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Most antimalarial drugs target asexual parasites without reducing gametocyte formation or development. Drugs with dual roles,
i.e., those that can target both asexual parasites and gametocytes, would improve the control of malaria. In the current study,
MEFAS, a hybrid drug derived from mefloquine and artesunate that has been shown to be an active blood schizonticidal drug,
was assessed to determine its ability to block the infectivity of Plasmodium falciparum gametocytes. MEFAS was 280 and 15
times more effective than mefloquine alone and artesunate alone, respectively.

Despite significant recent advances in the treatment of malaria,
the eradication of this disease, which is a goal of the World

Health Organization, has not yet been achieved. An ideal drug
should have dual effects, i.e., it should cure the disease and should
reduce the infectivity of gametocytes in mosquitoes, thereby lim-
iting transmission (1). Reports of delayed parasite clearance rates
in patients treated with artemisinin derivatives have triggered the
development of novel antimalarials that target multiple stages of
the parasite life cycle, thus blocking infection and transmission
(2). Gametocytes, the sexual forms of the parasite that are respon-
sible for parasite development in mosquito vectors, are affected by
a few drugs, such as primaquine (PQ), that prevent parasite trans-
mission. This is especially important in Plasmodium falciparum,
because the gametocytes of this species survive longer than the
asexual forms (3). Although the initial gametocyte stages (stages I
to III) are sensitive to most schizonticidal antimalarials, the ma-
ture stages (stages IV and V) are sensitive only to PQ (4–6).

Single-dose PQ is used as a P. falciparum transmission-block-
ing drug; long-term PQ treatments (14 days) are used for Plasmo-
dium vivax. In this case, PQ blocks transmission and prevents late
relapse (7). However, prolonged use of PQ requires medical su-
pervision, because this drug may cause gastrointestinal problems
and severe hemolytic anemia in patients who lack the glucose-6-
phosphate dehydrogenase (G6PD) enzyme (8, 9).

New antimalarial drugs with different biological functions and
distinct pharmacophores include hybrids that are covalently
linked to single compounds (10). MEFAS, a hybrid salt derived
from artesunate (AS) and mefloquine (MQ), was synthesized on a
large scale and evaluated for chemical purity (N. Boechat, M. V. N.
de Souza, A. L. Valverde, and A. U. Krettli, international patent
application WO 2005/100370 A1). MEFAS was less toxic and
more effective than AS and MQ applied separately against chloro-
quine-resistant (clone W2) and chloroquine-sensitive (3D7
strain) P. falciparum in vitro. Additionally, MEFAS was able to
cure Plasmodium berghei malaria in experimentally infected mice
(11). In this work, the ability of MEFAS to interfere with gameto-
cyte infectivity, male gamete exflagellation, and female gamete
activation was evaluated using mature P. falciparum gametocytes
cultured in vitro.

Two gametocyte-producing P. falciparum strains, 3D7 (MR4,

MRA-102) and NF54 (MR4, MRA-1000), were cultured at 37°C in
an atmosphere containing 3% O2, 5% CO2, and 92% N2 (12, 13);
these conditions were used for all experiments. Human biological
samples were ethically processed, and they were used in accor-
dance with the terms of the informed consent. Written informed
consent was obtained from the blood donors for the use of sam-
ples in this research. The human blood was supplied by the Banc
de Sang i Teixits (http://www.bancsang.net/) (Barcelona, Spain).
The blood provision from Banc de Sang i Teixits was approved by
the Clinical Research Ethics Committee of the Vall d’Hebron Hos-
pital in Barcelona, Spain. The malaria project research was ap-
proved by the Ethics Research Committee of the Universidad Au-
tónoma de Madrid, Spain.

P. falciparum gametocyte cultures were initiated as described
previously (14). Briefly, on day 0, blood cultures were synchro-
nized at the ring stage using sorbitol and were diluted to 0.5%
parasitemia and 4% hematocrit in 40 ml complete RPMI 1640
culture medium (Sigma-Aldrich, St. Louis, MO, USA) supple-
mented with 50 mg/liter hypoxanthine (Sigma-Aldrich), 2 g/li-
ter sodium bicarbonate (Sigma-Aldrich), 5% pooled human
A� serum, and 2.5 mg/ml AlbuMAX II solution (Sigma-Al-
drich). The medium was changed daily for 15 days without the
addition of fresh erythrocytes. The percentages of asexual
forms and gametocytes were evaluated in Giemsa-stained
smears. Cultures with predominant stage IV to V gametocytes
(day 14 onward) were concentrated using NycoPrep 1.077
cushions (Axis-Shield, Norway) and loaded onto an LS column
(Miltenyi Biotech, United Kingdom) for a second purification
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step using a VarioMACS magnetic separator (Miltenyi Biotech,
United Kingdom).

The density of the purified mature gametocytes was deter-
mined using a hemocytometer and was adjusted to 5 � 104

gametocytes per well in a final volume of 100 �l or 1.25 � 104

gametocytes per well in a final volume of 50 �l, in 96-well plates
or 384-well plates, respectively. The plates were incubated at
37°C for 48 h. The ATP level in each well was determined using
BacTiter-Glo reagent (Promega), based on the presence of a
“glow-type” luminescence signal produced by the luciferase
reaction (15). Epoxomicin, a proteasome inhibitor, was used as
a control (16).

The female gametocyte activation assay was performed as
described previously (17). Briefly, gametocytes (8,000 gameto-
cytes per well) from 16-day-old cultures were incubated for 48
h in predispensed plates containing the test and control drugs.
Activation was achieved by decreasing the temperature from
37°C to 26°C and adding ookinete medium (RPMI 1640 me-
dium with 25 mM HEPES, 50 mg/liter hypoxanthine, 2 g/liter
sodium bicarbonate, 100 �M xanthurenic acid, and 20% hu-
man serum) containing the antibody anti-Pfs25-Cy3 (final
concentration, 0.5 �g/ml) (18). Female gametocytes become
morphologically round when activated and express the Pfs25
protein on the gamete membrane, as revealed with a specific
monoclonal antibody (18). Methylene blue (MB) and thio-
strepton were used as control drugs (16, 19, 20).

For the exflagellation assay, sterile 1.5-ml tubes containing 100
�l culture medium and the compounds to be tested, at 2 times the
final concentrations, were prewarmed to 37°C in a heat block.
Aliquots (100 �l) of the cell suspensions were quickly dispensed
into each assay tube. The tubes were maintained for 48 h at 37°C in
a humidified incubator. Exflagellation events were counted 14
min after addition of the ookinete medium, in one chamber of a
FastRead disposable hemocytometer slide. To detect and to quan-
tify male gametocyte exflagellation, a computer-aided assay was
used. Erythrocyte movement was visualized in a microscopic field
at the “exflagellation center” (16).

The concentration at which the sexual development of P. fal-
ciparum was inhibited by 50% (i.e., 50% inhibitory concentration
[IC50]) was calculated from dose-response curves using GraphPad
Prism 5 software. The differences between the IC50s of experimen-
tal and control drugs were evaluated with nonparametric t tests
using GraphPad Prism 5.

MEFAS was tested in parallel with the standard antimalarials
AS and MQ and with epoxomicin. The latter antimalarial is game-
tocytocidal against stage V gametocytes at nanomolar concentra-
tions (21). MEFAS was significantly more active against gameto-

cytes (IC50 � 4.6 � 1.8 �M) than were the standard antimalarial
drugs AS (IC50 � 12.7 � 10.7 �M) and MQ (IC50 � 16.5 � 2.8
�M) (Table 1).

MEFAS inhibited female gametocyte activation (IC50 � 0.02 �
0.01 �M) and was 15 times more effective than AS (IC50 � 0.3 �
0.2 �M), 280 times more effective than MQ (IC50 � 5.6 � 2.1
�M), and 35 times more effective than MB (IC50 � 0.71 � 0.08
�M). The latter antimalarial is known for its potent activity
against gametocytes (6).

The male gametocyte exflagellation assay was performed with
14-day-old cultures; 0.5% dimethyl sulfoxide (DMSO) was used
as a control. MEFAS (IC50 � 0.017 � 0.008 �M) was 7 times more
active than AS (IC50 � 0.12 � 0.01 �M). Dihydroartemisinin
(DHA) was tested only at 10 �M as an internal control, to ensure
100% inhibition of exflagellation. MEFAS inhibited 99% of ex-
flagellation at 500 nM; this dose is 20-fold lower than the DHA
dose used in this experiment. MQ also showed inhibitory activity
against exflagellation (IC50 � 0.57 � 0.2 �M) (Table 2). In an-
other experiment, MEFAS (IC50 � 0.023 � 0.005 �M) showed 5
times greater inhibitory activity than did AS (IC50 � 0.11 � 0.01
�M) (data not shown).

The combination of AS and MQ is currently being used in a few
areas in which malaria is endemic and drug-resistant P. falciparum
parasites are present (22). Knowledge about this combination
provides a starting point from which to evaluate the possible dual
effects of MEFAS, a potent schizonticidal drug (11). In the current
study, the ability of MEFAS to interfere with the final critical steps
of P. falciparum gametocyte maturation and gamete formation
was demonstrated in vitro. MEFAS was compared with AS and
MQ, which were tested in parallel.

In this study, MEFAS was shown to be more active against
mature P. falciparum gametocytes (male and female) in vitro than
was AS or MQ. At nanomolar concentrations, MEFAS inhibited
exflagellation and female gamete activation. Additionally, these
results indicate that, due to its intense in vitro gametocytocidal
activity, MEFAS could be a potential candidate for use in clinical
trials in areas in which malaria is endemic. However, other studies
should be conducted to investigate the ability of MEFAS to block
the sporogonic cycle of mosquitoes.
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TABLE 1 In vitro activity of the hybrid molecule MEFAS, compared
with standard antimalarials (artesunate and mefloquine) and
epoxomicin, against mature gametocytes of P. falciparum, as evaluated
in an ATP bioluminescence-based assay

Compound

IC50 (�M)

Expt. 1 Expt. 2 Expt. 3 Average � SD

MEFAS 2.5 5.8 5.4 4.6 � 1.8a

Artesunate 25 7.1 6.0 12.7 � 10.7a

Mefloquine 13.4 18.8 17.2 16.5 � 2.8a

Epoxomicin 0.0016 0.0006 0.0006 0.0009 � 0.0006
a P values of �0.05 were considered significant.

TABLE 2 Inhibition of female and male gamete formation by MEFAS,
the antimalarials artesunate and mefloquine, and methylene blue (as
control)

Compound

IC50 (�M)

Activity ratio
(MEFAS/other
compound)

Female gamete
formation Male exflagellation Female Male

MEFAS 0.02 � 0.01 0.017 � 0.008
Methylene blue 0.71 � 0.08 NTa 35
Artesunate 0.3 � 0.2 0.12 � 0.01 15 7
Mefloquine 5.6 � 2.1 0.57 � 0.2 280 33
a NT, not tested.
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