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New strategies targeting Plasmodium falciparum gametocytes, the sexual-stage parasites that are responsible for malaria trans-
mission, are needed to eradicate this disease. Most commonly used antimalarials are ineffective against P. falciparum gameto-
cytes, allowing patients to continue to be infectious for over a week after asexual parasite clearance. A recent screen for gameto-
cytocidal compounds demonstrated that the carboxylic polyether ionophore maduramicin is active at low nanomolar
concentrations against P. falciparum sexual stages. In this study, we showed that maduramicin has an EC50 (effective concentra-
tion that inhibits the signal by 50%) of 14.8 nM against late-stage gametocytes and significantly blocks in vivo transmission in a
mouse model of malaria transmission. In contrast to other reported gametocytocidal agents, maduramicin acts rapidly in vitro,
eliminating gametocytes and asexual schizonts in less than 12 h without affecting uninfected red blood cells (RBCs). Ring stage
parasites are cleared by 24 h. Within an hour of drug treatment, 40% of the normally crescent-shaped gametocytes round up and
become spherical. The number of round gametocytes increases to >60% by 2 h, even before a change in membrane potential as
monitored by MitoProbe DiIC1 (5) is detectable. Maduramicin is not preferentially taken up by gametocyte-infected RBCs com-
pared to uninfected RBCs, suggesting that gametocytes are more sensitive to alterations in cation concentration than RBCs.
Moreover, the addition of 15.6 nM maduramicin enhanced the gametocytocidal activity of the pyrazoleamide PA21A050, which
is a promising new antimalarial candidate associated with an increase in intracellular Na� concentration that is proposed to be
due to inhibition of PfATP4, a putative Na� pump. These results underscore the importance of cation homeostasis in sexual as
well as asexual intraerythrocytic-stage P. falciparum parasites and the potential of targeting this pathway for drug development.

Reports of decreasing sensitivity to artemisinin in Southeast
Asia provide a sense of urgency to the development of novel

antimalarial compounds (1). Although both gametocytes and
asexual parasites reside within the red blood cell (RBC), their
physiologies differ, resulting in various sensitivities to common
antimalarial drugs (2). After RBC invasion, asexual parasites un-
dergo four or five rounds of DNA replication, resulting in 16 to 32
new parasites every 48 h. In contrast, gametocytes do not replicate
in the human host. Instead, after RBC invasion, sexual differenti-
ation of Plasmodium falciparum progresses through five stages of
development over the course of 10 to 12 days, resulting in a single
female or male gametocyte (3). Once taken up in a blood meal by
a mosquito, gametocytes are stimulated to emerge from the RBC
and develop into female and male gametes (4). After fertilization,
the zygote differentiates into an ookinete that migrates out of the
mosquito midgut, where it forms an oocyst that produces tens of
thousands of sporozoites that can infect humans during a subse-
quent blood meal. To prevent malaria-related mortality and block
disease transmission, both asexual and sexual stage parasites need
to be eliminated.

A recent screen for gametocytocidal compounds identified 7
molecules with an EC50 (effective concentration that inhibits the
signal by 50%) of �50 nM, including two carboxylic polyether
ionophores, maduramicin and narasin (5), that transport cations
across membranes, thus altering intracellular cation concentra-
tions (6–8). Related ionophores, salinomycin and monensin, were
less potent but were also found to have activity against late-stage
gametocytes, which has been confirmed in an independent study
(9). Both maduramicin and narasin have high affinities for mon-
ovalent cations (7, 8), including K�, Na�, and H�, and have been

used as coccidiostats in poultry and rabbits for many years (10,
11). Maduramicin is one of the newer members of this family (12),
and prior to our recent screen, its effect on Plasmodium had not
been reported, and neither compound had been tested against
gametocytes.

Polyether ionophores, such as maduramicin, are large hetero-
cyclic compounds containing a series of electronegative crown
ethers that can coordinate monovalent or divalent metal ions (Fig.
1A). Ion binding causes a structural change that exposes hydro-
phobic methyl groups on the exterior of the molecule (Fig. 1B)
(13). This allows the ionophore to associate with lipid bilayers and
transport ions down their concentration gradients, thereby alter-
ing the membrane electropotential. This effect has been well stud-
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ied for monensin, the first ionophore approved for veterinary use
(10). Monensin carries Na� into and H� out of the cell, increasing
intracellular Na� concentration and decreasing intracellular H�

(13). This change then stimulates active transport by membrane-
associated ATPases, such as the Na�/K� ATPase in mammalian
cells, to attempt to restore the ionic equilibrium (14). Depending
on the cell type and ionophore concentration, this attempt at re-
equilibration may not be effective and can lead to cell death.

An increase in intracellular Na� has also recently been associ-
ated with three new classes of antimalarials, spiroindolones (15,
16), pyrazoleamides (17), and dihydroisoquinolones (18), as well
as 28 of the novel antimalarial compounds included in the Malaria
Box (19), a small-molecule library compiled and distributed
by Medicines for Malaria Venture. Mutations in PfATP4
(PF3D7_1211900), which has homology to a P-type cation pump
that could play a role in actively transporting Na� out of the cell,
have been found to confer resistance to the three new antimalarial

candidates. These findings suggest that these distinct compounds
increase intracellular Na� levels by inhibiting PfATP4 activity.
The initial identification of these compounds resulted from
screens performed against asexual P. falciparum parasites. The
compounds have since been tested against late-stage gametocytes
and found to have a wide range of EC50s (39 to �1,000 nM) (5, 17,
20–23).

Here, we demonstrate that maduramicin completely blocks
malaria transmission in an in vivo rodent malaria model and po-
tentiates the gametocytocidal effects of the pyrazoleamide
PA21A050 (17). In vitro, maduramicin rapidly alters the morphol-
ogy of intraerythrocytic P. falciparum gametocytes and effectively
eliminates them in 12 h. Intraerythrocytic asexual schizont stages
are also cleared in 12 h, while asexual ring stage clearance takes
longer. Maduramicin is not preferentially taken up by gameto-
cyte-infected erythrocytes compared to uninfected erythrocytes,
suggesting that parasite-specific pathways underlie the efficacy of

FIG 1 (A and B) Chemical structure of maduramicin (A) and predicted structural change in the presence of a monovalent cation (M) (B). Adapted from
reference 8 by permission from the publisher and the author. (C) Maduramicin dose-response curves against P. falciparum NF54 asexual parasites (left) and
late-stage gametocytes (�80% stage IV or V) (right). The experiment was repeated three times in duplicate, and a representative graph is shown. Error bars
represent the ranges of duplicate samples. (D) Transmission blocking efficacy of maduramicin in the P. berghei-mouse model. A. stephensi mosquitoes were
allowed to take a blood meal from P. berghei-infected mice 1.5 h after i.v. treatment with 4 mg/kg or 8 mg/kg of maduramicin or a vehicle control. Ten days later,
the mosquito midguts were isolated and the P. falciparum oocysts were counted. ***, significant difference (P � 0.001) between two groups as determined by the
Mann-Whitney U test.
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this compound. Together, these data demonstrate the critical im-
portance of ion homeostasis in both asexual and sexual intraeryth-
rocytic stages.

MATERIALS AND METHODS
Cell culture. P. falciparum NF54 asexual parasites were cultured as de-
scribed previously (24). Briefly, NF54 strain parasites were maintained in
complete RPMI medium containing RPMI 1640, 25 mM HEPES, 100 �g
ml�1 of hypoxanthine, and 0.3 mg ml�1 of glutamine (KD Biomedical,
Columbia, MD) supplemented with 25 mM NaHCO3 (pH 7.3), 5 �g ml�1

of gentamicin, and 10% human serum (Interstate Blood Bank, Memphis,
TN). Gametocyte cultures were set up at 0.2% parasitemia and 6% hemat-
ocrit. After 3 days, the hematocrit was reduced to 3% by increasing the
media added during the daily feed. N-Acetyl-D-glucosamine (NAG; 50
mM) was added to the cultures on days 10 to 12 to eliminate asexual
parasites. On day 13, gametocytes (stages III to V) were purified by flota-
tion on a 65% Percoll–phosphate-buffered saline (PBS) or 18% Nyco-
denz-SA buffer cushion and returned to culture. The next day, the para-
sites were resuspended at 10% gametocytemia and 2% hematocrit for use
in the drug assays. Stages IV and V were the predominant stages in the
preparation, at �80%, with stage III gametocytes making up the remain-
ing �20%.

In vivo malaria transmission blocking. Plasmodium berghei ANKA
2.34 parasites were maintained by serial passage in CD1 mice (Charles
River). Female mice were infected by intraperitoneal injection with 200 to
400 �l of whole blood from a P. berghei-infected mouse with 10% para-
sitemia. Two days later, a blood sample was checked for exflagellation by
microscopy 10 to 20 min after the blood draw. If exflagellation was not
observed, the sample was reassessed the next day. After exflagellation was
observed, the mice were treated intravenously (i.v.) with drug vehicle
alone (10% dimethyl sulfoxide [DMSO]–18% Cremophor RH 40 –3.6%
dextrose) or 4 to 8 mg/kg (of body weight) maduramicin. At 1.5 h after
treatment, mice were anesthetized and 20 to 30 female Anopheles stephensi
mosquitoes (6 to 9 days old) were allowed to feed on an infected mouse for
15 min. Mosquitoes were maintained on 5% (wt/vol) glucose at 19°C and
80% relative humidity. At day 10 postfeeding, mosquito midguts were
dissected and parasite infection was measured by staining with 0.2% mer-
curochrome and determining the number of oocysts per midgut. Statisti-
cal significance was determined using the Mann-Whitney U test when
comparing two treatment groups. All animal experiments were done at
Loyola University, Chicago, IL, in compliance with the guidelines of their
Institutional Animal Care and Use Committee.

Maduramicin time course. NF54 asexual parasites underwent two
rounds of synchronization using 5% sorbitol 15 h apart (25). When the
parasitemia reached 5 to 10%, the culture was distributed in duplicate to
a 24-well plate at a final 2 to 3% hematocrit. A 100 nM or 10 nM concen-
tration of analytical-grade maduramicin (Sigma-Aldrich) or 0.01% etha-
nol diluted in complete medium was added to each well. The cells were
incubated at 37°C in 5% CO2 for the first 2 h, transferred to an atmosphere
of 90% N2, 5% O2, and 5% CO2, and incubated at 37°C for the remainder
of the experiment. At specified times (0, 0.33, 1, 1.5, 2, 4, 8, 12, 18, and 24
h), an aliquot was taken for Giemsa-stained smears and flow cytometric
analysis.

Flow cytometric analysis. Viability was assayed by flow cytometry
using a membrane potential dye, MitoProbe DiIC1 (5) [DiIC1 (5);
Thermo Scientific], which was previously described and validated by
comparison with the oxidoreduction indicator alamarBlue (26). Cells
were resuspended at 0.1% hematocrit in 50 nM DiIC1 (5) with SA buffer
in a 96-well vee-bottom plate and incubated at 37°C in the dark for 20 to
30 min prior to analysis on an Accuri C6 flow cytometer (BD Biosciences).
Uninfected RBCs incubated with DiIC1 (5) and unstained P. falciparum
parasites were used as controls to determine the threshold for DiIC1 (5)
(640-nm laser excitation and FL4 emission filter [675/25 nm])-positive,
single, and intact cell populations by following the gating strategy of
Malleret et al. (27). Viability was calculated by determining the ratio of

DiIC1 (5)-positive events in maduramicin-treated samples compared to
vehicle controls.

Dose-response and interaction studies. Analytical standard-grade
maduramicin (Sigma-Aldrich) was dissolved in 100% ethanol at a con-
centration of 50 mM and stored at 4°C. The pyrazoleamide PA21A050
(17) dissolved in DMSO at a concentration of 10 mM was kept at �20°C.
A 96-well flat-bottom plate was prepared with 100 �l of the designated
compound at a 2� concentration dissolved in complete medium. For the
maduramicin-PA21A050 interaction studies, a checkerboard design was
used ranging from 500 to 1.95 nM in a 2-fold dilution series. Control wells
included the same concentration series of each drug alone, 0.5% ethanol,
0.5% DMSO, a combination of both carriers at 0.5% each, and 32 nM
epoxomicin, a potent gametocytocidal agent. NF54 P. falciparum game-
tocytes purified as described above were set at 10% parasitemia and 2%
hematocrit, while NF54 P. falciparum asexual parasites were set between
0.5 to 1% parasitemia and 2% hematocrit. One hundred-microliter quan-
tities of the parasite preparations were added to the plate, resulting in a 1:2
dilution of both the hematocrit and the compound for a final concentra-
tion of 0.5% carrier (either ethanol or DMSO). Assay plates were incu-
bated at 37°C in the dark with 5% CO2, 5% O2, and 90% N2 for 72 h, and
viability was evaluated using the flow cytometric assay described above.
Inhibition was calculated by subtracting DiIC1 (5)-positive events in ma-
duramicin-treated samples from those in vehicle controls and dividing
the resulting value by the total number of viable cells in vehicle controls.

Maduramicin ELISA. A commercial maduramicin enzyme-linked
immunosorbent assay (ELISA) kit (Abraxis BioScience) was used to quan-
tify maduramicin partitioning in infected and uninfected RBCs according
to the manufacturer’s instructions. Percoll-purified stage III to V NF54
gametocytes or uninfected RBCs suspended in complete medium were
distributed in a 24-well plate at 1% hematocrit and 80% parasitemia in
duplicate. Cells were incubated in 100 nM maduramicin, 10 nM ma-
duramicin, or 0.01% ethanol in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4, and 1.8 mM KH2PO4; pH 7.4) at 37°C for 2 h in an atmosphere
of 5% CO2, 5% O2, and 90% N2. After the 2-h incubation, cells were
isolated by centrifugation (3 min at 1,860 � g) and washed once with 1 ml
of PBS (4°C, pH 7.4). The washed cell pellets were treated with 100%
acetone, vortexed, and incubated on a rocker, with frequent inversion.
The cells were again pelleted by centrifugation for 5 min at 3,000 � g, and
40 �l of the supernatant was diluted 1:24 in sample diluent provided by
Abraxis and transferred into a 96-well plate coated with anti-rabbit sec-
ondary antibody. Next, horseradish peroxidase (HRP)-conjugated ma-
duramicin was added to each well, followed by rabbit anti-maduramicin
primary antibody. The plate was sealed, mixed for 60 s, and then incu-
bated at room temperature for 1 h, allowing maduramicin in the sample to
compete with HRP-conjugated maduramicin for binding to the primary
antibody, which is captured by the secondary antibody bound to the plate.
After incubation, the plate was washed 4 times and 3,3=,5,5=-tetramethyl-
benzidine (TMB) was added. Following a 20-min incubation in the dark
at room temperature, stop solution was added and the absorbance was
measured at 450 nm using a BMG Labtech FLUOstar Omega plate reader.
The final signal is inversely correlated with the maduramicin concentra-
tion in the sample, indicating successful competition with the HRP-con-
jugated maduramicin for antibody binding. The standard curve was per-
formed using five standards that contained 0, 0.27, 0.54, 1.1, and 2.7 ppb.

Data analysis. Percent viability or inhibition was calculated for each
drug concentration or combination as described above. Prism software
was used for statistical analysis and to calculate the effective concentra-
tions that inhibited the signal by 50% (EC50s) using the Hill equation.
Maduramicin and PA21A050 interaction was determined using software
developed in-house at the National Center for Advancing Translational
Sciences (NCATS) based on the theoretical work of Chou (28). The con-
centration response series with a fixed ratio of PA21A050 over madurami-
cin (P/Mad; 0.062, 0.125, 0.25, 0.5, 1, 2, 4, 8, or 16) was extracted from the
data matrix and fit to the Hill equation. Each EC50 was decomposed into
component EC50s for PA21A050 and maduramicin based on the P/Mad
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ratio. The component EC50s were further normalized to the single-agent
EC50s of PA21A050 and maduramicin, respectively, generating the frac-
tional inhibitory concentration (FIC). The FICs from the four runs were
averaged. The isobologram in Fig. 4 is a plot of the FIC of one combination
drug (PA21A050) against the other (maduramicin).

RESULTS AND DISCUSSION
Maduramicin is a potent inhibitor of asexual and gametocyte P.
falciparum parasites. A recent screen for gametocytocidal agents
demonstrated for the first time the efficacy of polyether iono-
phores against the transmission stages of P. falciparum (5). The
most potent was maduramicin, which had a gametocytocidal EC50

of �50 nM against 3 parasite strains (3D7, HB3, and Dd2) with
different drug sensitivities and geographic origins. Importantly,
maduramicin was also �750 times less active against mammalian
HepG2 cells (5). The anti-asexual parasite activity of this iono-
phore had not been reported previously; therefore, we first com-
pared the in vitro EC50 against asexual parasites and stage III to V
gametocytes using flow cytometry to assess viability 72 h after
maduramicin treatment. Maduramicin was effective against both
stages (asexual EC50, 1.3 � 0.1 nM, and stage III to V gametocyte
EC50, 14.8 � 1.4 nM [Fig. 1C]), suggesting that it could block
parasite transmission as well as clinical symptoms.

Several other mammalian tumor cells, including human rhab-
domyosarcomas (RD) and mouse myoblasts (C2C12), have been
reported to remain �80% viable after 72 h of treatment with 1 �M
maduramicin (29). The reason for the differential maduramicin
sensitivities of apicomplexans, like P. falciparum and coccidia, and
mammalian cells remains unknown, but it has allowed the use of
maduramicin as a coccidiostat in animals. The standard dose used
by the poultry industry for chicken feed is 5 to 7 mg/kg, which has
been found to result in levels of maduramicin of 	100 nM in
muscle, with no toxic effects on chickens or other nontarget spe-
cies (29–31). Maduramicin treatment has a serum half-life of 13 h
in chickens and does not interfere with vaccination responses,
indicating that it did not affect the function of antigen-presenting
cells or leukocyte activation and proliferation, which are required
for the induction of immunity (31). However, accidental con-
sumption of a large amount of maduramicin by humans (�1g/kg)
and other species can result in acute toxicity (11, 32). Further
preclinical testing is required to determine the health effects of
short-term exposure to the nanomolar levels of maduramicin
needed to clear gametocytes. To begin to test in vivo efficacy, we
used the rodent malaria agent, P. berghei, in mice.

In vivo transmission blocking activity. The ability of ma-
duramicin to block malaria transmission in vivo using the P. ber-
ghei-mouse model was evaluated. In contrast to the 10 to 12 days
required for P. falciparum gametocytes to develop through five
morphologically distinct stages, P. berghei gametocytes mature in
24 h and remain round throughout differentiation. Therefore, to
assess maturation, the ability of male gametocytes to exflagellate
was monitored. Once exflagellation was detected, maduramicin
was administered and A. stephensi mosquitoes were allowed to
take blood meals from the infected mice 1.5 h posttreatment.
Oocyst production 10 days later was significantly (P � 0.001)
decreased at both maduramicin dosages compared to that for
mosquitoes that fed on mice treated with carrier alone (Fig. 1D).

Maduramicin rapidly triggers distinct morphological
changes in mature gametocytes and asexual P. falciparum par-
asites. The short in vivo treatment time (1.5 h) needed to success-

fully block transmission suggests that maduramicin has a rapid
effect on parasite viability. To evaluate this directly in P. falcipa-
rum, the effect of 100 nM maduramicin on the in vitro viability of
stage IV and V gametocytes as well as ring and schizont stage
asexual parasites was monitored from 0.33 to 24 h.

Within an hour of applying drug to in vitro P. falciparum cul-
tures, changes in viability as measured by the membrane potential
dye DiIC1 (5) and morphology were apparent in both sexual stage
and asexually developing parasites. Viability fell below 80% by 4 h
and declined to �10% by 12 h for schizonts and late-stage game-
tocytes; in ring stages, this occurred at the 24-h time point (Fig.
2A). These findings are in marked contrast to those obtained with
other gametocytocidal agents, such as the diaminonaphthoquino-
nes (DANQs) and the proteasome inhibitor epoxomicin, which
require 72 h to decrease late-stage gametocyte viability to �10%
(26). The similar time courses of the decrease in membrane po-
tential following maduramicin treatment of late-stage gameto-
cytes and asexual Plasmodium parasites suggests that asexual par-
asite-specific cellular activities, such as hemoglobin digestion,
DNA replication, or the presence of a plasmodial surface anion
channel (PSAC) on the RBC surface, do not influence the efficacy
of maduramicin (33–36). These processes have previously been
identified as targets for compounds that preferentially affect asex-
ual parasites, including pyrimethamine, chloroquine, and furo-
semide.

Although the efficacies and time courses were similar for the
different parasite stages, distinct changes in morphology were ob-
served, which is consistent with their unique physiologies (Fig.
2B). Just 1 h after treatment with 100 nM maduramicin, 40% of
gametocytes had rounded up, compared to just 10 to 15% in con-
trol samples (Fig. 2C). The fraction of round gametocytes re-
mained at 10 to 15% in control wells, while this percentage in-
creased to �60% at 4 h and reached almost 100% at 8 h in samples
treated with maduramicin (Fig. 2C). In contrast, ring stages ap-
peared to have undergone developmental arrest at the 4-h time
point, followed by a progressive decrease in size, resulting in dense
blue bodies apparent at 12 h (Fig. 2B). Schizont stages also ap-
peared to stop developing 1 h after treatment with maduramicin.
Then, the cytoplasmic contents consolidated into dense aggre-
gates and the parasite shrank until, as with the case with ring
stages, only dense blue bodies remained at 12 h (Fig. 2B). No
changes were observed in the uninfected RBCs through the 48-h
course of the experiment. Once specific markers for different
forms of cell death are established for P. falciparum, reevaluating
maduramicin-induced death with these markers would be inter-
esting (37).

Rounding up is usually considered a physiological response of
mature, stage V P. falciparum gametocytes that is stimulated
within minutes of the transition from the vertebrate to insect host
and is mediated by cGMP (38). The lack of other signs of game-
togenesis, such as male exflagellation, coupled with the progres-
sive increase in vacuolation, decrease in staining intensity, mor-
phological evidence of ruptured gametes, scattered pigment, and
ultimately clearance of the gametocytes in 12 h, is consistent with
the altered morphology being due to an osmotic change, not an
active process. Maduramicin-induced rounding is distinct from
the response of late-stage gametocytes to the proteasome inhibitor
epoxomicin. Following epoxomicin treatment, gametocytes re-
tain their elongated shape but shrink in diameter, ultimately re-
sembling a needle before disintegrating (39). Hliscs et al. have
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recently shown that tubulin and actin remain in complexes in
stage V gametocytes (40), but the changes in the cytoskeleton dur-
ing rounding were not evaluated. Further work is needed to define
the mechanisms involved in this transition from an elongated,
sausage-like shape to an energetically favorable sphere. The de-
crease in DiIC1 (5) signal lags slightly behind the shape change,
falling below 80% at 4 h, which indicates that rounding is a more
sensitive marker of the changes induced by ionophore treatment
than the loss in membrane or mitochondrial potential. Rounding
could be a direct response to the ionophore-induced disruption of
the ion gradient across cellular membranes, while more time is
needed to alter the membrane and mitochondrial membrane po-
tential enough to be detected by a change in DiIC1 (5) accumula-
tion (33). The DiIC1 (5) signal continues to decline over the next
12 h, corresponding to the disappearance of parasites from Gi-
emsa-stained smears of the maduramicin cultures, while the un-
infected RBCs remain intact. A similar time course for mitochon-
drial toxicity was found in another apicomplexan parasite,
Toxoplasma gondii, using the related ionophore monensin, which,
like maduramicin, has a high affinity for monovalent cations and
is able to transport Na� down its concentration gradient into cells
(8, 14, 41).

Maduramicin does not preferentially partition into infected
RBCs. Previous studies have demonstrated a significant difference
between the lipid composition of uninfected and infected eryth-
rocytes, raising the possibility of differences in maduramicin

binding (42). For instance, uninfected RBCs do not contain car-
diolipin, a diphosphatidylglycerol lipid present only in the inner
membrane of the mitochondria, while sphingomyelin levels are
twice as high in uninfected RBCs as in infected RBCs. A compet-
itive maduramicin-specific ELISA was used to quantify drug levels
in P. falciparum gametocytes and uninfected RBCs after 2 h of
incubation with or without 100 nM maduramicin. A 2-h expo-
sure was chosen because the gametocytes were still viable at
that time. Maduramicin levels significantly increased in both
gametocytes and uninfected RBCs after treatment compared to
the amount in untreated controls (P � 0.001), but no differ-
ence was observed between uninfected and infected RBCs (P �
0.05) (Fig. 3). These data strongly indicate that drug levels do
not contribute to the specificity of maduramicin for P. falcipa-
rum over RBCs; rather, it is more likely that the intraerythro-
cytic stage parasites are more sensitive to the alterations in ion
flux induced by maduramicin.

Maduramicin potentiates PA21A050 gametocytocidal activ-
ity. The sensitivity of P. falciparum parasites to increases in intra-
cellular Na� levels has recently been demonstrated to be a com-
mon property of several classes of antimalarial drugs believed to
act through inhibition of a P-type Na� ATPase, PfATP4 (16–18,
23). The potential for PfATP4 inhibitors to block the parasite’s
adaptive response to the ion flux induced by maduramicin and
augment the effects of increases in intracellular Na� concentra-
tion prompted us to test for synergy between these compounds.

FIG 2 (A) Time course of P. falciparum NF54 parasite viability after maduramicin treatment. The viability of synchronized preparations of ring, schizont,
or stage IV or V gametocytes following the addition of 100 nM maduramicin was monitored periodically for 24 h using flow cytometry and MitoProbe
DiIC1 (5). Viability was calculated by determining the ratio of DiIC1 (5)-positive events in maduramicin-treated samples compared to vehicle controls.
The data are the means of two independent trials with two duplicates. The error bars show the standard deviations. (B) Morphological analysis of P.
falciparum parasites through the time course shown in panel A. Shown are representative images of Giemsa-stained smears made at the times indicated on
the right from cultures set up with rings, schizonts, or stage IV or V gametocytes following the addition of 100 nM maduramicin or a vehicle control, 0.01%
ethanol (EtOH). (C) Quantification of round gametocytes. The percentage of round gametocytes was determined by counting gametocytes on smears
prepared from cultures at the indicated times after treatment with 100 nM maduramicin or a vehicle control, 0.01% EtOH. The average percentages, with
error bars representing the ranges from two independent trials, are plotted. Significance was determined using two-way analysis of variance (ANOVA) and
Bonferroni posttests. ***, P � 0.001.
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To evaluate this hypothesis, we simultaneously administered the
pyrazoleamide PA21A050 and maduramicin at a range of doses
and calculated the FIC (43). The left shift of the curve on the
PA21A050 FIC/maduramicin FIC plot is consistent with synergy
between the compounds (Fig. 4A). Importantly, adding 15.6 nM
maduramicin (EC50) to 15.6 nM PA21A050 decreased gametocyte
viability to �11% from �97.5% viability with 15.6 nM PA21A050
alone (Fig. 4B and C), enhancing efficacy 	10-fold. These results
demonstrate the effectiveness of combining compounds that in-
crease the intracellular Na� concentration through different

mechanisms and suggest an important approach to enhance the
transmission blocking activity of these inhibitors.

Conclusion. Here we show that maduramicin works quickly,
blocking transmission in vivo and significantly eliminating viable
gametocytes and schizont stage asexual parasites in 12 h. Impor-
tantly, we show synergy between maduramicin and the pyrazole-
amide PfATP4 inhibitor PA21A050, which is a current candidate
for antimalarial drug development. From these data, we conclude
that cation homeostasis is crucial to parasite viability, and we also
highlight the effectiveness of compounds that interfere with so-

FIG 3 ELISA quantification of maduramicin. (A) Stage IV or V gametocyte-infected (iRBC) and uninfected (RBC) RBCs were harvested 2 h after the
addition of a vehicle control (0.01% EtOH) or 10 nM or 100 nM maduramicin, washed, and extracted in acetone. Maduramicin levels in the acetone
extract were quantified by a commercial competitive ELISA kit (Abraxis); the average absorbance values from two independent trials with duplicates are
plotted. The error bars represent the standard deviations. Significance was determined using one-way ANOVA followed by Bonferroni’s multiple-
comparison test. ***, P � 0.001. (B) ELISA quantification of maduramicin standards. Average absorbance values for maduramicin standards from two
independent trials with duplicates are plotted against the log of the maduramicin concentration in parts per billion. The error bars represent the standard
deviations. R2 
 0.989.

FIG 4 (A) Isobologram of the fractional inhibitory concentration (FIC) of maduramicin and PA21A050 calculated from the fixed-ratio concentration response
series. The error bars represent the standard deviations. (B) PA21A050 dose-response curves against stage III to V gametocytes in the presence and absence of
maduramicin. The inhibition of stage III to V gametocyte viability was determined using flow cytometry and DiIC1 (5) after incubation with the indicated
PA21A050 and maduramicin concentrations. Inhibition was calculated by subtracting DiIC1 (5)-positive events in maduramicin-treated samples from the value
for vehicle controls and dividing the resulting value by total viable cells in vehicle controls. The mean inhibition of three independent trials, one of which had two
duplicates, is plotted; the error bars represent the standard errors of the means. The boxes indicate the conditions used for the samples shown in panel C. (C)
Representative images of Giemsa-stained smears of gametocytes after inhibition with 15.6 nM PA21A050 (P) in the absence or presence of 7.8 or 15.6 nM
maduramicin (M).
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dium homeostasis as potent inhibitors of P. falciparum develop-
ment.
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