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Research into chloroquine resistance reversal in Plasmodium falciparum has revealed a widespread range of
functionally and structurally diverse chemosensitizers. However, nearly all of these chemosensitizers reverse
resistance optimally only at concentrations that are toxic to humans. Verapamil, desipramine, and trifluoper-
azine were shown to potentiate chloroquine accumulation in a chloroquine-resistant (CQr) strain of P. falci-
parum, while progesterone, ivermectin, and cyclosporin A were not shown to potentiate chloroquine accumu-
lation. The simultaneous use of two or even three of these chemosensitizers at concentrations within their
therapeutic ranges in humans displayed an additive effect in potentiating chloroquine accumulation in the CQr

strain. The levels of resistance reversal achieved with these multiple combinations were comparable to those
achieved with high concentrations of the single agents used to enhance the activity of chloroquine. No chemo-
sensitizer, whether used singly or in combination, potentiated any change in chloroquine accumulation or a
shift in the 50% inhibitory concentration for the chloroquine-sensitive strain. The use of combinations of che-
mosensitizers at concentrations not toxic to humans could effectively reverse chloroquine resistance without
the marked toxicity from the use of a single agent at high concentrations. This cocktail of chemosensitizers may
serve as a viable treatment to restore the efficacy of chloroquine in patients with malaria.

The spread of chloroquine (CQ) resistance in Plasmodium
falciparum throughout most areas where malaria is endemic
has necessitated alternate treatments for malaria. More re-
cently, antimalarials such as mefloquine and halofantrine were
developed, but indications are that these are becoming inef-
fective as resistance to them spreads (20).

There have been attempts to restore CQ’s efficacy in vitro
and in vivo by using it in combination with resistance reversers
like promethazine and chlorpheniramine (16, 18). However,
these compounds, which stimulate the uptake of CQ by resis-
tant strains and drastically reduce the 50% inhibitory concen-
tration (IC50), operate optimally as resistance reversers in vitro
only at concentrations that are highly toxic in vivo. Work with
multidrug-resistant (MDR) cancer cells has shown that it is
possible to reverse anticancer agent resistance by using com-
binations of chemosensitizers at concentrations not toxic to
humans (10). The levels of reversal obtained with these com-
binations were comparable to those obtained with the single
agents used at their optimal concentrations.

In P. falciparum, two calcium channel blockers, verapamil
(VPL) and fantofarone, have been shown to act synergistically
in reversing CQ resistance (1). We selected several structurally
and functionally diverse compounds to test CQ resistance
(CQr) reversal in P. falciparum. VPL and desipramine (DES)
are known resistance reversers in P. falciparum (2, 14). How-
ever, progesterone (PROG), ivermectin (IVM), trifluopera-
zine (TRF), and cyclosporine (CsA) have not been implicated
in CQ resistance reversal, although they do reverse multidrug
resistance in cancer cells (7, 11, 17). A combination of the
chemosensitizers used at low concentrations was shown to

work as effectively in vitro in reversing CQ resistance as the
single compounds used at their optimal concentrations with
CQ. This may yet prove to be an effective way of overcoming
the CQ resistance without the toxicity associated with these
chemosensitizers in vivo.

MATERIALS AND METHODS

Chemicals. Chloroquine diphosphate, verapamil hydrochloride, desipramine
hydrochloride, trifluoperazine dihydrochloride, PROG, CsA, and IVM were
purchased from Sigma Chemical Co., St. Louis, Mo.

In vitro P. falciparum culture. Two strains were selected for experimental
work: D10, a CQ-sensitive (CQs) strain (donation from A. Cowman, Walter and
Eliza Hall Institute of Medical Research, Melbourne, Australia), and RSA11, a
CQr strain (Janet Freese, Medical Research Council, Durban, South Africa).

The IC50s of CQ for D10 and RSA11 are 11.63 and 339.2 nM, respectively
(5, 6). The parasites were cultured by a method modified from that of Trager and
Jenson (19). The parasites were maintained in type O-positive human red blood
cells, 10% type A-positive human serum, and RPMI 1640 culture medium (Bio-
whittaker). The culture medium was supplemented with 1% sodium bicarbonate
and gentamicin (40 mg/ml). The cultures were kept in continuous culture under
a gas mixture of 4% CO2, 3% O2, and 93% N2. Cultures were synchronized in the
ring stage with 5 volumes of 5% D-sorbitol (12).

Drug dilutions and solvent controls. CQ, VPL, DES, and TRF were dissolved
in distilled water, while PROG, IVM, and CsA were dissolved in ethanol. Ap-
propriate controls were established for the solvents used and the combinations
tested, but none showed any toxicity in either the CQ accumulation or the IC50

determination experiments.
Tritiated CQ accumulation. Synchronized parasitized erythrocytes in the tro-

phozoite growth stage (1% hematocrit, 5% parasitemia) were exposed to 1 nM
[3H]CQ (18.8 Ci/mmol; Amersham) in a 1.5-ml microcentrifuge tube. Appropri-
ate controls were established for the solvent. The tubes were then incubated at
37°C in a water bath for 1 h. For the combination studies, the parasites were first
incubated for 15 min at 37°C in the presence of a fixed concentration of the
chemosensitizers before the radioactive CQ was added. After incubation, the
parasitized erythrocytes were centrifuged (Microfuge E; Beckman) and washed
twice with ice-cold phosphate-buffered saline. The microcentrifuge tube tip con-
taining the parasitized erythrocytes was then cut off and placed in a scintillation
vial with 5 ml of scintillation fluid (Quicksafe A; Zinsser Analytic) and shaken
overnight. The radioactivity within the vials was counted in a Packard Tri-Carb
4640 liquid scintillation spectrophotometer.
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Parasite lactate dehydrogenase assay. The IC50s for the parasites in the
presence and absence of chemosensitizers was measured by a method modified
from that Makler et al. (13). The parasites were maintained at 1% hematocrit
and 2% parasitemia for 48 h along with the particular drug to be tested. For the
combination studies, the parasites were incubated with serially diluted CQ in the
presence of a fixed concentration of one or more of the chemosensitizers. The
Malstat (Flow Inc.) reagent was used as an indicator of parasite viability.

RESULTS

Intrinsic antimalarial activities of chemosensitizers. The
IC50s of CQ and the six putative chemosensitizers tested with
both strains are summarized in Table 1. There were no statis-
tically significant differences between the results for the CQr

and CQs strains used except for those for CQ, CsA, and IVM.
Most of the IC50s fell within the micromolar range, suggesting
a weak intrinsic antimalarial activity. These values are almost
1,000-fold higher than that of CQ for the CQs strain. However,
the IC50 of CsA was within the nanomolar range, and CsA
appeared to be more active against the CQs strain. In addition,
it was more effective than CQ against the CQr strain.

Tritiated CQ accumulation in presence of chemosensitizers.
CQ accumulation in parasitized erythrocytes was evaluated in
the presence of the putative chemosensitizers over a large
range of concentrations. In the CQs strain D10, there was no
significant increase in the level of accumulation of CQ in the
presence of any of the chemosensitizers (data not shown). In
the CQr strain, there was also no significant increase in the
level of CQ accumulation with PROG, CsA, and IVM. How-
ever, there was a dose-dependent increase in uptake in the CQr

strain with VPL, TRF, and DES (Fig. 1). The maximum levels
of accumulation of CQ in the presence of these drugs were
obtained at 5, 3, and 3 �M for VPL, DES, and TRF, respec-
tively. The solvent control did not affect the level of CQ accu-
mulation (data not shown).

Tritiated CQ accumulation with simultaneous combinations
of chemosensitizers in CQr strain. From the data presented
above it was decided that for the combination experiments
chemosensitizer concentrations that would be regarded as non-
toxic for humans would be used (15). The concentrations se-
lected for VPL, DES, and TRF were 250, 175, and 50 nM,
respectively. In the experiments whose results are presented in
Fig. 2, CQ was incubated either singly or with combinations of
either two or three chemosensitizers. In the CQr strain, an
additive accumulation effect was observed with the combina-

tions tested. There was no significant increase in the level of
CQ accumulation in the CQs strain with any of the chemosen-
sitizer combinations used (data not shown).

Resistance reversal with simultaneous combinations of che-
mosensitizers in a CQr strain. The ability of combinations of
low concentrations of chemosensitizers to act additively to
stimulate CQ uptake in the CQr strain suggested that these
combinations might also have an additive effect in lowering the
CQ IC50.

The IC50s of CQ used with a variety of combinations of
chemosensitizers are shown in Table 2. The concentrations of
the chemosensitizers used were the same as those used in the
experiments whose results are presented in Fig. 2. The sensi-
tivity of the CQr strain observed with each chemosensitizer
used alone was increased, in some cases dramatically, with all
of the combinations used. In two of the multiple combinations,
VPL-TRF and VPL-DES-TRF, the shift in CQ sensitivity was
so marked that it was comparable to or less than the sensitivity
of the CQs strain to CQ.

TABLE 1. IC50s showing the intrinsic antimalarial activities of CQ
and the putative chemosensitizers performed with

the CQs and CQr strains of P. falciparum

Compound
IC50 (�M)a

D10 RSA11

CQ 0.027 � 0.003 0.326 � 0.013
VPL 12.72 � 0.877 12.68 � 1.272
DES 13.90 � 0.007 11.74 � 4.244
TRF 5.660 � 1.045 5.901 � 1.794
PROG 24.68 � 4.612 23.77 � 3.567
CsA 0.158 � 0.019 0.275 � 0.026
IVM 18.85 � 4.730 8.898 � 0.998

a Values represent the means � standard deviations for three independent
experiments, each of which was performed in duplicate. The values obtained for
each strain are not significantly different (P � 0.05) between strains except for
those for CQ, CsA, and IVM.

FIG. 1. Dose-response curves showing the increase in the level of
CQ accumulation with the single chemosensitizers in the CQr strain.
Values are the means � standard deviations for three independent
experiments, each of which was performed in duplicate.

TABLE 2. IC50s of CQ alone and in combination with the
chemosensitizers for CQs and CQr strains

Drug combinationa
IC50 (nM)b

D10 (CQS) RSA11 (CQR)

CQ 26.30 � 2.963 337.4 � 8.202
CQ � DES 24.56 � 4.830 109.7 � 0.141
CQ � TRF 25.82 � 6.781 295.6 � 33.94
CQ � VPL 22.79 � 2.222 167.6 � 62.73
CQ � DES-TRF —c 69.84 � 42.50
CQ � DES-VPL — 36.08 � 23.58
CQ � TRF-VPL — 26.56 � 21.49
CQ � DES-TRF-VPL — 6.958 � 4.005

a The concentrations of VPL, DES, and TRF were identical to those used in
the radioactive chloroquine accumulation experiment whose results are shown in
Fig. 2.

b Values are the means � standard deviations for two independent experi-
ments, each of which was performed in duplicate.

c —, These combinations were not tested for resistance reversal, as their
individual components did not show any effect on the CQs strain.
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There was no shift in the sensitivity of the CQs strain with
any of the single chemosensitizers used.

DISCUSSION

The data in Table 1 show that the putative chemosensitizers
have very low levels of antimalarial activity when they are used
alone. Also, there were no statistically significant differences in
their effects between the CQr and CQs strains used. The excep-
tion was CsA, which possessed antimalarial activity within the
nanomolar range and for which there was a significant differ-
ence in activity between the two strains. It has been shown in
vitro and in vivo that CsA exhibits significant antiprotozoal
activity (for a review, see reference 4). CsA also appears to be
more effective against the CQs strain than against the CQr

strain. The reason for this difference is not known.
The CQ accumulation studies confirm that these chemosen-

sitizers have no effect on the action of CQ against the CQs

strain. Figure 1 illustrates the dose-response effects of VPL,
TRF, and DES on increasing the level of CQ accumulation in
the CQr strain. The optimal concentration for this CQ accu-
mulation is in the toxic range for these compounds. None of
the IVM, PROG, or CsA concentrations tested resulted in an
increase in the level of accumulation of CQ, nor were they able
to reverse resistance in the CQr P. falciparum strain (data not
shown). Both IVM and CsA are highly effective at increasing
anticancer drug uptake in MDR cancer cell lines (17). These
results may indicate that the mechanism of resistance reversal
in P. falciparum operates via a mechanism different from that
in MDR cancer cells, even though there is clearly an overlap in
some of the agents able to reverse resistance.

There is a maximum level of CQ accumulation that can be
achieved with the single chemosensitizers (Fig. 1). When the
different chemosensitizers were combined at their optimal con-
centrations, there was no additive effect on the level of CQ
accumulation above the maximal level achieved with each of
the single components (data not shown). This implies that
there is a saturation point above which there is no further

effect of the chemosensitizers on CQ accumulation. However,
when combinations of chemosensitizers were mixed at concen-
trations which alone yielded submaximal levels of accumula-
tion, an additive effect was observed (Fig. 2). The amount of
CQ that accumulated with the chosen combinations did not
reach the level of CQ that accumulated with the single drugs at
their optimal concentrations (data not shown).

Despite this, the reversal effect observed with some combi-
nations, in particular, the triple combination, resulted in a low-
ering of the IC50 for the CQr strain to that for the CQs strain.
It is unclear why the levels of CQ accumulation in Fig. 2 do not
correlate with the levels of reversal seen in Table 2. One would
expect that higher levels of accumulation would result in a more
pronounced resistance reversal; however, this was not ob-
served. The enhanced reversal observed with the multiple com-
binations could be a result of some combined interaction be-
tween the compounds that is observed only by the 48-hour
Malstat assay but not by the 1-h CQ accumulation assay.

It has previously been reported that combinations of che-
mosensitizers at nontoxic levels can be effectively used to re-
verse resistance in cancer cells (9, 10). It has also been re-
ported that in combination, of VPL and fantofarone, both of
which are calcium channel blockers, act synergistically in re-
versing CQ resistance in P. falciparum (1). In addition, it was
recently demonstrated that certain plant compounds act syn-
ergistically in enhancing CQ activity in a CQr strain (8). It is
clear from the work presented here that chemosensitizers from
different classes of drugs can act synergistically to reverse CQ
resistance. Since a large number of structurally and function-
ally different compounds are able to reverse CQ resistance
in vitro, it may be possible to formulate a cocktail of drugs for
use in vivo, with each compound used at concentrations suffi-
cient to minimize the toxicity while maintaining the efficacy of
treatment. It was recently shown that CQ resistance could be
reversed in humans with a single antihistamine, chlorphenira-
mine or promethazine, and these would be potential candi-
dates for use in a cocktail (16, 18). Clearly, however, both bio-
availability and protein binding will need to be considered
when candidate drugs for use in an in vivo cocktail are chosen.
DES, which resulted in excellent in vitro resistance reversal, is
not able to reverse resistance in humans owing to its high level
of plasma protein binding (3). It is being investigated whether
combinations of chemosensitizers can be used with CQ to
reverse resistance in vivo. If it can be shown that these com-
binations are more effective in vivo than the single antihista-
mines currently being investigated and that no marked toxicity
is associated with them, this multiple combination therapy
should perhaps be considered as an alternative to the use of
CQ in areas where CQ resistance is endemic but where no
other alternatives are available.
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