5, 6, and 7 following infection (Fig. 1B). Treat-
ment of infected animals with 120 mg/kg Cys administered
either s.c. or i.p. caused a highly significant (P � 0.01) 50%
reduction in parasitemia at days 5 and 6, compared to that for
saline-injected controls. These results suggest that total Cys
exposure (AUC0–last) is the critical pharmacokinetic parameter
for the antimalarial effect of Cys.

Cysteamine dosing used in the treatment of cystinosis re-
duces parasitemia during P. chabaudi infection in vivo. We
next determined whether Cys at dosing equivalent to that used
in the clinical treatment of nephropathic cystinosis in humans

FIG. 1. Effect of cysteamine on replication of Plasmodium
chabaudi in vivo. (A) The plasma levels of cysteamine-free base (mea-
sured by HPLC) following either intraperitoneal (i.p.) or subcutaneous
(s.c.) injections (120 mg/kg) were measured in 3 mice and used to
calculate Cmax and AUC pharmacokinetic parameters (see text). Error
bars indicate standard deviation from the mean. (B) A/J female mice
were infected with P. chabaudi (105 pRBC i.v.) and treated daily
(either s.c. or i.p.) with cysteamine (120 mg/kg) starting at day �1 to
day 10. Blood parasitemia was monitored on days 5, 6, and 7 and is
plotted. The % inhibition of parasite replication was calculated by
comparison to the blood parasitemia measured in PBS-treated con-
trols and is indicated below the graphs. Each dot represents a mouse.
Levels of statistical significance are represented by asterisks; ***, P �
0.01; **, P � 0.05 (compared to PBS control group).
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has an effect on the course and severity of P. chabaudi infection
in mice. In cystinosis patients, Cys is given orally as Cys bitar-
trate (Cystagon). The PK profile of an oral dose of 1,475 mg of
Cys bitartrate (500-mg cysteamine base) includes a peak
plasma concentration of 39 �M (Cmax), with a concomitant
AUC0–last of 3,613 min � �M (17). Results in Fig. 2A show that
a single s.c. injection of 50 mg/kg Cys hydrochloride in mice has
a PK profile comparable to that of one oral dose of Cystagon
in humans, including a Cmax of �80 �M and an AUC of 2,845
min � �M. We next evaluated the efficacy of different regimens
of 50 mg/kg Cys s.c. (number of injections, interval between
injections) on replication of P. chabaudi in vivo. P. chabaudi-
infected mice were treated daily, starting at day �1 and con-
tinuing to day 10, with Cys at 1 � 150 mg/kg, 3 � 50 mg/kg
given at 2-h intervals, 4 � 50 mg/kg given at 2-h intervals, or
3 � 50 mg/kg given at 1-h intervals, and blood parasitemia was
monitored at days 5, 6, and 7 (Fig. 2B). Significant reduction
(40 to 67%) of blood parasitemia was seen for all treatment
regimens, with the strongest effect achieved with 3 � 50 mg/kg
given at 1-h intervals. All 50-mg/kg repeated dosing regimens
(s.c.) showed inhibitory effects on parasitemia that were similar
to that produced by a single s.c. injection of 150 mg/kg Cys, in

agreement with data from Fig. 1 showing that the AUC is the
critical parameter for efficacy. These results suggest that mul-
tiple Cys treatments at doses similar to those used in humans
for cystinosis can significantly reduce blood-stage replication of
Plasmodium parasites in mice. However, the inhibitory effect
of Cys on Plasmodium replication is moderate and inferior to
that of known antimalarial drugs.

Cysteamine and artemisinin derivatives show synergistic
effects against Plasmodium in vivo. We tested the effect of Cys
on the potency and efficacy of the antimalarial artemisinin
derivatives. In these studies, artemisinin derivatives were given
at suboptimal concentrations to distinguish between the lack of
an effect and additive or synergistic effects of Cys addition.
Synergy (35) is defined as a total antimalarial activity (reduc-
tion in blood parasitemia compared to untreated controls in a
4-day test) of the two compounds administered together being
greater than the sum of the independent activities of the two
compounds given alone. We tested combinations of Cys and
either artesunate (ART) or dihydroartemisinin (DHA), the
bioactive form of artemisinin, in a standard 4-day in vivo test,
as described previously (18). Pantetheinase-deficient A/J mice
were infected with P. chabaudi (107 pRBC, i.v.) and treated

FIG. 2. Effect of cysteamine dosing used for treatment of cystinosis on replication of Plasmodium chabaudi in vivo. (A) The plasma levels of
cysteamine-free base (measured by HPLC) following subcutaneous (s.c.) injection (50 mg/kg) were measured in 3 mice and used to calculate Cmax
and AUC pharmacokinetic parameters (see text). Error bars indicate standard deviation from the mean. (B) A/J female mice were infected with
P. chabaudi (105 pRBC i.v.) and treated daily with cysteamine (s.c.) from day �1 to day 10, with the indicated dosing: 1 � 150 mg/kg, 3 � 50 mg/kg,
or 4 � 50 mg/kg, given at 1 or 2 h intervals. Blood parasitemia was monitored on days 5, 6, and 7 and is plotted. The % inhibition of parasite
replication was calculated by comparison to the blood parasitemia measured in PBS-treated controls and is indicated below the graphs. Each dot
represents a mouse. Levels of statistical significance are represented by asterisks; ���, P � 0.01; ��, P � 0.05 (compared to PBS control group).
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with Cys (170 mg/kg) and/or suboptimal doses of ART (0.2 or
0.5 mg/kg) (Fig. 3A) or DHA (0.15 or 0.3 mg/kg) (Fig. 3B)
from day 0 to day 3, and parasitemia was monitored on days 4
and 5. Suboptimal doses of the artemisinin derivatives alone
resulted in parasitemia inhibition ranging from 20 to 30%,
while higher doses of these drugs could inhibit parasitemia 40
to 60%, compared to controls (Fig. 3A and B; Table 1). How-
ever, addition of Cys to either ART or DHA resulted in stron-
ger inhibition of parasitemia than the additive effect of the two
compounds, indicating a synergistic effect (Table 1, asterisks).

Synergy was noticed for all concentrations of ART and DHA
tested. Mice receiving both Cys and ART/DHA also showed
fewer symptoms of disease (ruffled fur, lethargy) than did mice
receiving either PBS or only one compound. To assess whether
the synergistic effect between Cys and ART was restricted to
A/J mice deficient in pantetheinase, we repeated the experi-
ment in pantetheinase-sufficient and malaria-resistant
C57BL/6 mice (Fig. 3C). Potentiation of the antimalarial ac-
tivity of ART (0.5 mg/kg) by Cys was also clearly evident in
these C57BL/6 mice at both days 4 and 5 postinfection, with
combined treatment causing a 65 to 71% reduction in para-
sitemia compared to that for PBS controls, greater than either
compound tested alone (13 to 29%) (Table 1).

Synergistic inhibition of Plasmodium replication by artesu-
nate and cysteamine is dose dependent. We subsequently ex-
amined if Cys potentiation of ART was dose dependent. Ini-
tially, Cys doses of 60, 100, 140, and 180 mg/kg were tested with
a suboptimal ART dose of 0.2 mg/kg. The drugs were admin-
istered from day 0 to day 3 postinfection, parasitemia was
counted at day 4 and day 5, and the percent inhibition was
calculated compared to that of PBS-treated controls (Fig. 4A).
At 0.2 mg/kg, ART alone inhibited parasitemia by �20% (day
4) and 40% (day 5), while inhibition by Cys alone was partially
dose dependent (between 10% and 25%). We detected synergy
for all Cys doses tested (varying between 50% and 75% reduc-
tion in parasitemia), although without a clear dose-dependent
effect in this Cys dosing range. Testing a lower Cys dose range
(20, 40, and 60 mg/kg) revealed a clear dose-dependent effect
on the synergistic inhibition of parasitemia, with doses as low
as 20 to 40 mg/kg showing potentiation of the ART effect (Fig.
4B). We also examined whether Cys could potentiate low doses
of artesunate which, given alone, have no significant effect on
parasitemia. In this experiment, we administered Cys (170 mg/
kg) in combination, or not, with increasing doses of ART (0.05,

TABLE 1. Effect of cysteamine and artemisinin derivative
combinations on blood-stage replication of

Plasmodium chabaudi in vivo

Mouse type and drug Dose
(mg/kg)

Cysteamine
(170 mg/kg)

Inhibition of
parasitemia

(% PBS
control)a

Day 4 Day 5

Pantetheinase-deficient A/J
Artesunate 0.2 � 30 20
Artesunate 0.2 � 65* 56*
Artesunate 0.5 � 65 43
Artesunate 0.5 � 93 80*
DHA 0.15 � 22 13
DHA 0.15 � 56* 46*
DHA 0.3 � 50 40
DHA 0.3 � 80 71*
NAb 0 � 28 23

Pantetheinase-sufficient
C57BL/6

Artesunate 0.5 � 29 21
Artesunate 0.5 � 71* 65*
NA 0 � 13 25

a � indicates synergy between the compounds.
b NA, no drug administered.

FIG. 3. Synergistic effect of cysteamine on artemisinin efficacy
against replication of Plasmodium chabaudi in vivo. Groups (n � 6) of
female A/J (A and B) or C57BL/6 (C) mice were infected with P.
chabaudi (107 pRBC, i.v.) and treated for 4 days (days 0, 1, 2, and 3)
with indicated doses (in mg/kg) of artesunate (A and C) or dihydro-
artemisinin (DHA) (B) and/or cysteamine (170 mg/kg, i.p.), and blood
parasitemia (expressed as percentage of parasitized erythrocytes) was
determined at days 4 (left) and 5 (right) postinfection. In all experi-
ments, control groups were treated with PBS. The presence or absence
of cysteamine is indicated by a plus or a minus, respectively, and doses
of artemisinin derivatives in mg/kg are indicated below. Each dot
represents a mouse and bars indicate the mean of the group.
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0.1, 0.2, and 0.4 mg/kg) in the same 4-day experimental proto-
col. In these experiments, we detected a striking potentiation
(minimum of 3-fold) of low-dose artesunate by Cys, with 60 to
75% inhibition of parasitemia replication for combinations
containing low-dose ART at 0.1 and 0.2 mg/kg, compared to
�10% for these doses of ART used alone (Fig. 4C).

Impact of cysteamine and artesunate in combination on the
resolution of P. chabaudi infection. We investigated if low-dose
Cys could potentiate standard doses of ART that show thera-
peutic activity in vivo and concurrently determined possible
long-term effects on patent parasitemia, resolution of infec-
tion, and survival in a lethal infection model. In this protocol,
mice were infected with 106 P. chabaudi pRBC (i.v.) and
treated with Cys (60 mg/kg) and/or ART (0.5, 1, 2, 5, and 10
mg/kg) for 4 days (days 0 to 3), while blood parasitemia and
survival were followed for 22 days. As expected from this
infectious dose, control animals treated with either PBS or Cys
alone (60 mg/kg) developed high parasite burdens, which
peaked at day 6, and all mice succumbed to the infection by day
7 (Fig. 5A and C). In animals receiving ART alone, there was
a dose-dependent effect on infection, which manifested as a
delay in the onset of parasitemia and a reduction of peak
parasitemia. Strikingly, the addition of Cys (60 mg/kg) to all
ART doses tested had a beneficial effect on infection kinetics,
causing both a further delay in onset (by 2 or 3 days) and a
reduction of peak levels of parasitemia compared to those for
mice receiving only the corresponding dose of ART (Fig. 5B).
Notably, the addition of Cys to 0.5 mg/kg or 1 mg/kg of ART
caused a strong potentiation of the ART effect, with a further
60 to 70% reduction in parasitemia at day 6 (Fig. 5D). Like-
wise, although all mice treated with 0.5 mg/kg ART succumbed
to the infection early (day 8), mice additionally receiving Cys
survived until day 9; moreover, addition of Cys to 1.0 mg/kg
ART completely rescued animals from lethality of infection,
with 100% survival in this group (Fig. 5B and C).

To investigate whether these effects on parasite burden over
the course of infection would also be observed with a pante-
theinase-sufficient mouse strain, we performed a similar exper-
iment using female B6 mice. Groups of mice were infected
with 106 P. chabaudi pRBC i.v. and treated with PBS, 1 mg/kg
or 30 mg/kg of Art, or 1 mg/kg or 30 mg/kg of Art plus 60 mg/kg
of Cys for 4 days. We see both a reduction in parasite levels
and a delay in the peak when Cys and Art are given in com-
bination, compared to results with Art administered alone, at
both high and low doses (Fig. 6A). As in A/J mice, the effect of
Cys addition to 1 mg/kg of Art has a clear effect on early
parasite replication at day 6 (Fig. 6B). Although a “curative”
dose combination was not achieved with a 4-day treatment
regimen, parasite levels remained under 12% pRBC in the
30-mg/kg Art-plus-Cys group, and mice did not display any
outward symptoms of disease (lethargy, ruffled fur). B6 mice
were able to completely clear parasite burdens and survive the
infection, even in the control PBS-treated group, as expected.
However, the addition of Cys eliminated the appearance of
recrudescent parasitemia around day 14, as seen with the con-
trol group (Fig. 6A).

These results suggest that the synergistic effect of low doses
of Cys on artemisinin derivatives not only impacts early para-
site burdens but can also significantly improve ultimate out-
come to infection.

DISCUSSION

Drug resistance in the Plasmodium parasite has been re-
ported for all major classes of antimalarial drugs and is exac-
erbating the serious global health problem posed by this infec-

FIG. 4. Dose-dependent synergistic effect of cysteamine on arte-
misinin efficacy against replication of Plasmodium chabaudi in vivo.
Groups (n � 6) of female A/J mice were infected with P. chabaudi (107

pRBC, i.v.) and treated for 4 days (days 0, 1, 2, and 3) with increasing
doses (indicated) of artesunate (C) and/or cysteamine (A and B) given
i.p. Blood parasitemia was determined at days 4 and 5 postinfection,
and the inhibitory effects of the different drug treatments on blood-
stage P. chabaudi replication were calculated for each animal com-
pared to the mean of PBS-treated controls (expressed as a percent-
age). The presence or absence of drug is indicated by a plus or minus,
respectively, and all doses are in mg/kg. Errors bars represent standard
error of the mean.
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tious disease (36). Widespread resistance to older antimalarial
drugs has brought artemisinin derivatives to the forefront of
malaria treatment therapies (29, 37). Artemisinin is a sesquit-
erpene lactone isolated from Artemisia annua, a plant used in
traditional Chinese medicine to treat various illnesses. Arte-
misinin derivatives dihydroartemisinin, oil-soluble arteether,
artemether, and water-soluble sodium artesunate rapidly clear
parasite burden and resolve clinical symptoms. These drugs
have relatively few adverse side effects and have proven effec-
tive against multidrug-resistant P. falciparum, making them the
standard of care for clinical disease (22, 25). The drawbacks of
artemisinin include a short half-life (1), poor solubility, and
cost. Monotherapy with artemisinin derivatives is not recom-
mended, in order to avoid development of parasite resistance;
in addition, monotherapy results in high levels of parasite
recrudescence (8). Artemisinin combination therapies (ACTs)

using a partner drug with a different mode of action increase
efficacy while limiting the potential for development of arte-
misinin resistance and are the WHO recommended first-line
treatment for uncomplicated malaria (29). ACTs currently in
clinical use include artesunate-mefloquine, artesunate-amodi-
aquine, artesunate-sulfadoxine-pyrimethamine, artesunate-
sulfamethoxypyrazine-pyrimethamine, and artemether-lume-
fantrine (33). Although these combinations have shown robust
efficacy, resistance to the partner drug has increased the need
for identifying novel partner compounds. Although it is desir-
able to have a partner drug with a longer half-life than arte-
misinin to improve efficacy and reduce treatment time (29),
exposure to the partner drug (e.g., mefloquine) following elim-
ination of artemisinin may itself select for resistance in the
parasite (33). A partner drug with a shorter half-life that still
retains efficacy of the ACT (in a 3- to 4-day treatment) may

FIG. 5. Effect of cysteamine and artesunate combinations on progression and resolution of P. chabaudi infection in vivo. Groups (n � 6) of
female A/J mice were infected with P. chabaudi (106 pRBC, i.v.) and treated for 4 days (days 0, 1, 2, and 3) with PBS (A), cysteamine (60 mg/kg,
A), or cysteamine (60 mg/kg) combined with increasing doses of artesunate (0.5, 1.0, 5, or 10 mg/kg) (B), all given i.p. Blood parasitemia was
measured daily up to day 20 (expressed as percentage of pRBC), and death was recorded (indicated by a cross). Solid and dashed lines represent
mice receiving artesunate doses alone or in combination with cysteamine, respectively; artesunate doses are depicted by different color groups, as
indicated. Error bars represent standard deviation of the mean, and arrows represent drug treatment days. (C) Kaplan-Meier survival plot for
experimental treatment groups for which lethality was observed. Color codes and dashed versus solid lines are as described for panel B.
(D) Parasitemia levels at day 6 postinfection for all experimental groups are shown, with each dot representing a mouse. Mean levels are shown
as bars.
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prove beneficial in reducing emergence of resistance to ACT.
Recently, the first field reports of resistance to ACT, namely,
of P. falciparum isolates from the Thailand-Cambodia border
area of Southeast Asia, have appeared in the literature (12,
32). The Pailin province is recognized to be the birthplace of
chloroquine- and sulfadoxine-pyrimethamine (SP)-resistant
Plasmodium, partly due to low levels of transmission and fre-
quent use of monotherapy. P. falciparum parasites from this
region showed lower susceptibility to ART in vivo (higher
initial treatment failure rate at day 3 and persistence of para-
sitemia past treatment) than parasites from neighboring Thai-
land (12). These troubling reports stress the importance of
finding novel and efficacious partners for the artemisinin de-
rivatives.

Cysteamine (Cys) is in clinical use for the treatment of
nephropathic cystinosis and is administered orally as cysteam-
ine bitartrate (Cystagon), starting in early childhood (21). Dos-
ing for cystinotic children is �50 mg/kg per day divided in 4

doses. Pharmacokinetic analyses of patients have shown Cmax

levels of 36 �M with a Tmax of 1.4 h after treatment with this
cysteamine bitartrate (6). Continuous use of Cys at these doses
over several years shows low toxicity in humans (www.drugs
.com/pro). Using an in vivo mouse model of infection with P.
chabaudi, we report a moderate but significant effect of Cys
used as a single agent on blood-stage parasite replication and
on survival from acute infection (26). Here, we show that Cys
significantly reduces parasite burden when given i.p. or s.c. and
using different treatment regimens. Moreover, Cys doses show-
ing antiparasitic effects present pharmacokinetic profiles sim-
ilar to those displayed by oral Cys bitartrate doses given for
cystinosis in humans (Cmax � 80 �M; AUC � 2,845.1
min � �M). Cys shows efficacy despite a short plasma half-life,
a potentially interesting characteristic for a new ACT. Most
importantly, Cys shows synergistic effects on the antimalarial
activity of the artemisinin derivatives artesunate and dihydro-
artemisinin. Synergy between the compounds is dose depen-
dent and occurs over a wide dose range, and even low doses (40
to 60 mg/kg) of Cys can potentiate suboptimal doses of arte-
sunate. We have also demonstrated that adding this low dose
of Cys to 1 mg/kg of artesunate can result in parasite clearance
and survival in 100% of mice that would otherwise have suc-
cumbed to the infection; in resistant B6 mice, this manifests as
an elimination of recrudescent parasitemia. At this dose, we
observed that Cys does not increase the toxicity of artesunate
in HeLa cells in vitro (data not shown), suggesting that Cys
potentiation of artesunate antimalarial activity occurs in the
absence of toxic side effects.

Our results suggest that Cys has many key characteristics of
a new partner for artemisinin derivatives in ACT. First, it is
well tolerated and has previously been used safely in the clinic
for chronic cystinosis (11) and is under clinical evaluation for
Huntington’s disease (20). Second, it shows good efficacy
against P. chabaudi replication in our mouse model in vivo as
well as antiparasitic activity against P. falciparum in vitro, when
used as a single agent (26). This antiparasitic effect in vivo is
achieved at dosing that displays a pharmacokinetic profile sim-
ilar to that of Cys bitartrate dosing used in humans (6). Third,
Cys shows highly significant, dose-dependent synergy when
used in combination with artesunate or dihydroartemisinin
against P. chabaudi in vivo, with only a 4-day course of treat-
ment. These findings, together with a low cost of synthesis and
good stability and bioavailability, point to Cys as an excellent
potential addition to current ACTs. Cys potentiation of arte-
misinin compounds in novel ACT may prove useful to delay
the appearance of and/or treat artemisinin-resistant infections.

The potentiation of artemisinin by Cys suggests that both
molecules have complementary modes of action. As Cys is able
to freely reach the lysosomes of patients suffering from cysti-
nosis, it is conceivable that this small molecule can also pene-
trate the infected erythrocyte, the malaria parasite, and could
enter the digestive vacuole (DV) to act together with artemisi-
nin. As a stand-alone molecule, Cys has been suggested to
indirectly modify the cellular pool of glutathione (GSH) and
decrease the capacity of the cells to cope with oxidative dam-
ages (7). Similarly, this would affect the capacity of the parasite
to detoxify heme in the cytosol of the erythrocyte. Cys could
also have a direct role in slowing the degradation of hemoglo-

FIG. 6. Effect of cysteamine and artesunate combinations on
progression of P. chabaudi in pantetheinase-sufficient B6 mice.
Groups (n � 6) of female B6 mice were infected with P. chabaudi
(106 pRBC, i.v.) and treated for 4 days (days 0, 1, 2, and 3) with
either PBS or artesunate (1.0 or 30 mg/kg) combined with, or
without, cysteamine (60 mg/kg) (A), all given i.p. Blood parasitemia
was measured daily up to day 22 (expressed as percentage of
pRBC). Solid and dashed lines represent mice receiving artesunate
doses alone or in combination with cysteamine, respectively. Error
bars represent standard deviation of the mean, and arrows repre-
sent drug treatment days. (B) Parasitemia levels at day 6 postinfec-
tion for all experimental groups are shown, with each dot repre-
senting a mouse. Mean levels are shown as bars.
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bin in the DV, possibly by forming adducts with the parasite
cysteine proteases, falcipains (31).

The exact molecular mechanism of action of artemisinin
against the malarial parasite remains unclear. Artemisinin
derivatives have been shown to act against other apicompl-
exan parasites, trematodes, several viral infections, cancer
cells, and systemic lupus erythematosus (16, 24, 34). Based
on this broad spectrum of efficacy, it is unlikely that ART
acts via a single mechanism. Nevertheless, it is generally
agreed that cleavage of the peroxide bridge of ART is a key
initial activating step for its activity. In Plasmodium, this
reactive species causes heme alkylation and accumulation of
toxic heme adducts (9). The production of free radicals that
alkylate and oxidize proteins and lipids, including the criti-
cal iron-sulfur redox centers of the parasite, also contributes
to ART toxicity (4, 38). Fe2� is proposed to play an impor-
tant role in breaking up the endoperoxide bridge of ART to
induce the production of free radicals. Studies with radio-
labeled ART derivatives have identified several Plasmodium
proteins that are bound by the drug, suggesting multiple
possible targets for inhibition. In particular, ART binds to
and has been shown to inhibit the activity of the parasite
calcium-type ATPase PfATP6 (15, 30). On the other hand,
at least two transporters present in the membrane of the
parasite DV, namely, PfMDR1 and PfCRT, have been
shown to modulate susceptibility to ART (14). Although the
mechanistic basis of Cys potentiation of ART activity re-
mains unknown, it is tempting to speculate that Cys may affect
one or several aspects of the above-mentioned parameters of the
ART antimalarial effect. Cys could affect the pharmacokinetic
properties of ART in vivo, possibly increasing its bioavailability. It
could also enhance the fragility of the infected erythrocytes to the
reactive ART-derived species and/or increase access to ART mo-
lecular targets. Finally, Cys may inhibit PfMDR- and PfCRT-
mediated efflux of ART from the parasite DV.

We are currently testing the activity of Cys/ART combina-
tions against artemisinin-resistant rodent parasite lines (2) and
evaluating the efficacy against mouse models of cerebral ma-
laria caused by infection with the Plasmodium berghei species.
Overall, our results suggest that Cys possesses several key
characteristics of a partner drug for artemisinin derivatives and
should be clinically evaluated in ACT against malaria.
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