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In an in vitro assessment of antimalarial combinations, dihydroartemisinin (DHA) showed no interaction or
was mildly antagonistic when combined with piperaquine, pyronaridine, or naphthoquine. Interactions be-
tween 4-aminoquinolines and related drugs were also indifferent/antagonistic. The clinical significance of
mildly antagonistic DHA combinations is uncertain but may become important if parasite drug sensitivity
declines.

A number of studies have investigated the in vitro sensitivity
of Plasmodium falciparum to the bisquinoline piperaquine (8),
but its interactions with other antimalarial agents have not
been assessed. Such interaction studies are important because
piperaquine is increasingly used as the long-acting component
of artemisinin combination therapy (ACT) with dihydroarte-
misinin (DHA) (9). Although clinical cure rates for pipera-
quine-DHA are high (10, 23), there may be situations, such as
when treatment is incomplete, in which an antagonistic inter-
action could become significant. In addition, piperaquine-
DHA might be given when chemoprophylaxis or treatment
including long-half-life drugs such as chloroquine or meflo-
quine has failed. Antagonism between piperaquine and such
prior therapy could increase the risk of late treatment failure.
Our aim was, therefore, to investigate in vitro interactions
between piperaquine and both DHA and conventional anti-
malarials. Because pyronaridine and naphthoquine are prom-
ising components of ACT (9), we also assessed their interac-
tion profiles.

Drug interactions were assessed using the laboratory-
adapted P. falciparum clones 3D7 (chloroquine sensitive) and
K1 (chloroquine resistant) and using isobolographic analysis
(6, 19). DHA was obtained from Dafra Pharma NV (Turnhout,
Belgium), piperaquine tetraphosphate from Yick-Vic Chemi-
cals and Pharmaceuticals Ltd. (Kowloon, Hong Kong), chlo-
roquine diphosphate and quinine hydrochloride from Sigma
Chemical Co. (St Louis, MO), mefloquine hydrochloride from
Roche Products Pty. Ltd. (Dee Why, Australia), naphthoquine
phosphate from ZYF Pharm Chemical (Shanghai, China), and
pyronaridine from the Chinese Academy of Preventative Med-
icine (Shanghai, China).

Cultures were maintained in modified candle jars (22), and
drug activity was determined from 3H-hypoxanthine incorpo-
ration (5, 12). Drug dilutions (1 � 10�4 to 5 � 10�10 M) were

aliquoted into triplicate wells of sterile 96-well microtiter
plates. Parasite cultures (2% parasitemia, 1% hematocrit) and
0.5 �Ci 3H-hypoxanthine were added, and the mixture was
incubated for 48 h, harvested, and counted. The concentrations
of individual drugs required to inhibit parasite growth by 50%
(IC50) were determined by linear interpolation (15). Fractional
inhibitory concentrations (FICs) of each agent were then ti-
trated against those of each of the other agents in further
48-hour inhibition assays. All experiments involving pipera-
quine were repeated, but other interactions were assessed from
a single triplicate experiment. Experiments with K1 examined
only interactions with piperaquine.

Concentrations of each drug that alone or in combination
resulted in 50% growth inhibition were plotted as FICs (1). We
used two approaches to analyze these isoboles (14). First, the
function Yi � 1 � {XI/[XI � e(�I)(1 � Xi)] } (4) was fitted to
the data (SAAM II; SAAM Institute, Seattle, WA), where Yi is
the IC50 of drug A combined with drug B, Xi is the IC50 of drug
B when combined with drug A, and I is the interaction value.
Positive I values indicate synergy, negative values indicate an-
tagonism, and values close to zero represent no interaction.
Second, sums (�) of FICs were calculated from the following
formula: (IC50 of A in a mixture resulting in 50% inhibition/
IC50 of A alone) � (IC50 of B in a mixture resulting in a 50%
inhibition/IC50 of B alone) (1). A �FIC of �1 indicates syn-
ergy, �1 indicates antagonism, and close to 1 indicates no
interaction. Values of I and �FIC were considered significantly
different from no interaction if both 95% confidence intervals
(CIs) of the estimates did not span zero and unity, respectively.

The results of isobolographic analysis are shown in Table 1.
No synergistic combinations were identified. For piperaquine-
DHA, there was no interaction present for 3D7 and there was
antagonism for K1. In the case of pyronaridine and naphtho-
quine, there was antagonism between these two drugs and
DHA. The remaining combinations showed no interaction or
were antagonistic. Based on the values and 95% CIs of I and
�FIC for both clones, the strongest antagonism was between
piperaquine and mefloquine (Fig. 1).

All combinations tested against the two laboratory-adapted
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clones had �FIC values of �0.5 and �4.0, the range regarded
as showing an indifferent interaction between two antimicro-
bial agents (17). This suggests that the rapid parasiticidal effect
of DHA in vivo (11) would be preserved when given with
piperaquine and that there are similarly no concerns with the
other combinations assessed. There are, however, alternative
analyses and interpretations of the data, especially since even
minor drug interactions can be clinically significant (2). In

addition, since the reproducibility of a single analysis method is
one reason for the choice of a conservative �FIC range (17),
the two independent methods we used should increase confi-
dence in our interaction measures.

Most experiments involving DHA showed I and �FIC values
suggestive of mild antagonism. In the case of pyronaridine, the
absolute value of I (2.68) was within the range (2.43 to 2.88)
used to identify atovaquone-proguanil as a suitable synergistic
combination for clinical development (4). Antagonism be-
tween artemisinin derivatives and quinolines and related drugs
has been reported previously (4, 18), but other authors have
found synergy (13) and there is evidence of strain-specific
differences in interactions between conventional antimalarial
agents (13) such as in the present study. Moreover, pipera-
quine, pyronaridine, and naphthoquine have been incorpo-
rated successfully as part of ACT in field studies (9, 10, 23, 24),
suggesting that a mild antagonistic interaction is unlikely to be
of any short-term clinical significance. It is, nevertheless, pos-
sible that this situation will change as parasite sensitivity to
artemisinin derivatives wanes (16).

Previous studies have shown that quinoline drug combina-
tions such as chloroquine-quinine (20, 21) are antagonistic.
Our results are consistent with these data but, if present, an-
tagonism was mild. The most marked, that between meflo-
quine and piperaquine, may, however, have clinical implica-
tions. Mefloquine is given commonly as a component of ACT
and, in part because of its 2-week half-life, has a role as single-
drug chemoprophylaxis (7). If piperaquine-DHA treatment is
given when mefloquine has been taken recently, initial parasite
clearance may be rapid because mefloquine and the short-half-
life artemisinin derivatives have synergistic effects on P. falcip-
arum (3). However, late recrudescences may be more likely
when only relatively low, antagonistic plasma concentrations of
mefloquine and piperaquine remain.

In summary, the potential in vivo significance of mildly an-

FIG. 1. Isobologram describing the antagonistic interaction be-
tween piperaquine and mefloquine on culture-adapted clone 3D7. The
FICs of the drugs that alone or in combination induced 50% growth
inhibition are plotted. The line of additivity (joining FICs of 1.0) is
shown.

TABLE 1. In vitro efficacy of antimalarial drug combinations against P. falciparum clones 3D7 and K1 as assessed by isobolographic analysisc

Drug
combination

Results with clone:

3D7 K1

I (95% CI) �FIC (95% CI) Interpretation I (95% CI) �FIC (95% CI) Interpretation

Piperaquine plus
DHA �0.30 (�0.82 to 0.23) 0.99 (0.91 to 1.07) No interaction �1.98a (�3.39 to �0.57) 1.39b (1.24 to 1.55) Antagonism
Quinine �2.11a (�3.41 to �0.80) 1.19b (1.03 to 1.36) Antagonism 0.04 (�4.21 to 4.30) 1.26 (0.89 to 1.64) No interaction
Mefloquine �3.44a (�4.39 to �2.49) 1.31b (1.16 to 1.46) Antagonism �1.30a (�2.25 to �0.36) 1.28b (1.07 to 1.49) Antagonism
Chloroquine 0.42 (�0.33 to 1.17) 0.94 (0.79 to 1.09) No interaction �1.57a (�2.03 to �1.11) 1.11 (0.81 to 1.42) No interaction
Pyronaridine �0.88a (�1.33 to �0.44) 1.05 (0.98 to 1.13) No interaction 0.18 (�0.33 to 0.68) 0.99 (0.89 to 1.08) No interaction
Naphthoquine �1.88a (�2.73 to �1.04) 1.15 (0.87 to 1.44) No interaction �0.50a (�0.97 to �0.02) 1.12b (1.06 to 1.18) Antagonism

Pyronaridine plus
DHA �2.68a (�3.24 to �2.12) 1.32b (1.17 to 1.48) Antagonism
Quinine �1.29 (�2.60 to 0.03) 1.22b (1.02 to 1.43) No interaction
Mefloquine �2.45a (�2.86 to �2.05) 1.32b (1.12 to 1.51) Antagonism
Chloroquine 0.01 (�1.63 to 1.66) 0.90 (0.64 to 1.16) No interaction

Naphthoquine plus
DHA �1.50a (�2.03 to �0.97) 1.22b (1.12 to 1.33) Antagonism
Quinine �0.03 (�1.18 to 1.12) 1.02 (0.82 to 1.23) No interaction
Mefloquine 0.22 (�0.72 to 1.16) 1.02 (0.82 to 1.23) No interaction
Chloroquine �2.40a (�3.63 to �1.18) 1.26b (1.12 to 1.39) Antagonism

a Significantly different from zero (P � 0.05).
b Significantly different from 1 (P � 0.05).
c Data are the interaction factor (I) and the summed fractional inhibitory concentration (�FIC) with 95% CIs. Each interpretation is based on both I and �FIC results

for each combination and clone.
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tagonistic in vitro interactions between DHA and quinoline/
bisquinoline/aryl aminoalcohol drugs, and among most long-
half-life quinoline and related antimalarials, is unknown but is
likely to be minimal. Nevertheless, such interactions may have
clinical consequences in particular circumstances, and their
importance could increase with changes in parasite drug sen-
sitivity.
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