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The emergence of multidrug-resistant parasites is a major concern for malaria control, and development of
novel drugs is a high priority. Curcumin, a natural polyphenolic compound, possesses diverse pharmacological
properties. Among its antiprotozoan activities, curcumin was potent against both chloroquine-sensitive and
-resistant Plasmodium falciparum strains. Consistent with findings in mammalian cell lines, curcumin’s prooxi-
dant activity promoted the production in P. falciparum of reactive oxygen species (ROS), whose cytotoxic effect
could be antagonized by coincubation with antioxidants and ROS scavengers. Curcumin treatment also
resulted in damage of both mitochondrial and nuclear DNA, probably due to the elevation of intracellular ROS.
Furthermore, we have demonstrated that curcumin inhibited the histone acetyltransferase (HAT) activity of
the recombinant P. falciparum general control nonderepressed 5 (PfGCN5) in vitro and reduced nuclear HAT
activity of the parasite in culture. Curcumin-induced hypoacetylation of histone H3 at K9 and K14, but not H4
at K5, K8, K12, and K16, suggested that curcumin caused specific inhibition of the PfGCN5 HAT. Taken
together, these results indicated that at least the generation of ROS and down-regulation of PfGCN5 HAT
activity accounted for curcumin’s cytotoxicity for malaria parasites.

The increasing burden of malaria partially due to parasite
drug resistance demands continued and sustained improve-
ment in antimalarial medicines through focused research and
development. With the increasing awareness of the signifi-
cance of natural medicinal plants, considerable efforts have
been undertaken towards discovery of natural compounds for
malaria chemotherapy (42). Amazingly, some natural com-
pounds such as quinine, artemisinin, and their derivatives still
remain the most effective antimalarial drugs. It is anticipated
that modern approaches will facilitate the discovery and de-
velopment process of natural antimalarial medicines (39).

Curcumin (diferuloylmethane) is a natural polyphenolic
compound abundant in the rhizome of the perennial herb
turmeric, Curcuma longa Linnaeus. It is widely used as a di-
etary spice and coloring in cooking and as a herb in traditional
Indian medicine (41). Curcumin exhibits a wide range of phar-
macological activities, including anti-inflammatory, anticarci-
nogenic, and anti-infectious activities. The anti-inflammatory
and anticarcinogenic effects of curcumin largely depend on its
antioxidant activity. In addition, curcumin possesses activities
against bacteria, fungi, and protozoa. Cytotoxic and parasiti-
cidal effects of curcumin on protozoan parasites have been
demonstrated in cultures against Leishmania, Trypanosoma,
Giardia, and Plasmodium falciparum (23, 33, 34, 37, 40). In
vivo, curcumin also displayed potent activity against Plasmo-
dium berghei, and it was synergistic with artemisinin (32, 38).
Although curcumin’s pharmacological activities may be par-

tially attributed to its inhibition of several cell signaling path-
ways and cellular enzymes in various biological systems (19),
the molecular mechanism of the parasiticidal activity remains
to be explored.

In eukaryotes, the packaging of genomic DNA into chroma-
tin has functional significance for many cellular processes, in-
cluding transcription, DNA replication, and repair (13). Nu-
cleosome, the building block of chromatin, contains two copies
of histones H2A, H2B, H3, and H4. Among the various post-
translational modifications of histone tails that confer epige-
netic regulation of gene expression, histone lysine acetylation
is the most extensively studied. Histone acetylation is catalyzed
by histone acetyltransferases (HATs), and its removal by his-
tone deacetylases (HDACs). Research in this field has estab-
lished the fundamental importance of histone acetylation in
development and revealed its great potential as a novel ther-
apeutic target. To date, a number of HDAC inhibitors have
already been in clinical trials for anticancer therapy (29). Like
other eukaryotes, malaria parasites have a typical chromatin
structure and encode multiple HATs and HDACs (12, 31).
The P. falciparum general control nonderepressed 5 (PfGCN5)
is a HAT that preferentially acetylates K9 and K14 of histone
H3 (12). The importance of epigenetics in malaria parasite
development suggests that pathways involved in parasite chro-
matin modifications may be practical drug targets (36). Indeed,
drugs that act on HDACs and interfere with histone acetyla-
tion in the parasites have strong antiparasitic effects (2, 10, 28).
In search of HAT inhibitors, curcumin has been recognized as
an inhibitor of the HAT p300/CREB-binding protein (CBP)
(4), suggesting that its effect on HATs may partially account
for its biological activities in different systems. Interestingly,
the inhibitor activity of curcumin on HAT is selective, since it
does not inhibit the p300/CBP-associated factor of the GNAT
(Gcn5-related acetyltranferase) superfamily of HATs (4).

* Corresponding author. Mailing address: Department of Entomol-
ogy, The Pennsylvania State University, 501 ASI Building, University
Park, PA 16802. Phone: (814) 863-7663. Fax: (814) 865-3048. E-mail:
Luc2@psu.edu.

† These authors contributed equally to the work.
� Published ahead of print on 4 December 2006.

488



To address the anti-Plasmodium effect of curcumin, we have
evaluated the dose-dependent activity of curcumin on P. fal-
ciparum in in vitro culture. In this paper, we report that cur-
cumin is potent against both chloroquine (CQ)-susceptible
(CQS) and -resistant (CQR) P. falciparum strains, and the
parasiticidal effect is at least partially due to the generation of
reactive oxygen species (ROS), and down-regulation of the
PfGCN5 HAT activity.

MATERIALS AND METHODS

Parasites and culture. Two CQS (3D7 and D10) and two CQR strains (Dd2
and 7G8) of P. falciparum were obtained from the malaria reagent depository
MR4 (ATCC, Manassas, VA). Parasites were grown in human O� erythrocytes
at 5% hematocrit in a complete medium (RPMI 1640 medium supplemented
with 25 mM HEPES, pH 7.5, 25 mM sodium bicarbonate, 50 mg/liter hypoxan-
thine, 0.5% Albumax II, and 40 �g/ml gentamicin sulfate) (44). Cultures were
maintained at 37°C in a gas mixture of 5% CO2 and 3% O2. Synchronization was
done twice at the ring stage by 5% sorbitol treatment (24).

Susceptibility of P. falciparum to curcumin in vitro. A stock solution of cur-
cumin (Sigma, St. Louis, MO) was made in dimethyl sulfoxide (DMSO) at 100
mM. The effect of curcumin on parasite in vitro growth was tested using a
standard [3H]hypoxanthine labeling method (11, 30) with serial dilutions of the
drug to final concentrations of 5 to 60 �M. Briefly, ring-stage parasite culture was
diluted to 1% parasitemia and 5% hematocrit in a complete low-hypoxanthine
medium (5 mg/liter hypoxanthine) and seeded in triplicate in 96-well flat-bottom
plates. Curcumin or DMSO was added to 200 �l of culture and incubated at 37°C
for 24 h. Subsequently, 100 �l supernatant was replaced with an equal volume of
complete low-hypoxanthine medium containing 1 �Ci of [3H]hypoxanthine
(Amersham, Piscataway, NJ). The culture was incubated for another 20 h and
harvested onto glass-fiber filters using a cell harvester. The filters were counted
using a TriLux microbeta counter (Perkin-Elmer, Wellesley, MA), and the value
from uninfected red blood cell control was subtracted from the experimental
values. Inhibitory concentration (IC) values were calculated by a linear regres-
sion method using KaleidaGraph version 3.5 (Synergy Software, Reading, PA).
The 95% confidence intervals of the IC values were calculated using the inverse
prediction from the linear equation. To determine the long-term effects of
concentrations of curcumin below the 50% inhibitory concentration (IC50) on
parasite growth, equal numbers of parasites were seeded in 24-well plates at
0.5% parasitemia and 5% hematocrit. Two parasite strains (3D7 and 7G8) were
treated with or without 5 or 20 �M curcumin. Parasitemia was determined daily
for 4 days by counting Giemsa-stained slides.

Measurement of intracellular ROS. The effect of curcumin on the level of
intracellular ROS was measured by the alteration of fluorescence resulting from
oxidation of 29,79-dichlorofluorescein diacetate (DCFH-DA) (Molecular
Probes, Eugene, OR) (25). Although DCFH-DA is generally thought to react
with various types of ROS and used to study oxidative stress in cells, an in vitro
study showed that H2O2 is the major ROS that oxidizes DCFH-DA (25). There-
fore, DCFH-DA may detect only part of the ROS induced by curcumin. A
DCFH-DA stock of 100 mM was made in DMSO. Cells were incubated with 50
�M DCFH-DA at 37°C for 30 min, washed with RPMI 1640 medium, and
treated with different concentrations of curcumin for 4 h in the absence or
presence of antioxidants (ascorbic acid and reduced glutathione) or an ROS
scavenger, mannitol. The intensity of fluorescence was determined by flow cy-
tometry with an excitation filter at 485 nm and an emission filter at 535 nm. The
ROS level was calculated as the mean fluorescence intensity of exposed para-
sites.

The antagonistic effect of mannitol against curcumin in parasite culture was
estimated using a parasite maturation assay (43). Synchronized ring-stage para-
sites were incubated with 50 �M curcumin in 24-well plates with increasing
concentrations of mannitol. At the moment when schizonts were mature in the
control, the numbers of schizonts in 5,000 red blood cells in each of the control
and treated wells were counted.

Effect of curcumin on HAT activity. The effect of curcumin on PfGCN5 HAT
activity was tested using an in vitro HAT assay (4, 12). Briefly, 1 �g of bovine core
histones and 30 ng of purified recombinant PfGCN5 HAT domain (recombinant
GCN5 [rGCN5]) were incubated in HAT buffer in the absence or presence of
curcumin at 30°C for 10 min (12). The reaction mixtures were further incubated
with 0.1 �Ci of [3H]acetyl coenzyme A (Amersham) for 10 min. Half of the
reaction mixture was blotted onto P-81 filters (Whatman, Florham Park, NJ),
washed with 50 mM NaHCO3-Na2CO3 buffer (pH 9.2), dried, and the radioac-

tive counts were determined with a Beckman Coulter scintillation counter. The
other half was separated by 15% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and processed for fluorography (12).

To study the inhibition of PfGCN5 by curcumin in cultured parasites, P.
falciparum 3D7 trophozoites were treated with 25, 50, or 100 �M curcumin for
8 h. To measure the effects of ROS scavengers on parasite HAT activity, tro-
phozoites were treated with 50 �M curcumin in the presence or absence of 300
�M mannitol, 5,000 units/ml catalase (CAT), or 400 units/ml superoxide dis-
mutase (SOD) (Sigma) for 8 h. Nuclear extracts were prepared from 3 � 108

parasites for each treatment. Parasite pellet released from saponin treatment was
resuspended in 100 �l of hypotonic buffer A (10 mM HEPES, pH 7.9, 1.5 mM
MgCl2, 10 mM KCl, 0.5 mM dithiothreitol, 0.5 mM EDTA, and 1% protease
inhibitor cocktail) for 10 min on ice. Nuclei were harvested by centrifugation at
10,000 � g for 2 min. The nuclear pellet was resuspended in 50 �l of buffer B (20
mM HEPES, pH 7.9, 10% glycerol, 200 mM KCl, 0.5 mM dithiothreitol, 0.5 mM
EDTA, 1% protease inhibitor cocktail, and 0.5% NP-40) and ground with a
Dounce homogenizer. Nuclear extracts were collected after centrifugation at
10,000 � g for 10 min at 4°C. HAT activity of nuclear extracts was determined
essentially as described above using 5 �l of nuclear extract and 1 �g of purified
recombinant P. falciparum H3 (PfH3) as the substrate (31).

Effect of curcumin on histone acetylation. To determine whether inhibition of
PfGCN5 by curcumin in cultured parasites leads to the change of histone acet-
ylation, unsynchronized 3D7 parasites were treated with 20 �M curcumin for 4
or 12 h. Aliquots of the same culture were treated with or without 20 �M
curcumin beginning at 0 and 8 h, respectively, and parasites were harvested at
12 h. Histones were extracted from parasites using an acid extraction method
(31). Equal amounts of histones were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and immunoblotted with a panel of antibod-
ies specific for histone acetylation on different lysine residues (Upstate Biotech-
nology, Charlottesville, VA).

Measurement of curcumin-induced DNA damage. To determine whether
curcumin-induced ROS causes mitochondrial DNA (mtDNA) and nuclear DNA
(nDNA) damage, a real-time PCR was performed by the method of Yakes and
van Houten (45). This technique is based on the principle that lesions in the
target DNA block the progression of DNA polymerase and thus are inversely
proportional to the amplification efficiency. For this experiment, early tropho-
zoites in 2 ml of complete medium were seeded in 24-well plates at 5% para-
sitemia and 5% hematocrit and treated with curcumin or DMSO control for 6 h
at 37°C. Genomic DNA was isolated from parasite pellets using a proteinase K
digestion and phenol-chloroform extraction method (8). DNA concentrations
were accurately determined by dot blot analysis. Blotting of serially diluted DNA
onto a nylon membrane, labeling of 3D7 genomic DNA with [32P]dATP by a
random priming protocol, and molecular hybridization were performed as pre-
viously described (8). The hybridization intensity of each dot was measured using
a phosphorimager (Molecular Dynamics, Piscataway, NJ). All DNA samples
were subsequently adjusted to a final concentration of 50 ng/�l. For mtDNA
damage, primers (5�-GGTCATTGATCATTACAT-3� and 5�-TACATGACTA
ATTACTCC-3�) were designed to amplify a 214-bp fragment corresponding to
2615 to 2829 of the mtDNA sequence. For nDNA damage, primers (5�-AA
AGGAGGGAATCCTGAC-3� and 5�-CAACATCAGCATTCTTGTC-3�) were
used to amplify a 196-bp fragment of the seryl-tRNA synthetase gene
(PF07_0073). Real-time PCR was performed on Opticon DNA Engine II (Bio-
Rad, Hercules, CA) using a SYBR green PCR kit (Roche Applied Science,
Indianapolis, IN) with 1 ng of DNA from each sample (31). The cycle threshold
(CT) was defined as the cycle number at which the change of fluorescence in the
reaction exceeds 10 standard deviations above the mean fluorescence between
cycles 3 and 7. Since we wanted to determine the relative amount of amplifiable
targets in the samples, a relative quantification method was used and increase in
DNA lesions was expressed as 2�CT(control) � CT(curcumin treated)], where CT(control) is the
CT of the control and CT(curcumin treated) is the CT of the curcumin-treated
sample. The amplification efficiency from the control was arbitrarily set at 1.

Detection of curcumin-induced DNA double-strand breaks. Ring-stage para-
sites were treated with 20 or 50 �M curcumin with or without 400 �M mannitol
for 12 h in a 24-well plate. Parasites were purified with Percoll and adhered to
poly-L-lysine-treated slides. Parasites containing apoptotic nuclei were labeled by
in situ terminal deoxynucleotidyltransferase-mediated dUTP-nick end labeling
(TUNEL) using the ApoAlert DNA fragmentation assay kit (Clontech, Moun-
tain View, CA) according to the manufacturer’s instructions. Fragmented DNA
was labeled with fluorescein-dUTP, and parasites were counterstained with pro-
pidium iodide. Slides were viewed with a Nikon fluorescence microscope, and
300 cells were counted for each treatment to calculate the percentage of fluo-
rescein-labeled cells. Each treatment was performed in three replicate samples.
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Statistical analysis. All experiments were performed in triplicate. The effects
among treatments in each experiment were compared using Tukey’s pairwise t
test.

RESULTS

Parasiticidal effect of curcumin on P. falciparum strains.
Curcumin was a potent inhibitor for both CQS and CQR
parasite strains with IC50s in the 20 to 30 �M range (Table 1).
The difference in IC values between parasite strains was prob-
ably due to their divergent genetic backgrounds. The long-term
growth inhibition effect of curcumin was further tested on two
parasite strains at 5 and 20 �M (Fig. 1). These concentrations
of curcumin greatly inhibited the growth of parasites of both
strains 3D7 and 7G8. In the presence of 20 �M curcumin,
there was only a threefold increase in parasitemia by day 4,
whereas there was a �15-fold increase in the controls. When
synchronized late ring-stage parasites were treated with 20 �M
curcumin, gross morphological changes of the parasites were
not observed at 12 h. At later times, the development of the
parasites was retarded and became less synchronous. At 50
�M, curcumin had more profound effects on parasite morphol-
ogy even at 12 h (data not shown).

Curcumin affects intracellular ROS levels. Curcumin has
both antioxidant and prooxidant properties depending on its
concentration. Its cytotoxic activity on many cancer cells is
attributed to its prooxidant activity through the generation of
ROS (5). Since the ROS types detected by DCFH-DA in cells
are not completely clear, this study determined the DCFH-
DA-measurable ROS induced by curcumin in the parasite. At
lower concentrations (�1 �M), curcumin slightly reduced in-
tracellular ROS levels (Fig. 2A), whereas at higher concentra-
tions, it promoted intracellular ROS levels in a concentration-
dependent manner (Fig. 2B). Apparently, P. falciparum was
more sensitive than some mammalian cells, since a curcumin
concentration as low as 1 �M had already resulted in the
elevation of intracellular ROS. Furthermore, curcumin-in-
duced increase of intracellular ROS could be attenuated by
both antioxidants and ROS scavengers. Coincubation with 50
�M mannitol diminished the curcumin-induced ROS level
(Fig. 2C). Similarly, 1 mM (each) of ascorbic acid and reduced
glutathione also reduced the ROS level to that of controls (Fig.
2C). To determine whether this attenuation of curcumin-in-
duced ROS could lead to improved parasite growth, we com-
pared parasite development after treatment with 50 �M cur-
cumin and different concentrations of mannitol using a
parasite maturation assay. The results showed that mannitol
alone did not significantly improve the development of un-
treated parasites, but it improved the growth of curcumin-

treated parasites in a concentration-dependent way (Fig. 2D).
Whereas treatment with 50 �M curcumin nearly completely
blocked parasite maturation, coincubation with 300 or 400 �M
mannitol restored the parasite growth almost to the levels of
the controls. This suggests that high concentrations of manni-
tol protected the parasites from all DCFH-DA-measurable
ROS.

Curcumin inhibits GCN5 HAT activity. Curcumin was
shown to inhibit the p300/CBP HAT activity in vitro and in vivo
(4, 22). To determine whether curcumin could inhibit the
GNAT superfamily member HAT PfGCN5, we performed an
in vitro HAT assay using rGCN5 (12) in the presence of dif-
ferent concentrations of curcumin. As shown in Fig. 3, curcu-
min strongly inhibited the activity of rGCN5 with an IC50 of
	48 �M. The presence of 100 �M curcumin abolished 95% of
the HAT activity. When the HAT assays were performed with
50 �M curcumin alone or 50 �M curcumin plus 300 �M
mannitol, 5,000 units/ml CAT, or 400 units/ml SOD, no signif-
icant effect was observed on rGCN5 activity (data not shown),
suggesting that curcumin inhibits rGCN5 directly or that the
activities of these anti-ROS agents on curcumin require intra-
cellular environments.

Curcumin affects histone acetylation in cultured parasites.
We determined the effect of curcumin on PfGCN5 in the
parasite using a liquid HAT assay with parasite nuclear extract
and recombinant PfH3. The results showed that brief treat-
ment of the parasite culture for 8 h with 25 to 100 �M curcu-
min significantly reduced the HAT activity in the parasite nu-
clear extracts (Fig. 4A). This effect of curcumin on nuclear
HAT activity could also be antagonized by treatment with
mannitol, CAT, and SOD (Fig. 4B). Inclusion of each of these

FIG. 1. Effects of curcumin on in vitro growth of P. falciparum
strains 3D7 and 7G8. Synchronized parasites at the ring stage were
treated with 5 or 20 �M curcumin. Parasitemia was determined daily.
Each point represents the mean of three replicate samples.

TABLE 1. Sensitivities of four P. falciparum strains to curcumin in vitro

Parasite
strain IC50 (�M)a IC90 (�M)a

3D7 24.69 
 0.47 A 44.45 
 0.52 A
D10 22.93 
 0.40 B 41.27 
 0.43 B
7G8 29.61 
 0.66 C 53.29 
 0.76 C
Dd2 27.45 
 0.65 D 49.42 
 0.74 D

a IC50 and IC90 values are shown as means 
 95% confidence intervals. In the
same column, values labeled with different letters are significantly different at
P � 0.05 (Tukey’s t test).
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compounds in the culture medium with 50 �M curcumin re-
stored nuclear HAT activity to different levels. Mannitol
had the highest activity, owing probably to its ability to enter
the cells. Since PfH3 is the preferred substrate of PfGCN5,
the HAT inhibitor activity of curcumin probably acts on the
PfGCN5 in vivo.

To more conclusively show selective inhibition of PfGCN5

by curcumin, we evaluated the levels of histone acetylation in
P. falciparum using acetylation-specific antibodies. The results
showed that treatment with 20 �M curcumin did not cause
noticeable changes in the acetylation of H4 in vivo (Fig. 5).
Similar levels of acetylation of H3-K9 and H3-K14 were also
observed between control and treated parasites at 4 h, but
hypoacetylation at these sites became apparent in curcumin-
treated parasites at 12 h. Coincubation with mannitol in-
creased acetylation at these two lysines, although the acetyla-
tion levels were not completely restored. This suggests that
curcumin-induced H3 hypoacetylation only partially resulted
from elevated intracellular ROS levels.

Curcumin results in parasite DNA damage. To investigate
whether treatment with curcumin causes nDNA and mtDNA
damage, we quantified lesions in parasite DNA by real-time
PCR. The DNA concentration in each sample was accurately
determined by dot blot analysis, and the same amount was
used for real-time PCR analysis. The results showed that treat-
ment with increasing concentrations of curcumin for 6 h
caused a gradual increase of the CT value of the real-time
PCR, indicating increased DNA lesions in the target sequences
of both mtDNA and nDNA (Fig. 6). We noted that curcumin
at a concentration of �40 �M caused more severe damage to
mtDNA than to nDNA. To further demonstrate that curcumin
causes DNA double-strand breaks in parasites, we performed
in situ TUNEL analysis of parasites. Although we did not
observe any apparent morphological changes in parasites after

FIG. 2. (A) Antioxidant activity of curcumin at concentrations of �1 �M. The y axis indicates the fluorescence intensity of the parasites after
treatment with different concentrations of curcumin. (B) Concentration-dependent prooxidant activity of curcumin and elevation of intracellular
ROS levels in P. falciparum. (C) Effects of antioxidants and mannitol on the attenuation of curcumin-induced intracellular ROS. C, 50 �M
curcumin; C�M, 50 �M curcumin plus 50 �M mannitol; C�VC�G, 50 �M curcumin plus 1 mM vitamin C plus 1 mM reduced glutathione. Bars
labeled with different letters indicate significant differences at P � 0.001 (Tukey’s HSD test). (D) Effect of mannitol on curcumin-induced parasite
growth arrest. The y axis indicates the mean number of schizonts from three replicate samples in 5,000 red cells, while the x axis indicates different
treatments (�, present; �, absent). Bars labeled with different letters are significantly different (Tukey’s pairwise t test, P � 0.05). Standard
deviations were calculated from three experiments.

FIG. 3. Inhibition of recombinant PfGCN5 activity by curcumin.
HAT assay was performed with rGCN5 in the presence or absence of
curcumin using bovine core histones as substrates. DMSO was in-
cluded as the solvent control. The IC50 calculated from this experiment
was 	48 �M. The means plus standard deviations (error bars) from
three replicate samples are shown.
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treatment with 20 �M curcumin for 12 h, significantly more
parasites were labeled in the treated parasites than in the
control parasites (P � 0.001, Tukey’s honestly significant dif-
ference [HSD] test), indicative of an increase in drug-induced
DNA breaks. However, nDNA laddering in treated parasites
was not observed (data not shown).

DISCUSSION

Curcumin has been the subject of intensive research due to
its diverse pharmacological activities and proven biosafety
(41). As a natural antioxidant, curcumin scavenges ROS and
has anticarcinogenic activity (19). However, at higher concen-
trations or under certain conditions (e.g., in the presence of
transition metal ions), curcumin also exhibits prooxidant prop-
erties and promotes ROS generation mainly in the form of
hydroxyl radicals (1, 17). This cytotoxic property of curcumin
and its ability to induce apoptosis of tumor cells are explored
extensively in anticancer therapy (41). Here we demonstrated
parasiticidal activity of curcumin against both CQS and CQR

P. falciparum. This inhibitory effect is dosage dependent and
evidenced by growth retardation, lack of maturation of para-
sites, and a decline of parasitemia. The difference in IC50

between our results and the results of others could be due to
variations in culture conditions, parasite genetic background,
developmental stages, drug purity, solvents for dissolving the
drug, etc. Further, we have shown that constant exposure of
the parasites to sub-IC50 doses of curcumin in vitro strongly
inhibited parasite growth, leading to a sustained reduction in
parasitemia. This is particularly relevant, since curcumin nor-
mally has low oral bioavailability. In this context, the synergis-
tic effect of orally delivered curcumin with artemisinin in pro-
tecting mice against P. berghei is quite promising (32).

Curcumin-induced ROS production is linked directly to
cytotoxicity through damage of proteins, DNA, and lipids, of-
ten resulting in cell death (5, 15). We have shown that curcu-
min treatment damaged mtDNA and nDNA, readily detect-
able by quantitative PCR and TUNEL analysis. However,
DNA damage was atypical of apoptosis, without DNA ladder
formation. This could be due to the lack in malaria parasites of
a histone variant H2AX homologue, which is required for
DNA ladder formation in human cells (27). Consistent with
findings from human cells following oxidative stress (45),
mtDNA damage in P. falciparum was more severe than nDNA
damage. Curcumin-induced DNA damage in malaria parasites
may be due to ROS production, because curcumin-induced
ROS has been shown to cause oxidative DNA damage both in
vitro and in vivo (1, 6). It is noteworthy that a curcumin con-

FIG. 4. Effects of curcumin on in vivo HAT activity in P. falcipa-
rum. (A) Dosage-dependent inhibition of HAT activity in vivo. HAT
activity in the same amount of nuclear extracts from control and
curcumin-treated parasites for 8 h was measured using PfH3. (B) ROS
scavenger and antioxidant enzymes antagonized curcumin-induced in-
hibition of HAT activity. HAT activity was measured with PfH3 and
equal amounts of nuclear extracts from untreated (control) parasites
and parasites treated with 50 �M curcumin alone (C) or coincubated
with 300 �M mannitol (M), 5,000 units/ml catalase (CAT), or 400
units/ml superoxide dismutase (SOD). Values in each graph labeled
with different letters are significantly different (Tukey’s HSD test, P �
0.001). The means plus standard deviations (error bars) from three
replicate samples are shown.

FIG. 5. Effects of curcumin (20 �M) and mannitol (300 �M) treat-
ments on histone acetylation in cultured parasites. Western blots were
done with approximately equal amounts of histones extracted from
control and curcumin-treated parasites at 4 and 12 h using a panel of
acetylation-specific antibodies. The presence (�) or absence (�) of
curcumin and mannitol is indicated above the gels. Antibodies against
H4 were used to indicate approximately equal loads in the lanes.
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centration as low as 1 �M could elevate the intracellular ROS
level in P. falciparum, whereas 50 �M curcumin caused an
increase of �fourfold. This prooxidant activity of curcumin on
malaria parasites could be attenuated by antioxidants and ROS
scavengers. Culturing of curcumin-treated parasites in the
presence of mannitol not only reduced the intracellular ROS
levels but also restored parasite growth to certain extents.
These results show ROS as a major effector of curcumin in
killing malaria parasites.

The diverse pharmacological activities of curcumin have
been attributed to its actions on multiple cellular targets. In
addition to cyclooxygenase, cytochrome P450, glutathione S-
transferase, protein kinase C, and telomerase (9, 19, 41), cur-
cumin can also inhibit HATs and HDACs (4, 26), thereby
affecting the status of histone acetylation (16, 18, 20–22, 35). In
these cases, histone hypoacetylation occurs on both H3 and
H4. Interestingly, we found that curcumin induced significant
hypoacetylation of H3-K9 and H3-K14 in P. falciparum,
whereas it did not perturb acetylation of the four lysines on H4,
the presumable targets of MYST (MOZ, Ybf2/SAS3, SAS2,
Tip60) family HATs. In vitro, curcumin directly inhibited the
rGCN5 activity with an IC50 (	48 �M) in a range similar to
that for p300/CBP (	25 �M). Moreover, nuclear extracts from
curcumin-treated parasites also displayed reduced HAT activ-
ity towards PfH3, the preferred target of PfGCN5 HAT (12).

Our results indicate that curcumin specifically inhibits PfGCN5
HAT activity in P. falciparum. Since inhibition of HATs and
histone hypoacetylation could be partially reversed by ROS
scavengers, it is plausible that ROS inflicts HAT enzymatic
activity through oxidation of its essential residues. Collectively,
curcumin-induced generation of ROS may lead to histone hy-
poacetylation and DNA damage that account for the parasit-
icidal effect of curcumin.

This work and earlier studies on HDAC inhibitors have
demonstrated that histone acetylation is a viable target of
antimalarial drug development (2, 10, 28). Yet, despite its in
vitro parasiticidal activity, there was concern that curcumin’s
antioxidant and ROS-scavenging ability may overcome the in
vivo inhibitory effects of macrophage-produced nitric oxide on
protozoan parasites (7). Since nitric oxide has a crucial role in
eliminating infections such as malaria parasites (3, 14), the
ROS-scavenging activity of curcumin may exacerbate parasitic
infections. Nevertheless, the biological effect of curcumin in
the mouse malaria model is encouraging (32, 38). Because
curcumin’s antioxidant and prooxidant properties are depen-
dent on the environment, its in vivo effects on parasitic diseases
require further investigations.
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