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A series of [(aryl)arylsufanylmethyl]pyridines (AASMP) have been synthesized. These compounds inhibited
hemozoin formation, formed complexes (KD � 12 to 20 �M) with free heme (ferriprotoporphyrin IX) at a pH
close to the pH of the parasite food vacuole, and exhibited antimalarial activity in vitro. The inhibition of
hemozoin formation may develop oxidative stress in Plasmodium falciparum due to the accumulation of free
heme. Interestingly, AASMP developed oxidative stress in the parasite, as evident from the decreased level of
glutathione and increased formation of lipid peroxide, H2O2, and hydroxyl radical (·OH) in P. falciparum.
AASMP also caused mitochondrial dysfunction by decreasing mitochondrial potential (��m) in malaria
parasite, as measured by both flow cytometry and fluorescence microscopy. Furthermore, the generation of ·OH
may be mainly responsible for the antimalarial effect of AASMP since ·OH scavengers such as mannitol, as well
as spin trap �-phenyl-n-tertbutylnitrone, significantly protected P. falciparum from AASMP-mediated growth
inhibition. Cytotoxicity testing of the active compounds showed selective activity against malaria parasite with
selectivity indices greater than 100. AASMP also exhibited profound antimalarial activity in vivo against
chloroquine resistant P. yoelii. Thus, AASMP represents a novel class of antimalarial.

Malaria affects 40% of global population and accounts an-
nually for 300 to 500 million clinical cases with 1.5 to 2.7
million deaths (50, 72). The burden of malaria is increasing
because of drug resistance, and there is an urgent need for new
antimalarial drugs (25, 71). Intra-erythrocytic stages of malaria
parasites consume and degrade huge quantities of hemoglobin
in the food vacuole and release large quantities of redox active
free heme as a by-product (49). Free heme (ferriprotoporphy-
rin IX) is very toxic (29, 30), and parasites detoxify free heme
by forming hemozoin, mainly through the biocrystallization or
biomineralization process (18, 19, 41). Molecules that inhibit
parasite growth through binding to heme are potential anti-
malarials, and the inhibition of hemozoin formation is consid-
ered a valid target for developing new antimalarials (16, 17).
Again, the inhibition of hemozoin formation may develop ox-
idative stress due to the accumulation of free heme, which can
generate highly reactive hydroxyl radical (·OH), and the ma-
laria parasite is susceptible to oxidative stress (29, 30). There-
fore, the enhancement of oxidative stress to the parasite by any
means is a promising strategy in developing new antimalarial
agents.

Triarylmethanes represent an important class of medicinally

important molecules (38) and are known to possess a wide
variety of biological activities such as antitubercular (42–45,
54), anti-implantation (58), and antiproliferative (1) activities
and activity against breast cancer (55). The potent antimycotic
drug clotrimazole, a member of the triarylmethanes, inhibits
the in vitro parasite growth of different strains of chloroquine-
sensitive and -resistant Plasmodium falciparum (51, 61, 65).
Very recently, antimalarial agents based on the clotrimazole
scaffold have been synthesized (23). Again, trisubstituted
methanes (TRSMs) containing sulfide, sulfoxide, or sulfone
spacers have also been reported to show various biological
activities. A small set of 9-(lupinylthio)xanthenes, 9-(lupinyl-
thio)thioxanthenes, and a-(lupinylthio)diphenylmethanes was
found to exhibit diverse biological activities (39). Arylsulfanyl
and arylsulfonyl moities are integral parts of many antimalarial
agents. For example, the antimalarial activity of several arylac-
ridinyl sulfones has been reported recently (52). Furoxan de-
rivatives bearing a sulfone moiety were reported to have antima-
larial activity (22). A series of imidazole-dioxolane compounds
bind to the heme and showed promising anti-Plasmodium activity
(68). These results prompted us to synthesize and evaluate a new
series of TRSMs for antimalarial efficacy. Here we report the
antimalarial activity of a series of [(aryl)arylsufanylmethyl]pyri-
dines (AASMPs) that represents a new class of TRSMs. Our
work focused on the evaluation of the antimalarial activity of
these compounds, including the mechanistic details on the effect
of heme interaction, hemozoin formation, and in vitro and in vivo
antimalarial effect.

MATERIALS AND METHODS

Materials. Hemin, RPMI 1640, saponin, sodium dodecyl sulfate (SDS), chlo-
roquine, glutathione (GSH), thiobarbituric acid, trichloroacetic acid, �-phenyl-
n-tert-butyl-nitrone (PBN), dichlorofluorescein diacetate, fetal calf serum, di-
methyl sulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
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bromide (MTT), penicillin, streptomycin, and tetraethoxypropane were pur-
chased from Sigma (St. Louis, MO). AlbuMax II was procured from Life Tech-
nologies, and Giemsa stain was purchased from Qualigens Fine Chemicals,
India. [3H]hypoxanthine was purchased from Amersham Biosciences. All other
chemicals were of analytical-grade purity.

Chemical synthesis. Chemical synthesis, as well as the characterization of all
AASMP was provided separately (see additional information in the supplemen-
tal material).

Parasite culture (in vitro and in vivo). P. falciparum (clone NF54) was grown
as described by Trager and Jensen (63) at a hematocrit level of 5% in complete
RPMI medium (CRPMI; RPMI 1640 medium supplemented with 25 mM
HEPES, 50 �g of gentamicin ml�1, 370 �M hypoxanthine, and 0.5% [wt/vol]
AlbuMaxII) in tissue-culture flasks (25 and 75 cm2) with loose screw caps. Used
medium was changed with fresh medium once in 24 h, and the culture was
routinely monitored through Giemsa-staining of thin smears. The growth of
multidrug-resistant (MDR) P. yoelii in vivo was maintained in the Swiss mouse
model as described previously (56).

Isolation of parasite from infected erythrocytes and preparation of parasite
lysate. The parasite (P. falciparum and P. yoelii) was isolated as described pre-
viously (10). Briefly, erythrocytes with �10% parasitemia (P. falciparum) or 50%
parasitemia (P. yoelii) were centrifuged at 800 � g for 5 min, washed, and
resuspended in cold phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM
KCl, 5.3 mM Na2HPO4, and 1.8 mM KH2PO4). An equal volume of 0.5%
saponin in PBS (final concentration, 0.25%) was added to the erythrocyte sus-
pension and kept on ice for 15 min. It was centrifuged at 1,300 � g for 5 min to
get a parasite pellet; finally, the pellet was washed with PBS and either used
immediately or kept at �80°C. The isolated parasite was lysed in PBS by mild
sonication (30-s pulse, bath-type sonicator) at 4°C, and the whole lysate was then
stored at �20°C for future use. The protein content of the parasite lysate was
estimated as described previously (33).

Hemozoin (�-hematin) formation. Hemozoin formation was assayed as de-
scribed earlier (46, 59, 64). In brief, the assay mixture contained in a final volume
of 1 ml: 100 mM sodium acetate buffer (pH 5.2), 100 �M hemin, parasite lysate
(20 �l), and different concentrations of AASMPs. The reaction was initiated by
the addition of hemin, followed by incubation for 12 h at 37°C. The reaction was
terminated by centrifugation at 15,000 � g for 10 min at room temperature. The
pellet was washed twice with 100 mM Tris buffer (pH 7.8) containing 2.5% SDS
and finally with 100 mM bicarbonate buffer (pH 9.2). The insoluble pellet
(hemozoin) was solubilized in 50 �l of 2 N NaOH and diluted further to 1 ml
with 2.5% SDS. The absorbance of the solution was recorded at 400 nm, and an
extinction coefficient of 91 mM�1 cm�1 (46) was used to quantitate the heme
converted to hemozoin. To see the effect of AASMP on hemozoin formation in
P. falciparum, the amount of hemozoin formed in the presence or absence of
AASMP was measured as described earlier (12). In brief, P. falciparum culture
(5% parasitemia) was synchronized with D-sorbitol (5%) to achieve ring stage
(31). The ring-synchronized culture was treated with different concentrations of
AASMP and incubated further for 48 h. The culture was harvested, and parasite
was isolated from infected red blood cells (RBC) by saponin treatment (0.5%, 10
min). The parasites were washed three times with PBS, and parasite lysate was
prepared after mild sonication. Parasite lysate was washed three times with 2%
SDS, and the resulting pellet was suspended in a solution of 10 mM Tris-HCl
(pH 8.0), 0.5% SDS, and 1 mM CaCl2 containing 2 �g of proteinase K per ml and
then incubated at 37°C overnight. The pellet was then washed three times in 2%
SDS and incubated in 6 M urea for 3 h at room temperature on a shaker. After
incubation, it was centrifuged (4,000 � g for 10 min) at room temperature and
again washed three times with 2% SDS. Finally, the hemozoin pellet was dis-
solved in 20 mM NaOH containing 2% SDS, and the optical density of solution
was measured at 400 nm to quantitate the hemozoin.

Calculation of logP and pKa of the AASMPs. The logP and pKa values of the
AASMPs were calculated by using the property prediction software CSPredict
(ChemSilico LLC, Tewksbury, MA) (66, 69, 70).

Binding of AASMP with heme (ferriprotoporphyrin IX). Optical spectra were
recorded in a total volume of 1 ml containing heme in 100 mM acetate buffer (pH
5.2) in a Perkin-Elmer Lambda 15 UV/VIS spectrophotometer at 25 � 1°C with
quartz cells with a 1-cm light path. Binding of AASMPs to heme was monitored
at different concentrations (5 to 40 �M). Different concentrations of AASMPs
were added successively. The Soret spectrum was recorded immediately after
each addition of AASMP. Interaction of AASMPs with heme was also measured
by optical difference spectroscopy as described earlier (65). To measure the
difference spectra of heme-AASMP versus the heme, both the reference and
sample cuvettes were filled with 1 ml of heme solution (1 �M) to provide the
baseline trace. This was followed by the addition of a small volume (usually 5 to
20 �l) of AASMPs to the sample cuvette with the concomitant addition of the

same volume of DMSO to the reference cuvette (AASMP was dissolved in
DMSO). The contents were mixed well before the spectrum was recorded. The
equilibrium dissociation constant (KD) for complex formation was calculated
from the following expression as described by Schejter et al. (53): 1/�A 	
(KD/�A�) 1/S � 1/�A�, where KD is the dissociation constant of the heme-
AASMP complex, S is the concentration of AASMP, �A is the observed absorp-
tion change at a particular wavelength, and �A� is the absorption change at a
saturating concentration of the ligand (AASMP).

Assay of antimalarial activity by monitoring [3H]hypoxanthine uptake. Inhi-
bition of P. falciparum growth was studied by monitoring [3H]hypoxanthine
uptake as described earlier (15). P. falciparum (NF-54 strain) was cultured in
vitro as described earlier (63). Synchronization of the parasites to uniform ring
stages was achieved by using 5% aqueous D-sorbitol as described earlier (31). In
brief, P. falciparum culture was centrifuged at 2,000 rpm for 5 min to pellet the
cells. The supernatant media was discarded, and packed cells were suspended in
a five times volume of 5% D-sorbitol and allowed to stand for 15 to 20 min at
37°C. The cells were washed twice with RPMI medium (without AlbuMax II) to
remove sorbitol and cell debris. The pellet was suspended in complete RPMI
1640 medium to a final hematocrit of 2 to 3%. Synchronization of the culture was
confirmed by microscopic examination of Giemsa-stained thin-smear slides. To
see the effect of AASMP, the ring-synchronized P. falciparum (parasitemia, 0.5
to 1%) was cultured in multiwell plates (200 �l/well) in the presence or absence
of different concentrations of AASMPs. Chloroquine was used as a positive
control. After 48 h [3H]hypoxanthine (0.7 �Ci/well) was added in each well and
further cultured for 48 h to monitor parasite viability by measuring the incorpo-
ration of [3H]hypoxanthine in parasite nucleic acids. P. falciparum culture was
harvested and washed twice in PBS. These parasite pellets were dissolved in 100
�l of 3 N NaOH by keeping the mixture at 37°C for 6 h. After incubation, it was
placed in scintillation fluid and after 12 h, the [3H]hypoxanthine uptake was
measured in a 
-counter.

Measurement of heme content. The heme content in control and AASMP-
treated P. falciprum was measured as described earlier (36). In brief, P. falcipa-
rum was cultured in the presence or absence of various concentrations of
AASMP for 48 h. The culture was then centrifuged to pellet the cells, and the cell
pellet was washed in PBS. Concentrated formic acid (1 ml) was then added to
solubilize each pellet, and the heme concentration of the formic acid solution was
determined in a Shimadzu UV/VIS1700 spectrophotometer at 398 nm (extinc-
tion coefficient 	 1.56 � 105 M�1 cm�1). The heme content was expressed as
nmol/mg of cell protein.

Measurement of reduced GSH. P. falciparum (4% parasitemia) was cultured in
the presence or absence of different concentrations of AASMPs. After 48 h of
treatment, the culture was washed twice with PBS, and the parasite was isolated.
The GSH contents from control and AASMP-treated parasites were determined
as described previously (5, 9, 26). Isolated parasite was sonicated in 200 �l of 20
mM ice-cold EDTA in a VCX 600 sonicator (by using a 9 s on/10 s off cycle for
a period of 60 s) and centrifuged at 10,000 � g for 20 min to get clear lysate. The
lysate (200 �l) was mixed with an equal volume of 10% trichloroacetic acid, and
protein precipitate was removed by centrifugation. The supernatant was added to
an equal volume of 0.8 M Tris-HCl (pH 9) containing 20 mM 5-5�-dithionitro-
benzoic acid to yield the yellow chromophore of thionitrobenzoic acid, which was
measured at 412 nm. GSH was used as a standard.

Measurement of lipid peroxide as an index of oxidative damage. P. falciparum
culture (4% parasitemia, ring synchronized) was incubated with different con-
centrations of AASMPs for 48 h. After incubation, the parasite was isolated and
mixed with PBS (500 �l) to prepare parasite lysate as described above, and the
lipid peroxidation product from these lysates was measured as described earlier
(5, 8, 26). In brief, parasite lysate (500 �l) was treated with 1 ml of trichloroacetic
acid-thiobarbituric acid mixture in 1 N HCl, followed by incubation for 15 min at
100°C. After incubation, the sample was cooled and centrifuged (4,000 rpm for
10 min). Supernatant was then collected, and the optical density was measured
at 535 nm. The formation of lipid peroxide in parasite membrane was expressed
as nmol/mg of lysate protein. Tetraethoxypropane was used as a standard.

Fluorometric measurement of intra-parasitic H2O2. P. falciparum (4% para-
sitemia) was cultured in the presence or absence of different concentrations of
AASMPs for a period of 48 h. The culture was then further incubated for 30 min
in complete RPMI medium containing 10 �M 2�,7�-dichlorofluorescein diac-
etate. The culture was then washed twice with PBS, and the parasite was isolated
from control and treated groups. Isolated parasites were lysed by mild sonication
(5-s pulse, bath-type sonicator) at 4°C. H2O2 was measured in control or
AASMP-treated parasites by measuring the fluorescent dichlorofluorescein
formed due to the oxidation of nonfluorescent probe dichlorofluorescein diac-
etate by H2O2 (37). Fluorescence intensities were recorded from the lysate in a
Perkin-Elmer Life Sciences Lambda L.S 50B spectrofluorometer with a 5-mm
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path-length quartz cell in a total volume of 1 ml at wavelengths of 502 and 523
nm for excitation and emission, respectively. The H2O2 content was measured
and is expressed as the fluorescence intensity/mg of parasite lysate protein.

Measurement of hydroxyl radical (·OH) generation. ·OH generated in the P.
falciparum after AASMP treatment at different concentrations was measured by
using DMSO as an ·OH scavenger (3, 5). In brief, P. falciparum culture (200 �l)
(2% parasitemia, ring plus early trophozoite stage) was grown in a multiwell
plate in the presence or absence of different concentrations of AASMPs con-
taining 20 �l of 25% DMSO for 48 h. DMSO (20 �l) was added in each time,
along with the stipulated concentrations of AASMP when the medium was
changed (once in 24 h). A negative control (parasite only) was made without
DMSO and AASMP. After 48 h, the culture was centrifuged at 800 � g for 5 min,
washed, and resuspended in cold PBS. The parasite was isolated as described
above, and the isolated parasite was lysed in triple-distilled water and processed
for the extraction of methanesulfinic acid formed by the reaction of ·OH with
DMSO. Methanesulfinic acid formed was allowed to react with Fast Blue BB
salt, and the intensity of the resulting yellow chromophore was measured at 425
nm by using benzenesulfinic acid as a standard. ·OH formed was expressed as
nmol/mg of lysate protein.

Measurement of mitochondrial transmembrane potential (��m). For the
measurement of ��m, trophozoite-rich infected red cell were isolated (35) and
used to monitor JC1 uptake. In brief, blood from P. yoelii-infected mice was
collected in acid citrate dextrose (0.0347 M citric acid, 0.0748 M sodium citrate,
0.1359 M dextrose) at ca. 50% parasitemia. Infected blood was passed through
CF-11 cellulose (Whatman) to remove the white blood cells (24). The collected
RBC were washed and trophozoite-rich-infected RBC was isolated as described
previously (35). Isolated trophozoite-rich infected red cells at a concentration of
5 � 106/ml in RPMI 1640 medium containing 1% fetal bovine serum were
incubated in the presence or absence of AASMP (4e, 40 �M) for 1 h at room
temperature (30°C). For a positive control, the same numbers of trophozoites
were incubated with antimycin A. The infected red cells were then washed (three
times) in PBS by centrifugation at 800 � g for 10 min to remove the excess
AASMP or antimycin A, and the cell pellets were suspended in 1 ml of CRPMI.
JC1 (153 nM) was then added to each cell suspension, followed by incubation for
10 min in dark at 25°C. At the end of the incubation, the fluorescence of each
sample was recorded in a Flow cytometer (Becton Dickinson FL-2; excitation,
480 nm; emission, 590 nm) (13). The JC1 uptake (J-aggregate formation) was
also measured by fluorescence microscopy using a JC1-treated cell suspension. In
brief, a JC1-treated cell suspension was washed (three times) in CRPMI by
centrifugation at 800 � g for 10 min, and the resulting infected red cell pellet was
suspended in 100 �l of CRPMI. A total of 20 �l from this cell suspension was
used to analyze the formation of J-aggregate (emission, 590 nm; TX2 green
filter) as a measure of the mitochondrial uptake and monomer (emission, 530
nm; I3 blue filter) quickly under a �100 oil immersion lens in a Leica DM LB 2
fluorescence microscope.

In vitro cytotoxicity. The hemolytic activity of AASMPs was evaluated accord-
ing to the method described earlier (2) with slight modifications. Human B�

RBC were incubated in 96-well plate either in the presence of DMSO (control)
or in the presence of various concentrations of AASMP for 24 h in 200 �l of
CRPMI at a 5% hematocrit level. RBC were washed three times in CRPMI to
remove excess AASMPs and inoculated with 20 �l of P. falciparum parasitized
RBC (human B�) growing at a 5% hematocrit level and 4 to 5% parasitemia
(mostly trophozoites). Parasites were allowed to complete one intra-erythrocytic
cycle, followed by the addition of 0.7 �Ci of [3H]hypoxanthine per well, and the
culture was further incubated for 24 h under optimum conditions. Upon com-
pletion of the incubation, cells were harvested on Whatman GF/C glass filters by

using a cell harvester, and samples were processed as described above. The
cytotoxic effect of different concentrations of AASMPs on MCF-7 cells was also
evaluated against growing nucleated mammalian cells (MCF-7) as described
earlier (62). In brief, 10,000 MCF-7 cells/well in minimal essential medium, along
with a negative control (DMSO) and a positive control (1 mM sodium azide),
were incubated for 24 h in 96-well, flat-bottom tissue culture microplates. After
incubation, the medium was removed from all wells of the microplate, and then
200 �l of fresh minimal essential medium was added to each well, along with
different concentrations of AASMPs in triplicate, followed by further incubation
for 44 h. At the end of incubation, MTT (10 �l) at a concentration of 5 mg/ml
in PBS was added to each well, and the microplates were wrapped with alumi-
num foil and incubated for 4 h at 37°C. After incubation, all contents of the wells
were again removed by using a pipette (cells had adhered to the walls of the
wells), and 100 �l of DMSO was put into each well, followed by mixing, and the
microplate was kept in the dark overnight. The next day, the absorbance for
every well was measured at 570 nm by using a microplate reader.

In vivo antimalarial activity. The in vivo antimalarial activity of AASMP (4a,
4b, and 4e) was evaluated in a rodent model against MDR (chloroquine, meflo-
quine, and halofantrine) P. yoelii in BALB/c mice at three dose levels. In brief,
five mice (22 � 2 g) were inoculated intraperitoneally with 105 parasitized RBC
on day 0, and the compounds were administered after 6 h of parasite inoculation
via the intraperitoneal route. The treatment was continued once daily at each
dose level from days 0 to 3 via the intraperitoneal route. The compounds were
diluted in groundnut oil so as to obtain the required drug dose per animal in 0.2
ml volume. The parasitemia levels from individual mice were recorded in
Giemsa-stained thin blood smears on day 4. The mean value determined for a
group of five mice was used to calculate the percent suppression in parasitemia
with respect to the vehicle control group. �-
-Arteether-treated mice were used
as a positive control.

Statistical analysis. Data are shown as means � the standard error of the
mean (SEM). Statistical analysis was performed by using the Student t test or
analysis of variance. Wherever applicable, a P value of 
0.05 was considered as
statistically significant.

RESULTS

Chemistry. Our method (14) for the synthesis of AASMPs
involved S alkylation of different aryl or heteroaryl thiols using
carbinols 3a and 3b as the alkylating agents (Fig. 1). The
formation of a sulfur link between a diarylmethane and an aryl
or a heteroaryl ring can be achieved either by the nucleophilic
attack of an aryl or heteroarylthiolate anion on diarylmethyl
halides and diarylmethyl-p-tolylsulfonates or by protic or Lewis
acid-catalyzed condensation of diarylcarbinols with different
aryl or heteroarylthiols (6). Carbinols 3a and 3b were obtained
by the Grignard reaction of 4-methoxyphenylmagnesium bro-
mide 1 with pyridine-3-carbaldehyde and pyridine-2-aldehyde,
respectively. The S alkylation reactions on carbinols 3a and 3b
were achieved in the presence of anhydrous AlCl3 (1.1 eq) in
dry benzene at room temperature. However, in the case of S
alkylation of 2-mercaptobenzothiazole on carbinol 3a the re-
action was performed at reflux condition since 2-mercaptoben-

FIG. 1. Synthesis of AASMPs 4a to 4g. Reagents and conditions: dry tetrahydrofuran, room temperature, 1 h (a) and anhydrous AlCl3, dry
benzene, room temperature or reflux, 0.5 h (b).
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zothiazole is insoluble in benzene at room temperature. Al-
though in every case the reaction condition was like that of a
typical Friedel-Crafts alkylation reaction due to the higher
nucleophilicity of sulfur than that of aromatic ring carbon
atoms, nucleophilic attack occurred through sulfur. All of the
synthesized AASMPs (4a to 4g) are presented in Table 1.

Inhibition of hemozoin (�-hematin) formation. The synthe-
sized compounds were tested regarding whether they can inhibit
hemozoin formation in vitro. All AASMPs (4a to 4g) inhibited
hemozoin formation mediated by both MDR P. yoelii whole-cell
lysate and chloroquine-sensitive P. falciparum (NF-54) whole-cell
lysate (Table 1). The 50% inhibitory concentration (IC50) values
for the inhibition of hemozoin formation were in the range of 11
to 40 �M. The LogP and pKa values of AASMPs were calculated
for further characterization (Table 1).

Interaction of AASMP with heme. Drugs that inhibit hemo-
zoin formation generally interact with free heme. Since
AASMP inhibits hemozoin formation, we tested whether it
could interact with free heme. Although it is more difficult to

study the interaction of drugs with heme under the pH condi-
tions of the food vacuole due to the poor solubility of heme at
low pH, to get an accurate picture, the interaction of AASMPs
(4a, 4b, 4e, and 4f) with heme was determined at pH 5.2, thus
approximating the pH of the parasite food vacuole. A solution
of heme at pH 5.2 showed a broad peak at 362 nm, indicating
that dimers of the �-oxo type or the �-hematin type predom-
inate under our in vitro conditions (7, 32). The addition of
AASMPs clearly perturbed the heme spectrum (Fig. 2A, C, E,
and G), a finding indicative of an interaction between the
AASMP and the heme units. Titration with increasing amounts
of AASMPs into the heme solution produced spectra with a
well-defined isosbestic point in the Soret range, with reduction
in the heme Soret molar absorptivity, and a shift of the Soret
band to longer wavelengths. The binding of AASMPs to heme
was studied by optical difference spectroscopy (Fig. 2B, D, F,
and H). The apparent KD values for the binding of AASMPs to
heme, as calculated from the plot of 1/�A362 against
1/[AASMPs] were shown in the insets (Fig. 2B, D, F, and H).

TABLE 1. Synthesized AASMPs 4a to 4g

Serial
no. Compound

Structure

CS LogP � SDa CS pKa � SDb

(mol/liter)

Mean IC50 for
hemozoin formation

(�M) � SEM

Ar1 Ar2 P. yoelii
(MDR) NF-54

1 4a 3.05 � 0.79 5.11 � 0.73 11 � 4 18 � 4

2 4b 3.30 � 0.92 4.649 � 0.713 16 � 5 26 � 5

3 4c 3.55 � 0.95 5.09 � 0.76 40 � 10 20 � 6

4 4d 3.59 � 1.10 5.39 � 0.67 40 � 8 40 � 6

5 4e 4.49 � 1.09 5.71 � 0.85 40 � 5 20 � 4

6 4f 3.62 � 1.0 2.82 � 0.78 35 � 6 40 � 5

7 4g 3.20 � 0.87 3.47 � 0.62 40 � 8 40 � 8

a CS LogP, ChemSilico LogP.
b CS pKa, ChemSilico pKa.
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FIG. 2. Interaction of AASMPs with heme. (A, C, E, and G) Optical Soret spectroscopy for AASMP-hemin interaction at different concen-
trations of AASMP (5 to 40 �M) (i, 5 �M; f, 40 �M). (B, D, F, and H) Optical difference spectroscopy for AASMP-hemin complex formation
(i, 5 �M; f, 40 �M). The inset shows the plot of 1/�360 nm versus 1/[AASMP] to calculate the KD.
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The mean binding affinities (� the SEM) of AASMPs with
heme were determined to be as follows: 4a, 20 � 4; 4b, 26 �
6; 4c, 12 � 3; and 4f, 14 � 3. Of the KD values compared to the
AASMPs, 4e showed the highest affinity.

Inhibition of P. falciparum growth and development by
AASMP. In view of the observations that AASMP associates with
heme and inhibits hemozoin formation, it is expected that
AASMPs may show some antiplasmodial activity. Interestingly,
all AASMPs (4a to 4g) inhibited the growth of the malaria par-
asite concentration dependently, but 4a, 4b, and 4e were found to
be very potent (IC50 	 4 to 8 �M, P 
 0.001) (Table 2).

AASMP inhibits hemozoin formation in P. falciparum. The
AASMP concentration dependently also inhibited hemozoin
formation in the parasite (Fig. 3A) and increased the heme
content in the parasite (Fig. 3B), indicating that the inhibition
of hemozoin formation by AASMP may lead to the accumu-
lation of heme in the parasite.

Enhancement of oxidative stress in P. falciparum by
AASMP. The inhibition of hemozoin formation as a result of
heme interaction causes death of the parasite due to the ac-
cumulation of toxic free heme and the subsequent develop-
ment of the oxidative stress (28, 48). The AASMPs 4a, 4b, and
4e, which showed better antiplasmodial activity, were tested to
determine whether they can develop oxidative stress in P. fal-
ciparum. The GSH level and the formation of lipid peroxide

were measured at different concentrations, as indicated (Fig.
4). These selected AASMPs significantly decreased the GSH
level (Fig. 4A) and induced the formation of lipid peroxide
(Fig. 4B) in the parasite in a concentration-dependent manner.
H2O2 and ·OH are very important members of reactive oxygen
species, which cause oxidative stress under different situations.
To determine whether AASMPs via stimulating the accumu-
lation of intraparasitic H2O2 reduced the GSH level and stim-
ulated the lipid peroxidation, intraparasitic H2O2 level was
measured. Interestingly, these AASMPs also significantly (P 

0.001) increased the generation of intraparasitic H2O2 (Fig.
5A) and stimulated the generation of highly reactive ·OH in a
concentration-dependent manner (Fig. 5B).

AASMP reduces parasite-mitochondrial transmembrane
potential (��m). Generation of reactive oxygen species and
associated oxidative stress causes mitochondrial dysfunction
(4). In order to investigate whether oxidative stress induced by
AASMP can lead to mitochondrial dysfunction in malaria par-
asite, alteration of mitochondrial membrane potential (��m), a
marker for dysfunction, was measured. The ��m was investi-
gated by using membrane potential sensitive dye, JC1
(5,5�,6,6�-tetrachloro-1,1�,3,3�-tetraethylbenzimidazolcarbo-
cyanine iodide). In intact healthy mitochondria with higher
��m, JC1 would be accumulated in mitochondrial matrix to
form J-aggregate, showing intense fluorescence at 590 nm.
Mitochondria with open transition pores would be at low ��m,
and the accumulation of JC1 would be less in the matrix,
leading to less availability of JC1 to form aggregates, showing
weak fluorescence at 590 nm. Both fluorescence-activated cell
sorting (Fig. 6A) and fluorescence microscopic (Fig. 6B) stud-
ies were done to measure the ��m in the presence or absence
of the most effective AASMP (4e). Compound 4e effectively
decreased the ��m (Fig. 6Ab) compared to the control (Fig.
6Aa). Fluorescence microscopic analysis clearly indicated that
the formation of J-aggregate (red fluorescence, 590 nm) (Fig.
6Ba) or the ratio of 590 nm to 530 nm (Fig. 6Bc) in the
trophozoite-infected red cell (control) was higher than that for
4e or antimycin A (positive control)-treated trophozoite-in-

TABLE 2. Effect of AASMPs on P. falciparum growth as measured
by [3H]hypoxanthine uptake

Compound [3H]hypoxanthine uptake
(mean IC50 [�M] � SEM)a

4a ............................................................................... 5 � 1*
4b ............................................................................... 8 � 2*
4c................................................................................20 � 6†
4d ...............................................................................12 � 4†
4e ............................................................................... 4 � 0.5*
4f ................................................................................12 � 2*
4g ...............................................................................20 � 7†

a *, P 
 0.001; †, P 
 0.002.

FIG. 3. AASMP inhibits hemozoin formation and favors the accumulation of heme in the parasite. Hemozoin formation (A) and heme content
(B) in P. falciparum were measured in the presence or absence of AASMP as described in Materials and Methods. Values presented are mean �
the SEM. *, P 
 0.002; **, P 
 0.001 (versus the control).
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fected red cells. In contrast, the green fluorescence (JC1
monomer, 530 nm) was much less in the control compared to
4e or antimycin A-treated cells (Fig. 6Bb). Thus, AASMP
alters the mitochondrial potential of the malaria parasite.

Critical role of reactive oxygen species for AASMP-induced
parasite growth inhibition. In order to assess whether the
oxidative stress induced by AASMP is actually responsible for
the inhibition of parasite growth, the effect of different antiox-
idant or ·OH scavengers, such as mannitol and spin traps like
PBN, was studied on AASMP-induced P. falciparum death.
The results indicated that ·OH scavengers significantly (P 

0.05) protected P. falciparum from AASMP-induced growth
inhibition (Fig. 7).

In vitro cytotoxicity evaluation of selected active com-
pounds. Thus far, we have demonstrated that AASMP offers an
antimalarial effect by enhancing oxidative stress in P. falciparum.
However, AASMP has a pyridine moiety and is highly hydropho-
bic, which may lead to damaging the RBC membrane. Thus, we
investigated whether AASMP has any specificity toward the ma-
laria parasite or whether it lyses any type of biological membrane,
including the RBC membrane. The normal uninfected RBC were
incubated with AASMP at different concentrations. After incu-
bation, RBC were infected with P. falciparum-infected erythro-
cytes, and the uptake of [H3]hypoxanthine was monitored. The
incorporation of [H3]hypoxanthine in P. falciparum cultured in

RBC treated with different concentrations of AASMP (4b and
4e) was comparable to that of the control (Fig. 8). These results
suggested that AASMPs at up to 40 �M did not affect the ability
of RBC to support parasite invasion and growth. Therefore, it can
be concluded that AASMP does not affect the viability of the
RBC and that its antimalarial action is specific to the parasite
only. We also evaluated the toxicity of AASMPs on nucleated
proliferating mammalian MCF-7 cells. MCF-7 cells were incu-
bated with 10 to 1,000 �M AASMPs, and MTT oxidation was
monitored to determine the viability. Again, AASMP did not
show any significant toxicity in mammalian nucleated cells also,
and the selectivity index was greater than 100 (Table 3).

In vivo antimalarial activity against the malaria parasite
MDR P. yoelii. In vitro antimalarial activity of AASMP encour-
aged us to evaluate the effect of AASMP against multidrug
resistant rodent malarial parasite MDR P. yoelii in vivo. Inter-
estingly, AASMP showed antimalarial activity in vivo. Com-
pound 4a suppressed the day 4 mean parasitemia by 20, 30, and
60% at doses of 10, 25, and 50 mg/kg, respectively (Table 4).
Compound 4b suppressed the day 4 mean parasitemia by 30,
50, and 80% at doses of 25, 50, and 100 mg/kg, respectively
(Table 4). Compound 4e suppressed the day 4 mean para-
sitemia by 40, 65, and 85% at dose levels of 10, 25, and 50
mg/kg, respectively (Table 4). Thus, 4a or 4b was effective, but
4e was found to be comparatively much more effective at low

FIG. 4. Enhancement of oxidative stress in P. falciparum by AASMP. (A and B) The percent alteration of GSH (relative to the control) (A) and
lipid peroxide (B) in P. falciparum was measured at different concentrations of AASMP as indicated. Values are means � the SEM. *, P 
 0.05;
**, P 
 0.002; ***, P 
 0.001 (versus the control).

FIG. 5. AASMP stimulates the generation of intraparasitic H2O2 and ·OH. The levels of H2O2 (A) and ·OH (B) in P. falciparum were measured
at different concentrations of AASMP as indicated. Values are means � the SEM. ***, P 
 0.001 (versus the control).
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concentrations in demonstrating an antimalarial effect in vivo
in the rodent model.

DISCUSSION

Evidence has been presented to show that AASMP has
antiplasmodial activity. The mechanistic studies reveal that it
effectively inhibits hemozoin formation and induces oxidative
stress in the malaria parasite to inhibit P. falciparum growth.
The data indicate that this novel class of antimalarial shows
selective activity against the malaria parasite with a selectivity
index of greater than 100 and offers antimalarial activity in vivo
in the rodent model.

Compounds that inhibit hemozoin formation usually inter-
act with heme. The addition of AASMP clearly perturbed the
heme spectrum, a finding indicative of an interaction between
the AASMP and the heme units. The spectral changes of
heme-AASMP mixtures were similar to those observed for
molecular complex formation between metalloporphyrines and
other aromatic molecules involving a cofacial �-� interaction
(67).

Although all synthesized compounds showed antiplasmodial
activity, compounds 4c, 4f, or 4g showed higher IC50 values
than compounds 4a, 4b, 4c, 4d, and 4e. The reason for the

FIG. 6. AASMP reduces the mitochondrial transmembrane potential of the malaria parasite. (A) Fluorescence-activated cell sorting analysis
of the mitochondrial transmembrane potential in control (a) and AASMP (4e)-treated (b) trophozoite-infected red cells as described in Materials
and Methods. (B) Fluorescence microscopic analysis of transmembrane potential in control and 4e- and antimycin A (10 �M)-treated trophozoite-
infected red cells. (a) Panel for J-aggregate formation (emission, 590 nm); (b) panel for JC1 monomer (emission, 530 nm); (c) panel for 590 nm/530
nm ratio (merged).

FIG. 7. Effect of ·OH scavengers on AASMP-induced growth inhi-
bition of P. falciparum. P. falciparum growth was measured as the
[3H]hypoxanthine uptake in the presence or absence of ·OH scaven-
gers during AASMP (4e, 40 �M) treatment as described in Materials
and Methods. P. falciparum culture (4% parasitemia) was treated with
AASMP (4e), along with PBN (40 mM) or mannitol (10 mM) for 48 h.
The data presented are means � the SEM (n 	 6). ***, P 
 0.001
(versus control); ###, P 
 0.05 (versus treated).

FIG. 8. Toxicity of selected active compounds (4b and 4e) toward
RBC. Fresh and uninfected human B� RBC were incubated with the
indicated concentrations of AASMP for 24 h. After the completion of
incubation, the cells were washed three times with CRPMI medium
and infected with P. falciparum culture. [3H]hypoxanthine uptake was
studied as described in Materials and Methods. The incorporation of
[3H]hypoxanthine is presented in counts per minute. The data pre-
sented are mean � the SEM (n 	 6). *, P 
 0.02; **, P 
 0.05 (versus
the control).
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higher IC50 values for 4f or 4g is probably due to less accumu-
lation in the parasite food vacuole by pH trapping for higher
pKa values. LogP and pKa values of AASMPs (4a, 4b, 4c, 4d,
and 4e) are suitable for the accumulation in the food vacuole
of the parasite through pH trapping since the pKa values are
close to or little greater than the pH (pH 4.5 to 5.2) of the
parasite food vacuole. However, the pKa values of compounds
4f and 4g (Table 1) are not suitable for the accumulation in the
food vacuole of the parasite through pH trapping, but we
cannot exclude some other mechanism by which these two
compounds may enter in the food vacuole.

The possible mechanism by which AASMP develops oxida-
tive stress and parasite death is mediated through its inhibitory
effect on hemozoin formation. The inhibition of hemozoin
formation causes death of the parasite due to the accumulation
of toxic free heme (28). Free heme can damage cellular me-
tabolism of the malaria parasite by inhibiting enzymes, pro-
moting the peroxidation of membranes and the production of

reactive oxygen species in the acidic environment of the food
vacuole (29, 30, 48). It also well known that the malaria para-
site is very much susceptible to oxidative stress (11, 21, 73).
Inhibition of heme detoxification function is known to kill the
parasite through membrane lysis and the interference of other
vital functions (20, 40, 60).

Our studies indicate that AASMP-induced oxidative stress is
associated with the reduction of ��m. The loss of ��m is
considered one of the most significant events in the oxidative
stress-mediated mitochondrial pathway of cell death (27, 47,
74). It is already known that the alteration of ��m in the
malaria parasite causes mitochondrial dysfunction, which may
lead to parasite death. Atovaquone, a well-known antimalarial,
inhibits parasite growth that reduces mitochondrial membrane
potential (34, 57).

If AASMP inhibits P. falciparum growth through the induc-
tion of oxidative stress, antioxidant treatment should protect
the parasite from AASMP-induced parasite death. ·OH scav-
engers and spin traps remarkably protected P. falciparum from
growth inhibition. Since PBN or mannitol significantly pro-
tected (50 to 57%) P. falciparum from AASMP-induced
growth inhibition, it can be suggested that ·OH is the major
reactive oxygen species generated by AASMP to offer antima-
larial effect. Since PBN or mannitol can scavenge ·OH and did
not offer 100% protection, we cannot rule out the role of H2O2

or other reactive oxygen species for AASMP-induced parasite
growth inhibition.

Interestingly, this class of compound exhibits acceptable se-
lectivity against the malaria parasite and shows antimalarial

TABLE 3. In vitro cytotoxicity against nucleated proliferating
mammalian cells (MCF-7) of selected active compounds

4a, 4b, and 4e and against P. falciparum (NF-54)

AASMP MCF-7 (mean IC50
[�M] � SEM) MCF-7/NF-54 SI

a

4a 1,000 � 60 200
4b 1,000 � 50 125
4e 650 � 20 163

a SI, selectivity index, calculated as cytotoxicity IC50/antiplasmodial IC50.

TABLE 4. Antiplasmodial activity of AASMPs (4a, 4b, and 4e) against MDR strain P. yoelii in BALB/c mice

Compound Structure
Dose (mg/kg)

daily for 4
days

Mean % suppressiona

of parasitemia �
SEM on day 4

4a 10 20 � 4

25 30 � 5

50 60 � 7

4b 25 30 � 4

50 50 � 7

100 80 � 6

4e 10 40 � 3

25 65 � 6

50 85 � 5

Vehicle 0 0

a Percent suppression was calculated as [(C � T)/C] � 100, where C is the parasitemia in the control group, and T is the parasitemia in the treated group.
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activity in vivo against the MDR rodent malaria parasite P.
yoelii. In conclusion, this study has identified AASMP as a new
class of TRSMs with antiplasmodial activity both in vitro and in
vivo.
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