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A modified fixed-ratio isobologram method for studying the in vitro interactions between antiplasmodial
drugs is described. This method was used to examine the interactions between atovaquone, proguanil, and
dihydroartemisinin. The interaction between atovaquone and proguanil was synergistic against atovaquone-
sensitive strains K1 and T996; however, there was a loss of synergy against atovaquone-resistant strain
NGATV01 isolated after Malarone (the combination of atovaquone and proguanil) treatment failure. While the
interaction between atovaquone and dihydroartemisinin was indifferent against isolate NGATV01, the inter-
action displayed indifference tending toward antagonism against the atovaquone-sensitive strains tested. The
relevance of in vitro interactions to in vivo treatment is discussed.

Combination drug regimens for the treatment of cancer,
AIDS, and tuberculosis often achieve a therapeutic efficacy
greater than that achieved with monotherapy. Other benefits
may include decreased toxicity, the delay or prevention of drug
resistance development, and the favorable effects of synergistic
drug interactions. Antimalarial drug resistance is becoming a
major public health disaster in many areas of the tropical world
(31). In the search for effective combination regimens, Mal-
arone (the combination of atovaquone and proguanil), Lap-
Dap (the combination of chlorproguanil and dapsone), and
Coartem (the combination of artemether and lumefantrine)
have recently become available or are in development. Other
combination therapies involving artemisinin derivatives such as
artesunate-mefloquine have many benefits and are thought to
be very effective against drug resistance (31). It is hoped that
combination chemotherapy will delay the onset of resistance to
new agents and reduce the effects of resistance to existing
agents (24, 30).

In vitro interactions between antiplasmodials, as repre-
sented in isobolograms, provide an essential background for
clinical studies. However, they do not necessarily determine
the efficacy of a combination in the host, since this also de-
pends on pharmacokinetic characteristics. Synergism, indiffer-
ence (addition), and antagonism are the expected outcomes of
drug-drug interactions. The antimalarial Malarone (Glaxo-
SmithKline) is a recently introduced combination regimen for
the treatment (18, 19) and prophylaxis (14, 23) of falciparum
malaria. It has been previously reported that the synergistic
interaction between the components of Malarone, atovaquone
(ATV) and proguanil (PG), is reduced to an indifferent inter-
action in ATV-resistant Plasmodium yoelii parasites (25). How-

ever, this interaction has been demonstrated to remain syner-
gistic in ATV-resistant isolate C2B of P. falciparum derived
from a clinical trial of ATV alone, although the parasites
showed a 95-fold decrease in sensitivity to ATV compared to
that of the pretreatment isolate (2). Despite recent reports of
Malarone treatment failures (7, 8), no studies have investi-
gated the in vitro interaction between these two drugs against
isolates from patients with Malarone clinical treatment fail-
ures. In the present study we investigated the interaction be-
tween ATV and PG or dihydroartemisinin (DHA), the active
metabolite of artesunate, against a recently isolated ATV-re-
sistant strain, NGATV01, from a patient who failed such treat-
ment (8) using a newly developed fixed-ratio procedure for the
in vitro assessment of the interaction of two drugs against P.
falciparum.

MATERIALS AND METHODS

Parasite cultivation. Malaria parasites were continuously cultured (29) and
maintained with type A-positive erythrocytes suspended in complete culture
medium (pH 7.3), which consisted of filter-sterilized RPMI 1640 solution sup-
plemented with 0.01 M gentamicin, 2 g of sodium bicarbonate (BDH, Dorset,
United Kingdom) per liter, and 10% pooled type AB-positive human serum (The
National Blood Service, Bristol and Colindale, United Kingdom). Incubation was
at 37°C under a gas phase of 3% O2, 4% CO2, and 93% N2 (BOC Gases,
Manchester, United Kingdom). The levels of parasitemia in the cultures were
kept at between 2 and 10%, with 5% hematocrit.

Drug solution preparation. Stock solutions of the drugs were prepared at 10
mg/ml in dimethyl sulfoxide, which, once diluted, had no effect on parasite
growth at a final concentration of �0.05%. On the day of the experiment
dilutions were prepared from stock solutions with serum-free medium. Dose-
response assays were first carried out to obtain the 50% inhibitory concentration
(IC50s) of the individual drugs, drug A and drug B. For the combination assay,
drug dilutions were made to allow the IC50 of the individual drugs to fall at about
the fourth twofold serial dilution. The dilutions of each of the two drugs were
then prepared in fixed ratios (Fig. 1). For example, solutions one to six for
ATV-PG in assays with T996 and K1 were prepared at 10:0, 8:5,000, 6:10,000,
4:15,000, 2:20,000, and 0:25,000, respectively (concentration ratios of ATV to PG
in nanograms per milliliter, with the first and last solutions being each drug
alone). Drug dilutions were prepared in sterile flat-bottom 96-well microtiter
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plates (Techno Plastic Products AG, Trasadingen, Switzerland) across rows from
a row of wells containing twice the desired final concentration (Fig. 1, row H).

Validating the fixed-ratio method. To validate the indifferent effect, the activ-
ities of artemisinin and DHA in combination against chloroquine-resistant strain
7G8 and chloroquine-sensitive strain FC27 were assayed. Verapamil combined
with chloroquine (21) and quinine combined with chloroquine (28) were assayed
against chloroquine-resistant strain K1 to validate synergism and antagonism,
respectively.

Plate preparation for drug combination assay. A final 1% parasitemia at 1%
hematocrit was used in a total volume of 200 �l of the drug, blood, and medium
mixture per well. The controls, drug-free unparasitized erythrocytes (RBC) and
parasitized erythrocytes (pRBC), were similarly prepared. The combination as-
say was carried out in triplicate with the RBC blank control in column 1, rows A
to H, of a 96-well flat-bottom microtiter plate (Fig. 1). The outer wells in row A,
columns 2 to 11, and columns 2 and 12, rows A to H, contained pRBC controls,
although column 12 was not used for the IC50 calculations. Two hundred micro-
liters of the top concentration of each drug or drug combination was placed, in
triplicate, in row H, columns 3 to 11. One hundred microliters of complete
medium was added to all wells except those in row H, columns 3 to 11. The
combination solutions were serially diluted with a multichannel pipette from row
H to row B, with 100 �l transferred each time after a thorough mixing and

discarding of the last 100 �l from the wells in row B. The wells in column 1, rows
A to H, received 100 �l of RBC suspension, and the remaining wells received 100
�l of a pRBC suspension. Two plates were used to test the six drug solutions (Fig.
1, row H2). The plates were stacked in a sterile modular chamber, gassed for 3
min with the gas mixture mentioned above, and incubated at 37°C for 20 to 24 h.
Incubation was briefly halted to allow dosing of each test well with 10 �l of
[3H]hypoxanthine (Amersham, Little Chalfont, United Kingdom) to a final con-
centration of 0.2 �Ci/well (5). Then the plates were regassed and incubated for
another 24 h, after which they were stored at �80°C until harvested. Each
combination experiment was carried out at least twice.

IC50 or IC90 determination and isobologram construction. Plates were re-
moved from cold storage, thawed at room temperature, and harvested onto
Wallac printed glass fiber filter mats (Perkin-Elmer, Beaconsfield, United King-
dom) with a 96-well cell harvester (Tomtec, Hamden, Conn.). The filter mats
were dried for an hour at 55°C. Each filter mat was placed in a sample bag
containing 4.5 ml of Wallac Betaplate liquid scintillation fluid (Perkin-Elmer),
and the bag was heat sealed. The amount of radioactivity (in counts per minute)
of the [3H]hypoxanthine incorporated into the parasitized material trapped in
the mat relative to the amount incorporated by the untreated controls was
determined with a Wallac 1450 Microbeta scintillation �-counter (Perkin-
Elmer). Data were transferred to Excel software (Microsoft Inc.), and the IC50s

FIG. 1. Layout of a combination experiment on a 96-well plate with the concentration ratios of drug A to drug B prepared as six solutions.
When the plates were prepared as described in the text, clear wells serve as an RBC control (no drug and no parasites; 100% growth inhibition),
black wells serve as a parasite control (no drug; 0% growth inhibition), and wells labeled 1 to 6 serve as drug wells for six drug combination
solutions, in triplicate, with the wells in row H holding the highest drug concentration. Both 96-well plates are prepared similarly, with row H2
representing solutions 4 to 6 in the second 96-well plate.

TABLE 1. In vitro sensitivities of isolate NGATV01 and other strains to antimalarial drugs ATV, PG, and DHAa

Chloroquine sensitivity and strain
Mean IC50 � SEM (nmol/liter)

ATV DHA PG

Sensitive
NGATV01 2,987.26 � 116.13 3.83 � 0.27 8,430.97 � 552.76
T996 1.37 � 0.03 3.46 � 0.12 37,956.66 � 3,610.06
D10 1.06 � 0.12 3.76 � 0.36 17,628.33 � 516.90
3D7 0.84 � 0.08 3.55 � 0.71 NDb

FC27 0.66 � 0.09 2.24 � 0.66 ND

Resistant
K1 2.41 � 0.51 1.67 � 0.43 34,266.72 � 2,893.64
RSA11 1.24 � 0.08 1.98 � 0.16 11,463.34 � 1,871.39
7G8 4.53 � 0.03 2.30 � 0.14 ND
B303 0.56 � 0.13 1.16 � 0.06 ND

a The drug assay was performed at 1% parasitemia and 1% hematocrit. The experiment was repeated at least twice, in triplicate.
b ND, not determined.
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along with the standard error of the mean were calculated with the XLfit soft-
ware (ID Business Solutions Ltd., Guildford, United Kingdom) Excel add-on in
the nonlinear dose-response curve mode. Two IC50s for each of the four com-
bination curves were calculated separately by using the known concentration
ratios of both drugs A and B, the fractional inhibitory concentration of drug A
(FICA) and FICB were calculated for each point, and isobolograms were plotted.
The unpaired Student’s t test of SigmaPlot 2000 software (SPSS Inc., Chicago,
Ill.) was used to compare the mean FICs for two parasite strains and to calculate
95% confidence intervals. In order to calculate the FIC90s, the dose-response
curves were plotted with the same data used to plot the FIC50s. The IC90s
obtained were then used to calculate the mean FICs, as described above.

RESULTS

In vitro dose-response assay. The mean IC50s for nine P.
falciparum strains examined for their sensitivities to ATV, PG,
and DHA are presented in Table 1. The ATV resistance status
of isolate NGATV01 was confirmed, and ATV was shown to
be an extremely potent antimalarial, although there was about
an eightfold range of ATV IC50s for the strains. There was a
large difference between the PG IC50s for the five strains

tested. The PG IC50 for NGATV01 was about fourfold lower
than those for T996 and K1. However, this value was not
significantly lower than the PG IC50 for RSA11, a line sensitive
to ATV.

Fixed-ratio method validation. For the combination assays,
the top concentrations of the six solutions were prepared to
allow the IC50 of the individual drug to fall around the mid-
point in a twofold serial dilution (wells in row E or D in Fig. 1),
and six dose-response curves were created. Of these resulting
six dose-response curves, two represented the two drugs alone
(solutions 1 and 6) and the remaining four each had a com-
ponent relating to each of the two drugs in the combination.
Although there are only four combination curves, one can
construct eight dose-response curves using the same percent
inhibition data, but over two different concentration ranges
relating to each of the two drugs combined. Ultimately, two
sets of five dose-response curves are obtained: four curves
relating to the drugs combined and one curve relating to the

FIG. 2. (A) Typical dose-response curves produced by the fixed-ratio method. In this example an indifferent interaction is demonstrated.
(B) One set of typical dose-response curves obtained by the checkerboard method. In this example, the concentration of drug A was constant and
that of drug B varied.

TABLE 2. Mean FIC of the interactions between ATV and DHA or PG with 95% confidence intervals

Chloroquine sensitivity and strain
ATV-DHA Mean FIC50

(95% CI) of ATV-PGa
Mean FIC50 (95% CI)a Mean FIC90 (95% CI)b

Sensitive
NGATV01 0.96c (0.90–1.02) 0.89c (0.76–1.02) 0.80c (0.75–0.85)
T996 1.35 (1.18–1.52) 1.49 (1.01–1.97) 0.29 (0.21–0.37)
D10 1.17 (1.09–1.25) 1.29 (1.10–1.48) Not determined
3D7 1.17 (1.08–1.26) 1.23 (1.13–1.33) Not determined
FC27 1.14 (1.04–1.24) 1.60 (1.27–1.93) Not determined

Resistant
K1 1.51 (1.30–1.72) 1.42 (1.20–1.64) 0.17 (0.13–0.21)
RSA11 1.36 (1.25–1.47) 1.64 (1.38–1.90) Not determined
7G8 1.45 (1.32–1.58) 1.43 (1.26–1.60) Not determined
B303 1.27 (1.08–1.46) 1.40 (1.25–1.55) Not determined

a Mean FIC obtained with IC50 with 95% confidence intervals (CI).
b Mean FIC obtained with IC90 with 95% confidence intervals (CI).
c A significantly different result in comparison with the determinations for the other strains (P � 0.05).
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drug alone (Fig. 2A). The IC50s (or IC90s) can then be calcu-
lated and used to construct an isobologram. The fixed-ratio
validation results were consistent with published results ob-
tained by other methods (data not shown). The procedure was
easy to follow, and the mean FIC50s and FIC90s of a particular
combination were consistent between experiments.

Interaction of ATV with DHA. The mean sums of the FICs
of the interaction of ATV with DHA are shown in Table 2. The
interaction between ATV and DHA was indifferent but tended
toward antagonism against all the strains except strain
NGATV01 by using both FIC50 and FIC90 calculations. The
indifferent interaction against the ATV-resistant isolate
(NGATV01) differed significantly (P � 0.05) from that seen
against the remaining eight strains.

Interaction of ATV with PG. The isobolograms for the in-
teractions between ATV and PG are presented in Fig. 3, and
the mean sums of the FICs are presented in Table 2. The
interaction against chloroquine-sensitive strain T996 and chlo-
roquine-resistant strain K1 was synergistic. The drugs dis-
played a significantly lesser synergistic interaction against iso-
late NGATV01 than against isolate T996 (P � 0.011) or isolate
K1 (P � 0.007).

DISCUSSION

In vitro interaction methods. The checkerboard method has
been widely used to assess antimalarial drug interactions (2, 6,
13). Both the checkerboard and the fixed-ratio methods rely on
predetermination of the IC50s of the component drugs, e.g.,
drug A and drug B alone. From these two values, a starting
concentration of each drug is selected and solutions are pre-
pared in various proportions of the starting concentrations to
be serially diluted. In the checkerboard combination assay, the
concentration of drug A is kept constant and that of drug B is
varied, and vice versa. However, the fixed-ratio method uses
serial dilutions of fixed ratios of both drugs; i.e., drug concen-
trations are varied at the same time over a predetermined
concentration range (Fig. 1). The checkerboard procedure is
highly reliant on accurate initial IC50s, and its utility is affected

by day-to-day variations in this parameter, which may exceed
the predetermined IC50, leading to a poor fit of the sigmoidal
curve (e.g., Fig. 2B, combination curve 1). The points on the
graph often cluster at the extremities of the axes in isobolo-
grams showing synergy or antagonism, because the FIC of one
of the drugs could tend toward 1 and that of the other could
tend toward 0. The fixed-ratio method was originally devel-
oped for drug interaction studies with bacteria (12), but the
principles are easily applied to P. falciparum. The method has
advantages over the checkerboard method because the fixed-
ratio dose-response curves depend on drug concentration ra-
tios, each of which is calculated to range from 100 to 0%
parasite inhibition, allowing a more accurate regression curve
fit and IC50 calculation (Fig. 2A). The daily variations in IC50s
do not dramatically affect the FIC calculations, and fewer cal-
culation steps are also required.

Interaction of ATV with DHA or PG. Antagonism between
ATV and common antimalarials has been reported previously,
including an antagonistic interaction between ATV and arte-
sunate (2). ATV targets cytochrome b, which plays an impor-
tant role in electron transport during mitochondrial respira-
tion. It is thought that the drug, an analogue of coenzyme Q
(ubiquinone), interrupts electron transport and leads to loss of
the mitochondrial membrane potential (10, 26). Reports that
artemisinin derivatives antagonize the actions of some antima-
larials have been widely published (3, 9, 28), including a study
of P. berghei and P. yoelii with a mouse model (4). Accumula-
tion studies show that artemisinin derivatives accumulate in
many parasite organelles, including the mitochondria (20), and
the ultrastructural changes induced in P. falciparum by arte-
misinins include the early swelling of parasite mitochondria
(15, 16, 20). The antimitochondrial effects of both ATV and
DHA may bear some relationship to the antagonism that they
exert, and it is interesting that in the present study an indif-
ferent effect was seen against an ATV-resistant isolate with
high ATV concentrations. ATV-resistant strains are reported
to resist the ATV-mediated membrane potential collapse and
electron transport inhibition (25). This suggests that at high
concentrations ATV could have an alternative mode of action
against resistant parasites compared to its mode of action at
lower concentrations lethal to ATV-sensitive parasites. Using
the checkerboard technique, Gupta et al. (11) reported an
indifferent interaction and a synergistic interaction (obtained
from IC50s and IC90s, respectively) between artemisinin and
ATV in ATV-sensitive parasite lines. Although the investiga-
tors claimed an indifferent interaction, all the points on the
isobologram lay above the line of indifference, which would be
consistent with our results and those of Canfield et al. (2).
Analysis of our results presented here, obtained by using IC90s
to calculate the FIC, confirmed antagonism against all parasite
lines (Table 2).

The interaction of ATV with PG against two ATV-sensitive
parasite lines, T996 and K1, was synergistic, in agreement with
previous reports (2, 27). PG on its own has no effect on elec-
tron transport or mitochondrial membrane potential, but it is
thought to strongly enhance the ability of ATV to collapse the
membrane potential, resulting in synergy (27). Canfield et al.
(2) reported that the combination had a similar synergistic
effect against ATV-resistant strain C2B, and this interaction
was very similar to that seen against ATV-sensitive strains W2

FIG. 3. Isobolograms showing the interaction between ATV and
PG against isolate NGATV01 and against strains T996 and K1. The
numbers on the axes represent normalized FICs.
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and D6. The report of Srivastava et al. (25) on ATV-resistant
P. yoelii strain AR1 shows that the addition of PG to ATV does
not alter the mitochondrial membrane potential, leading those
investigators to suggest that the interaction between the two
drugs against this resistant strain is probably not synergistic. As
our results indicate, the synergy against ATV-resistant strain
NGATV01 was significantly lower than that against ATV-sen-
sitive strains T996 and K1. P. yoelii strain AR1 has both cytb
Leu271Val and Lys272Arg mutations (2), while P. falciparum
NGATV01 has a Tyr268Asn mutation (8). The P. falciparum
C2B strain, isolated from a patient displaying an R1-type fail-
ure to treatment with ATV alone, had ATV resistance 95 times
that of the pretreatment isolate (2); but the mutations in the
cytb gene were unreported. Another ATV-resistant P. falcipa-
rum isolate from a patient given ATV and pyrimethamine,
TM93-C1088, with a cytb Tyr268Ser mutation, showed a high
level of ATV resistance (17); but the effect of the combination
of ATV and PG against the isolate was not tested. The ATV
sensitivity of isolate NGATV01 in vitro was more than 2,000-
fold less than that of the ATV-sensitive strains (Table 1). It is
clear that the character of a mutation as well as its presence is
important in determining the responses of parasite lines to the
ATV-PG combination.

The rationale for combination chemotherapy for malaria has
recently been reviewed (1, 22). Ideally, combination chemo-
therapy for malaria should take advantage of synergistic inter-
actions, as these would enhance therapeutic efficacy and lower
the risk of resistance emergence. If drugs in combination are
antagonistic, the efficacies of such regimens might be compro-
mised and the chances of resistance development and spread
increase, as less effective drugs may be allowing weakly resis-
tant clones to survive and be transmitted. It is difficult to
predict in vivo drug interactions in humans on the basis of the
findings of in vitro studies, although the findings from studies
with animal models may be more predictive (4). Although
certain drug combinations show antagonism in vitro, the effects
are often not apparent in vivo. It should be pointed out that
most in vitro drug interaction methodologies use IC50s to cal-
culate the FICs; however, the IC90 or IC99 may be a more
accurate indicator, as this is a better representation of the
parasite population sensitive to the range of concentrations in
plasma usually observed with a typical therapeutic dose (11).
Although the high in vitro IC50s of PG alone in this study of
drug combinations are probably irrelevant in pharmacological
terms, the synergistic interaction between PG and ATV against
ATV-sensitive strains is still valid, as the effect occurs at con-
centrations of both drugs that are achievable pharmacologi-
cally (27). The efficacy of Malarone is strongly dependent on
the synergism between ATV and PG, and the inclusion of PG
treatment with ATV allows ATV to effectively function at
concentrations that would be suboptimal in vivo (27). Once
ATV resistance is present, the potency of the combination is
markedly reduced and can lead to treatment failure (8). In the
example of an ATV-resistant isolate from a Malarone treat-
ment failure described here, reduced efficacy in vivo could be
predicted by reduced synergy in vitro.
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