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Methylene blue (MB) represents a promising antimalarial drug candidate for combination therapies against
drug-resistant parasite strains. To support and facilitate the application of MB in future field trials, we studied
its antiparasitic effects in vitro. MB is active against all blood stages of both chloroquine (CQ)-sensitive and
CQ-resistant P. falciparum strains with 50% inhibitory concentration (IC50) values in the lower nanomolar
range. Ring stages showed the highest susceptibility. As demonstrated by high-performance liquid chroma-
tography–tandem mass spectrometry on different cell culture compartments, MB is accumulated in malarial
parasites. In drug combination assays, MB was found to be antagonistic with CQ and other quinoline
antimalarials like piperaquine and amodiaquine; with mefloquine and quinine, MB showed additive effects. In
contrast, we observed synergistic effects of MB with artemisinin, artesunate, and artemether for all tested
parasite strains. Artemisinin/MB combination concentration ratios of 3:1 were found to be advantageous,
demonstrating that the combination of artemisinin with a smaller amount of MB can be recommended for
reaching maximal therapeutic effects. Our in vitro data indicate that combinations of MB with artemisinin and
related endoperoxides might be a promising option for treating drug-resistant malaria and should be studied
in future field trials. Resistance development under this drug combination is unlikely to occur.

Methylene blue (MB)—a drug clinically applied in methe-
moglobinopathies—has also been shown to have antimalarial
effects and was identified as a specific inhibitor of Plasmodium
falciparum glutathione reductase (GR). Thus, MB was recently
reconsidered as a useful antimalarial drug (12, 22, 32). Advan-
tages of MB include its intrinsic inhibition of heme polymer-
ization within the food vacuole (2), its prevention of methe-
moglobinemia—a serious complication of malaria anemia
(1)—and its relatively low price. Furthermore, MB shows high
selectivity indices with respect to the viability of the human
monocytic leukemia-derived cell line J-111 (2, 36), indicating
that its cytotoxicity for mammalian cells is low. Considerable
side effects of MB have been reported (16, 27), but they are
likely to be restricted to persons with certain forms of inherited
glucose-6-phosphate dehydrogenase (G6PD) deficiency.

Due to increasing drug resistance, the development of chlo-
roquine (CQ) sensitizers in combination with CQ is given high
priority in antimalarial drug research (35). CQ-resistant para-
sites were shown to possess significantly increased concentra-
tions of reduced glutathione (GSH) when compared with sen-
sitive parasites. Thus, the reduction of glutathione disulfide by
the flavoenzyme glutathione reductase and/or the de novo syn-
thesis of GSH seems to be more efficient in resistant parasites
(10, 15, 23). In Plasmodium, GSH is likely to be involved in
buffering the reducing milieu, in antioxidant defense, redox

signaling, DNA synthesis, and heme degradation, and in de-
toxification reactions catalyzed by glutathione S-transferase (3,
4, 14, 18). Furthermore, the combination of CQ derivatives
with the selective P. falciparum GR inhibitor 6-[2-(3-methyl)-
naphthoquinolyl]hexanoic acid as a double-drug conjugate in-
hibited the growth of CQ-resistant Plasmodium species both in
vitro and in vivo (7). These and other observations suggest that
the combination of CQ with MB—as a P. falciparum GR inhibitor
and thus CQ sensitizer—might be useful. This approach has re-
cently been tested in clinical trials in the Nouna District of
Burkina Faso (6, 22). In this study, cases of MB toxicity or intol-
erance were not reported; however, a clear advantage over CQ
monotherapy could not be observed either (24). Several reasons
were proposed to be responsible for this clinical failure. They
include (i) the possibility that the dosage of the highly water-
soluble MB was not high enough (24), (ii) the possibility that MB
and CQ do act antagonistically, and (iii) the possible formation of
stable blue pigments in blood cells by MB leading to false-positive
counts of persistent parasitemia. As summarized by Wainwright
and Amaral (37), the latter cause can be largely excluded.

In the work reported here, we systematically studied the
effects of MB on P. falciparum in cell culture, including growth
inhibitory effects on different parasite strains, stage specificity,
uptake, and staining effects. In addition, we tested the combi-
nation of MB with other clinically used antimalarials in a
search for potential clinical drug combination therapies.

MATERIALS AND METHODS

Drugs and chemicals. MB was obtained from Roth (Karlsruhe, Germany);
RPMI 1640 medium was from GIBCO Invitrogen Life Technologies (Paisley,
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Scotland); chloroquine, amodiaquine, and pyrimethamine were from Sigma-
Aldrich (Steinheim, Germany); mefloquine was from Roche (Mannheim, Ger-
many); artemisinin and primaquine diphosphate were from Aldrich Chemical
Co. (Milwaukee, Wis.); and quinine was from Acrös Organics (Geel, Belgium).
MB for analytical purposes was purchased from Calbiochem/Merck (Darmstadt,
Germany). Artemisinin derivatives (artemether and artesunate) as well as pip-
eraquine tetraphosphate were kindly provided by the Swiss Tropical Institute
(Basel, Switzerland) and J. Carl Craft, Medicines for Malaria Venture (Geneva,
Switzerland), respectively.

Cultivation of Plasmodium falciparum. CQ-sensitive (3D7-Netherlands and
HB3-Honduras) and resistant (K1-South-East Asia and Dd2-Indochina) strains
of P. falciparum were grown in continuous culture as described by Trager and
Jensen (34) with slight modifications. Unless otherwise stated, parasites were
maintained at 1 to 10% parasitemia and 3.3% hematocrit in an RPMI 1640
culture medium supplemented with A� erythrocytes, 4% A� human serum,
0.2% lipid-rich bovine serum albumin (Albumax), 9 mM (0.16%) glucose, 0.2
mM hypoxanthine, 2.1 mM L-glutamine, and 22 �g/ml gentamicin. All incuba-
tions were carried out at 37°C in 3% O2, 3% CO2, and 94% N2. Synchronization
of parasites in culture to ring stages was carried out by treatment with 5%
(wt/vol) sorbitol (20). For the conditions described above, the CQ sensitivities,
expressed as 50% inhibitory concentration (IC50) values, were found to be 8.6 �
0.4 nM for strain 3D7, 16.8 � 0.5 nM for HB3, 90.2 � 10.6 nM for Dd2, and 155
� 11.4 nM for K1. The parasites were used for the experiments delineated below.

Stage specificity of MB action. IC50 values for MB were determined on dif-
ferent synchronized blood-stage forms (rings, trophozoites, and schizonts) of P.
falciparum strain K1. For this purpose, aliquots of a parasite culture synchro-
nized to the ring stage (t � 0) were drawn every 3 to 6 h throughout the 48-h cycle
and exposed to various MB concentrations. Considering the multiplication of the
parasites towards the end of the cycle, the parasites to be treated at 39, 42, and
48 h were diluted with A� erythrocytes by factors of 1:2, 1:4, and 1:7, respec-

tively. Parasites were exposed to the drug for 6 h followed by a change of the
medium and undisturbed growth for 42 h to complete a full cycle. Parasite
growth and parasitemia were monitored by assessing Giemsa-stained blood
smears under the microscope.

Effect of drug combinations with MB on P. falciparum. Isotopic drug sensitivity
assays by means of the semiautomated microdilution technique (9) were em-
ployed to investigate the effects of MB in combination with other clinically used
antimalarials. The method which depends on the incorporation of radioactive
[3H]hypoxanthine—which is taken up by the parasite as a precursor of purine
deoxynucleotides for DNA synthesis—was performed according to the modifi-
cations of Fivelman et al. (13). In 96-well microtiter plates (Nunc), a twofold
serial dilution of the starting concentration of each drug to be tested was carried
out. Two drugs to be tested in combination were applied alone and in fixed
concentration ratios of 1:1, 1:3, and 3:1 as described by Fivelman et al. (13).
Parasites were incubated at a parasitemia of 0.125% (�70% ring forms) and
1.25% hematocrit in hypoxanthine-free medium. After 48 h, 0.5 �Ci of [3H]hy-
poxanthine was added to each well and the plates were incubated for another
24 h. The cells of each well were harvested on a glass fiber filter (Perkin-Elmer,
Rodgau-Jügesheim, Germany), washed, and dried. Their radioactivity in counts
per minute was considered to be proportional to the respective growth of P.
falciparum in the well. IC50 values (drug concentrations that produce 50% re-
duction in the uptake of [3H]hypoxanthine) and IC90 values were calculated; the
fractional inhibitory concentrations (FIC) of the respective drugs were deter-
mined (13) based on the following definitions: FIC50 A � [IC50 (A � B)]/IC50 A;
FIC50 B � [IC50 (B � A)]/IC50 B; and FIC50 � FIC50 A � FIC50 B (25). For
these studies, P. falciparum strains with different CQ sensitivities (3D7, HB3,
Dd2, and K1) were employed (33).

Studies on MB uptake. Young P. falciparum trophozoites of the strain Dd2
were incubated for 12 h with 13 nM, 26 nM, or 39 nM MB. Nonparasitized red
blood cells (NPRBC) were treated identically. After 12 h, cell cultures were
centrifuged at 750 � g for 3 min. The supernatants representing the cell culture
medium were immediately frozen. In parasitized red blood cells (PRBC), eryth-
rocytic and parasitophorous membranes were lysed by treatment with 0.02%
(wt/vol) saponin for 10 min at 37°C. After another centrifugation step, the
supernatants were stored at �80°C. The parasites in the pellet were washed three
times in saponin buffer and disrupted by three rounds of freezing and thawing in
liquid nitrogen followed by sonication on ice. After centrifugation (31,000 � g, 30
min, 4°C), parasite lysate was obtained in the supernatant and parasite debris
(consisting mainly of membranes) was obtained in the pellet. NPRBC were
washed twice in phosphate-buffered saline before being disrupted by freezing
and thawing. MB was determined in various fractions by high-performance liquid
chromatography coupled to tandem mass spectrometry (LC/MS/MS) (28). In
brief, in vitro samples (up to 100 �l of incubation medium, cell suspensions, or
parasite lysates) were processed by adding 200 �l of precipitation reagent (ace-
tonitrile), vortex mixing for 15 s, and centrifugation for 10 min at 2,500 � g. The
clear supernatants were transferred into autosampler vials for LC/MS/MS anal-
ysis.

Statistics. IC50 values were determined for each drug alone and for drugs in
fixed concentration ratios by fitting a logistic dose-response equation to the
concentration-response curves. IC50 and IC90 values were used to calculate FIC50

and FIC90. Mean IC50 and FIC values obtained for the various drugs and
corresponding parasite strains were used for statistical analyses (13, 25). The
unpaired Student’s t test was used to compare differences between IC50 values of
MB obtained for CQ-sensitive and CQ-resistant strains. Pearson correlation was
used to assess the correlation between IC values of MB and CQ as well as
between MB and the artemisinins. Least square means (LSMeans) was used to
compare differences in FICs obtained in the combination of MB with the arte-
misinins with respect to the three different artemisinins and the different com-

FIG. 1. Stage specificity of methylene blue action on the CQ-resis-
tant P. falciparum strain K1. IC50 values obtained for the various
developmental stages of the 48-h life cycle are given. The data shown
were derived from two parallel experiments which differed by less than
10%.

TABLE 1. Clearance of MB from the medium by P. falciparum-
parasitized erythrocytes

Initial MB
concn

(nM) in
medium

MB concn (nM) after 12 h of incubation

Medium Parasite

Without
cells

Healthy
erythrocytes

Parasitized
erythrocytes Lysate Membrane

pellet

13 6.1 4.0 �2 8.2 79
26 14.7 6.0 �2 16.3 152
39 16.6 19.2 �2 21.7 265
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bination ratios. Statistical Analysis Software (SAS) was used for statistical com-
putations. For all statistical tests, the significance level (P) was set at 0.05.

RESULTS

The stage-specific IC50 values of MB on P. falciparum blood-
stage cultures are given in Fig. 1. The lowest IC50 values of
about 11 nM were found for the very young ring stages of the
parasites. Schizonts showed the lowest susceptibility to the
drug, with IC50 values as high as 88 nM. The IC50 values
determined in these experiments are higher than those in the
drug combination assays. This is based on the fact that the
stage-specificity data were obtained after exposing the para-
sites to MB for only 6 h, whereas the other data were obtained
after 72 h of exposure. In addition, methodological differences
might account for this phenomenon since stage specificity was
assessed by counting parasitemia under the microscope rather
than by determining the incorporation of [3H]hypoxanthine.

The data on the uptake of MB into various compartments of
PRBC and NPRBC are given in Table 1. After incubation with
MB (13, 26, and 39 nM) and preparation of the different
lysates, MB was determined by LC/MS/MS. The total amount
of MB added to the cell cultures could not be recovered quan-
titatively in the different fractions. This is most likely due to the
various washing steps required and to the fact that MB binds
strongly to the surfaces of reaction tubes (5).

The effects of several drug combinations on the growth of
the P. falciparum strain K1 in vitro is given in Table 2. The
combinations of MB with mefloquine or quinine were additive,
whereas the combinations of MB with chloroquine (Fig. 2) and
all other tested quinolines as well as with pyrimethamine were
antagonistic. An antagonistic action of MB and CQ was also
determined for the chloroquine-sensitive strain 3D7 (Fig. 2).
MB, however, was found to act synergistically with artemisi-
nins.

When testing the three endoperoxides in combination with
CQ on P. falciparum strains with different degrees of CQ re-
sistance (Table 3), all three drug combinations acted synergis-
tically on all strains tested as all FIC50 and FIC90 values were
significantly lower than 1 (FIC50, P � 0.0001; FIC90, P �
0.0001). The degree of synergism was highest on the HB3

strain (mean FIC50 � 0.59, mean FIC90 � 0.59), followed by
K1 (mean FIC50 � 0.76, P � 0.013 describing the significance
of difference when compared with HB3; mean FIC90 � 0.78,
P � 0.0003), 3D7 (mean FIC50 � 0.97, P � 0.0001; mean FIC90

� 0.86, P � 0.0001), and finally Dd2 (mean FIC50 � 0.99, P �
0.0001; mean FIC90 � 0.90, P � �0.0001). On the basis of the
FIC values (Table 3) and the isobolograms shown in Fig. 3,
synergistic effects were most pronounced in the artemisi-
nin-MB combination. FIC values for the three different en-
doperoxides in combination with MB were reproducibly lowest
for artemisinin (mean FIC50 � 0.64, mean FIC90 � 0.62) in
comparison with artesunate (mean FIC50 � 1.00, P � 0.0001;
mean FIC90 � 0.88, P � 0.0001) and artemether (mean FIC50

� 0.82, P � 0.0008). FIC50 values were reproducibly lower at
combination ratios of 3:1 (mean FIC50 � 0.69) than at a com-
bination ratio of 1:1 (mean FIC50 � 0.80, P � 0.049) or 1:3
(mean FIC50 � 0.98, P � 0.0001). No significant correlation
was observed between the IC50 or IC90 values of MB and
artemether (P � 0.209 and P � 0.358, respectively), artesunate
(P � 0.572 and P � 0.659, respectively), and artemisinin (P �
0.164 and P � 0.128, respectively).

DISCUSSION

MB is a promising antimalarial drug acting in vitro in the
nanomolar range and in patients in the micromolar range. A
mechanism of reverting chloroquine resistance by MB as a
glutathione reductase inhibitor has been proposed (10, 15, 32),
and clinical trials assessing the safety and effectiveness of MB
are already under way (6, 24). In order to facilitate the design
of future field studies and the interpretation of respective re-
sults, we have characterized the effects of the drug in cell
cultures in detail.

As indicated by our studies on stage specificity of MB action,
young ring stages of P. falciparum show the highest suscepti-
bility to the drug and schizonts show the lowest. The differ-
ences in IC50 values are as high as a factor of 8. In addition, we
studied the uptake of MB into various compartments of PRBC
and NPRBC (Table 1). The half-life of MB in the blood after
intravenous administration was estimated to be 5.25 h (26).
Thus in cell culture it is likely to be much longer. The MB
concentrations in the medium of PRBC were repeatedly below
the detection limit of 2 nM, whereas the medium of NPRBC
showed concentration-dependent MB levels. This indicates
that MB is taken up particularly by PRBC and is thus available
for antiparasitic activity. This hypothesis is further supported
by the fact that in the parasite lysates a higher MB concentra-
tion was determined than in the medium. In the parasite mem-
brane pellet, the accumulation was even more pronounced
(factors of 9 to 12). Lysates of PRBC and NPRBC had MB
concentrations below 4 nM. Thus, our data demonstrate selec-
tive uptake of MB by malarial parasites and indicate that
concentrations required for efficient turncoat inhibition of glu-
tathione reductase can be reached in Plasmodium.

Subsequently, we tested the effects of several drug combina-
tions on P. falciparum strain K1 in vitro (Table 2). The com-
binations of MB with mefloquine or quinine were additive,
whereas the combinations of MB with chloroquine (Fig. 2)
were antagonistic. A significant positive correlation was de-
tected between the IC50 values of CQ and MB (r � 0.7008, P �

FIG. 2. FIC50 (left) and FIC90 values (right) of MB and CQ deter-
mined at various dosage ratios (1:1, 1:3, and 3:1) and in independent
experiments (indicated by the lines) for CQ-resistant (K1) and CQ-
sensitive (3D7) strains of P. falciparum. The resulting antagonistic
effect of the drug combination is indicated by the convex isobolograms.
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TABLE 2. In vitro drug combination assays of methylene blue with clinically used antimalarials on P. falciparum strain K1a

Drug given in combination with MB IC50 (nM) IC90 (nM) Mean FIC50 value at fixed partner/MB ratio Type of combination effect

1.8 � 0.07 3.7 � 0.09 0.75 at 1:1 Synergism
0.65 at 1:3
0.65 at 3:1

1.3 � 0.15 3.1 � 0.16 0.85 at 1:1 Additive action/synergism
1.00 at 1:3
0.90 at 3:1

4.0 � 0.76 8.0 � 0.55 0.67 at 1:1 Synergism
0.73 at 1:3
0.73 at 3:1

117 � 27 199 � 30 1.28 at 1:1 Antagonism
1.18 at 1:3
1.25 at 3:1

10.6 � 2.7 20.6 � 1.8 1.97 at 1:1 Antagonism
1.94 at 1:3
2.01 at 3:1

7.8 � 1.4 12.1 � 0.35 1.60 at 1:1 Antagonism
1.20 at 1:3
1.05 at 3:1

90 � 39 227 � 82 0.97 at 1:1 Additive action
1.05 at 1:3
0.97 at 3:1

7.8 � 2.0 15.7 � 2.5 1.04 at 1:1 Additive action
1.03 at 1:3
1.09 at 3:1

1,820 3,860 1.22 at 1:1 Antagonism
1.17 at 1:3
1.12 at 3:1

7,540 16,690 1.02 at 1:1 Antagonism
1.52 at 1:3
1.41 at 3:1

a IC values for the partner drugs of MB (columns 2 and 3). Mean values and standard deviations are given for values which had been obtained from four independent
measurements; for values that were reproduced only once, no standard deviation is given. For MB itself, IC50 is 6.5 � 1.8 nM and IC90 is 12.4 � 2.3 under the chosen
conditions. FIC50 values were determined according to the fixed-ratio method of Fivelman et al. (13). FIC50 of �1, synergistic drug action; FIC50 of 1, additive action;
FIC50 of �1, antagonistic action. FIC50 A � [IC50 (A � B)]/IC50 A; FIC50 B � [IC50 (B � A)]/IC50 B; FIC50 � FIC50 A � FIC50 B (25).
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0.0001) indicating an increased likelihood for cross-resistance.
The antagonistic actions of chloroquine and methylene blue
were also shown for the chloroquine-sensitive strain 3D7 (Fig.
2). The mode of action of CQ involves the inhibition of heme
polymerization into nontoxic hemozoin (30). Also MB was
shown to inhibit heme polymerization (2), in addition to its
effects as a subversive inhibitor of P. falciparum GR (6). The
effect of MB on glutathione reduction (15) is probably re-
flected in the observation that the antagonism between MB
and CQ is less pronounced for the CQ-resistant strain K1 than
for the sensitive strain 3D7.

Most interestingly, the combination of MB with artemisinin
and its derivatives artemether and artesunate was found to act
synergistically on the CQ-resistant strain K1 (Table 2). The
combinations of MB with artemisinin or artemether were ad-
vantageous over the MB-artesunate combination. All four
drugs exhibited IC50 values in the nanomolar range when given
alone.

We therefore studied if the synergistic action of MB and
artemisinin derivatives differs between P. falciparum strains
with different degrees of CQ sensitivity. Based on data ob-
tained by Su et al. (33) and our own experience, strains 3D7
and HB3 were chosen as CQ-sensitive strains while Dd2 was
chosen in addition to K1 as a CQ-resistant strain. All three
drug combinations acted synergistically on all strains tested.
The best effects were observed on the HB3 strain, and the
artemisinin-MB combination was found to be slightly advan-
tageous over MB combined with artemether and artesunate,
although the two latter compounds were more potent than
artemisinin when studied as single drugs. Remarkably, FIC50

values were lowest at artemisinin/MB combination ratios of
3:1, indicating that only low MB concentrations might be re-
quired for maximal therapeutic effects. The lack of correlation
between IC50 or IC90 values of MB and artemisinin indicates
that cross-resistance between the endoperoxides and MB is
unlikely to occur—an observation which is most promising for
clinical application of the drug combination.

Artemisinin and its pharmaceutical derivatives are the most
effective antimalarial drugs presently available and indeed
have become the focus of antimalarial approaches worldwide
(17, 21, 38). No definite parasite resistance to artemisinins has
been reported yet, but multidrug-resistant parasites with ele-
vated IC50 values of artemisinin have been recently produced
in the laboratory (19). Furthermore, the short half-life of the
artemisinins necessitates treatment for at least 7 days to
achieve complete parasite clearance, and possible noncompli-
ance of the patients with this regime could facilitate the devel-
opment of drug resistance (8). Thus, continuous usage of the
drug in monotherapy could lead to development of resistance
in the near future, and consequently artemisinin combination
therapies have been endorsed by the World Health Organiza-
tion as the “policy standard” for the treatment of falciparum
malaria (31).

The antimalarial activities of the artemisinins have been
postulated to result from the inhibition of a P. falciparum
Ca2�-ATPase (11, 29). As described in the introduction, MB
has pleiotropic antimalarial activities (32) which do not seem

FIG. 3. FIC50 (left) and FIC90 values (right) of MB and artemisinin
at various fixed dosage ratios for different P. falciparum strains. All
data points were plotted to represent the complete range of interac-
tions seen at the concentration ratios evaluated instead of presenting
individual representative isobolograms. The concave isobolograms for
these data points indicate a synergistic effect of the combination. A
characteristic curve can be drawn for the triangles representing the
strain HB3.

TABLE 3. In vitro drug combination assays of endoperoxides with MB on P. falciparum strains with different CQ sensitivitiesa

Drug A P. falciparum
strain tested

IC50 (nM) FIC at ratio of:

Drug A MB
1:1 1:3 3:1

FIC50 FIC90 FIC50 FIC90 FIC50 FIC90

Artemether K1 1.76 � 0.07 7.94 � 0.35 0.75 � 0.21 0.80 � 0.14 0.65 � 0.21 0.90 � 0.14 0.65 � 0.07 0.70 � 0.14
Dd2 8.40 � 1.63 5.24 � 0.18 1.00 � 0.14 0.90 � 0.10 1.35 � 0.35 1.20 � 0.10 0.70 � 0.14 0.70 � 0.10
HB3 5.10 � 0.83 4.98 � 2.59 0.63 � 0.12 0.63 � 0.12 0.80 � 0.17 0.80 � 0.17 0.53 � 0.12 0.57 � 0.12
3D7 5.87 � 0.45 3.26 � 0.57 0.95 � 0.35 0.95 � 0.21 1.25 � 0.21 1.10 � 0.14 0.70 � 0.14 0.75 � 0.21

Artesunate K1 1.28 � 0.16 5.45 � 2.05 0.85 � 0.07 0.70 � 0.10 1.00 � 0.10 0.95 � 0.07 0.90 � 0.14 0.80 � 0.10
Dd2 5.22 � 0.40 6.00 � 0.32 1.25 � 0.07 1.05 � 0.07 1.30 � 0.14 1.15 � 0.07 1.05 � 0.07 0.90 � 0.14
HB3 6.49 � 0.81 6.10 � 3.46 0.50 � 0.14 0.55 � 0.07 0.80 � 0.14 0.90 � 0.14 0.55 � 0.07 0.50 � 0.10
3D7 4.35 � 0.29 2.99 � 0.34 1.30 � 0.14 1.00 � 0.10 1.55 � 0.07 1.10 � 0.10 1.00 � 0.28 0.95 � 0.07

Artemisinin K1 3.98 � 0.77 6.37 � 1.10 0.67 � 0.06 0.70 � 0.10 0.73 � 0.15 0.77 � 0.21 0.73 � 0.06 0.73 � 0.06
Dd2 20.36 � 2.09 5.72 � 0.06 0.65 � 0.07 0.70 � 0.10 0.95 � 0.07 0.95 � 0.07 0.50 � 0.10 0.55 � 0.07
HB3 13.67 � 2.92 3.84 � 0.24 0.47 � 0.12 0.43 � 0.06 0.60 � 0.10 0.63 � 0.15 0.43 � 0.06 0.37 � 0.06
3D7 17.29 � 1.53 3.22 � 0.21 0.65 � 0.21 0.55 � 0.07 0.90 � 0.14 0.80 � 0.28 0.60 � 0.28 0.55 � 0.07

a Given are mean values and standard deviations. Data have been obtained from four independent experiments. FIC50 of �1, synergistic drug action; FIC50 of 1,
additive action; FIC50 of �1, antagonistic action. The ratios 1:1, 1:3, and 3:1 refer to fixed dosage ratios for drug A to MB.
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to be related to those of artemisinin. Resistance development
under this drug combination is therefore expected to be un-
likely, suggesting that the MB-artemisinin combination is
worth studying in field trials.
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