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Artemisinin-based combination therapy (ACT) is the recommended first-line treatment for Plasmodium falciparum malaria. It
has been suggested that the cytotoxic effect of artemisinin is mediated by free radicals followed by the alkylation of P. falciparum
proteins. The endoperoxide bridge, the active moiety of artemisinin derivatives, is cleaved in the presence of ferrous iron, gener-
ating reactive oxygen species (ROS) and other free radicals. However, the emergence of resistance to artemisinin in P. falciparum
underscores the need for new insights into the molecular mechanisms of antimalarial activity of artemisinin. Here we show that
artesunate (ART) induces DNA double-strand breaks in P. falciparum in a physiologically relevant dose- and time-dependent
manner. DNA damage induced by ART was accompanied by an increase in the intracellular ROS level in the parasites. Mannitol,
a ROS scavenger, reversed the cytotoxic effect of ART and reduced DNA damage, and modulation of glutathione (GSH) levels
was found to impact ROS and DNA damage induced by ART. Accumulation of ROS, increased DNA damage, and the resulting
antiparasite effect suggest a causal relationship between ROS, DNA damage, and parasite death. Finally, we also show that ART-
induced ROS production involves a potential role for NADPH oxidase, an enzyme involved in the production of superoxide an-
ions. Our results with P. falciparum provide novel insights into previously unknown molecular mechanisms underlying the an-
timalarial activity of artemisinin derivatives and may help in the design of next-generation antimalarial drugs against the most

virulent Plasmodium species.

M alaria accounts for hundreds of millions of clinical cases and
nearly a million deaths annually (1). Malaria parasites are
transmitted by female Anopheles mosquitoes, and infections
caused by Plasmodium falciparum and P. vivax are responsible for
>90% of infections worldwide. During their life cycle, parasites
undergo a complex series of biological and biochemical develop-
ments that allow them to grow in their vertebrate hosts and to be
successfully transmitted to the invertebrate mosquito vector. In
the vertebrate host, actively proliferating intraerythrocytic asexual
life cycle stages of the parasite are responsible for all clinical symp-
toms, including death, and these stages are also the primary targets
of antimalarial drugs. Genetic diversity, antigenic variation, and
the parasite’s ability to adapt to new drugs continue to thwart
control efforts. Artesunate (ART) is the semisynthetic derivative
of artemisinin, developed from Artemisia annua L., which has
been used in China as a traditional medicine for >2,000 years.
Currently, artemisinin-based combination therapy (ACT) is rec-
ommended by the World Health Organization as the first line of
treatment for P. falciparum malaria (2). These drugs act fast, with
few side effects, and are also active against P. falciparum strains
that are resistant to other traditionally used drugs such as antifo-
lates and quinolones. Artemisinin derivatives have been found to
actagainst various erythrocytic asexual stages as well as developing
sexually differentiated immature stages, thus showing promise as
antimalarial drugs with transmission-blocking potential (3-5).
More recent studies have suggested that intraerythrocytic ring-
stage parasites are targets of artemisinin derivatives, and ring
stages of resistant parasites display longer survival than sensitive
parasites (6, 7).

The decreasing clinical efficacy and emerging resistance to ar-
temisinin derivatives in Thailand and Cambodia have raised seri-
ous concerns about future treatment options (8-10). Recent stud-
ies have identified putative genes potentially involved in ART
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resistance mechanisms (11-13) in P. falciparum. Those studies
identified several point mutations in the kelch propeller domain
(K-13 propeller) showing a strong correlation with slow parasite
clearance (9, 11). However, understanding how parasites acquire
tolerance to ART has been difficult due to insufficient knowledge
of the molecular mechanisms underlying the antimalarial func-
tions of artemisinin. The active moiety of artemisinin is a sesquit-
erpene lactone containing an endoperoxide bridge whose cleavage
in the presence of ferrous iron in a Fenton-type reaction results in
the generation of reactive oxygen species (ROS) such as hydroxyl
radicals, superoxide anions, and carbon-centered free radicals
(14-16). It has been suggested that free radicals are responsible for
mediating the cytotoxic action of artemisinin derivatives in the
parasites (17-19).

Previous studies have shown that artemisinin derivatives cause
alkylation of heme and proteins in the parasite (15-17), bind and
inhibit the P. falciparum translationally controlled tumor protein
(TCTP) homolog (20), and inhibit sarcoplasmic reticulum Ca** -
transporting ATPase (SERCA) of malaria parasites (identified as
PfATP6) (21). Recently, artemisinins have been shown to be dis-
tributed to the mitochondrial compartment in the parasite, result-
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ing in impaired mitochondrial functions (22) and ROS-depen-
dent depolarization of plasma and mitochondrial membranes
(23). Even though many cellular targets have been identified, the
mechanism of action of artemisinin derivatives still remains am-
biguous. Free radicals and ROS have been shown to cause DNA
damage in cells, providing the premise for our hypothesis that in
addition to the above-mentioned effects, the antimalarial action
of artemisinin derivatives involves direct DNA damage leading to
parasite death. The potential involvement of DNA damage and
repair processes in biological effects of artemisinin in P. falcipa-
rum is also supported by a recent study identifying several single
nucleotide polymorphisms (SNPs) in genes involved in mismatch
DNA repair pathways (11).

In this study, we sought to investigate ART-induced DNA
damage in P. falciparum. Our studies indicate that ART-induced
DNA damage results from oxidative stress via the generation of
free radicals and ROS. We also demonstrate that reduced gluta-
thione (GSH) plays an important role in detoxifying ROS and
oxidative stress in the parasites. Glutathione is well established for
its protective role against any form of oxidative damage. Erythro-
cytes contain high levels of reduced GSH and other antioxidant
enzymes, such as catalase and superoxide dismutase. Thus, mech-
anisms interfering with the availability of reduced GSH are ex-
pected to synergize with drugs such as ART in inducing DNA
double-strand breaks (DSBs) and possibly overall cytotoxicity.
The fact that erythrocytes carry oxygen bound to hemoglobin
makes blood-stage Plasmodium organisms especially vulnerable
to oxidative stress under conditions of normal physiological de-
velopment as well as when exposed to antimalarial drugs such as
ART. Our studies suggest that the antiparasite effect of ART is
therefore a result of DNA damage, and further studies are needed
to characterize the contribution of recombinational DNA repair
processes in resistance to artemisinin derivatives.

MATERIALS AND METHODS

Parasite culture. P. falciparum clone 3D7 was maintained in RPMI 1640
medium supplemented with 25 mM HEPES, 0.37 mM hypoxanthine at
4% hematocrit, and 10% O™ normal human serum (24). Parasites were
synchronized by using a sorbitol method, as described previously (25).
Briefly, cultured parasites were pelleted and then treated with 5% sorbitol
for 10 min at room temperature, followed by three washes with RPMI
1640 medium and further maintenance in culture. Synchronization was
repeated two more times until >90% of parasites were in a specific stage.
Synchronized intraerythrocytic “ring”-stage parasites were cultured and
employed for all studies at between 18 and 20 h of synchronization. Par-
asitemia was determined after Giemsa staining of thin smears, and tro-
phozoite-stage parasites were used at 4% hematocrit and 1% starting par-
asitemia. The IC;, (50% inhibitory concentration) of ART used was
determined by the SyBR green method (26).

Comet assay of DNA damage and parasite recovery. An optimized
comet assay for P. falciparum (27) was used to assess the extent of DNA
damage and recovery from DNA damage. Briefly, parasites at different
time points were collected by centrifugation, lysed with 0.01% saponin,
washed 3 to 4 times in ice-cold phosphate-buffered saline (PBS), and
finally resuspended in PBS for single-cell electrophoresis (comet assay).
Diluted cells (30 1) were mixed with 300 pl 1% low-melting-point aga-
rose (Comet LMAgarose; Trevigen), and the mixture was added to the
wells of Trevigen slides. Slides were incubated with detergent lysis solution
(Trevigen, Gaithersburg, MD, USA), followed by alkaline lysis treatment
and electrophoresis for 30 min at 1 V/cmin 1X Tris-borate-EDTA (TBE).
Slides were fixed in 70% ethanol (1 min), rinsed in distilled water, and
dried overnight. Slide wells were stained with 1X SyBR green I, photo-
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graphed at a X200 magnification by using a Nikon Eclipse 80i instrument
(Nikon) with a Sensicam QE High Performance camera (Cooke Corpo-
ration), and scored by using Comet Assay IV software. The olive tail mo-
ment (OTM) (product of the tail length and the fraction of total DNA in
the tail) was calculated to compare the extent of DNA damage in each
sample. To study the efficiency of parasite recovery, P. falciparum para-
sites were treated with ART for different times (30, 45, 60, 90, and 120
min), washed, and recultured in the presence of fresh growth medium and
uninfected erythrocytes (“return-to-growth” assay). Cultures were har-
vested at various time points (24 to 72 h) for preparation of blood smears
to check parasite growth and DNA damage by comet assays.

Measurement of intracellular ROS. ROS levels were measured by
using the dichlorodihydrofluorescein diacetate (DCF-DA) method (28),
with slight modifications. Synchronized parasites corresponding to 4%
hematocrit and 1% infected red blood cells were collected, and DCF-DA
was added to a trophozoite-stage P. falciparum culture at a final concen-
tration of 20 wM for 30 min before the addition of various concentrations
of ART. Control samples were incubated with PBS instead of ART. The
fluorescence (excitation wavelength at 485 nm and emission wavelength
at 530 nm) was measured by using an SLM Aminco 8100 fluorescence
spectrophotometer.

Glutathione assay. Total GSH and oxidized forms of glutathione
(GSSG) were assayed by using a 5,5'-dithiobis-2-nitrobenzoic acid
(DTNB) method (29), with minor modifications of the manufacturer’s
protocol (Trevigen, MD). Sorbitol-synchronized P. falciparum trophozo-
ite-stage parasites at 1% parasitemia and 4% hematocrit were treated with
ART for various times, and cells were lysed in 4 volumes of ice-cold 5%
metaphosphoric acid. Cell lysates were centrifuged at 12,000 X gto 14,000
X g for 10 min at 4°C, and supernatants were used for GSH assays. For
measurement of GSSG concentrations, 50 pl of the diluted sample (20-
fold dilution) in triplicates was treated with 1 pl of 2 M 4-vinyl-pyridine
and incubated at room temperature for 60 min. For measurement of total
GSH concentrations, 50 .l of the diluted sample (20-fold dilution) was
added to 96-well plates in triplicates. One hundred fifty microliters of
freshly prepared glutathione reductase in a reaction mixture was added to
each sample (GSH and GSSG) and the control, and the absorbance was
read immediately at 405 nm by using an enzyme-linked immunosorbent
assay (ELISA) plate reader (VersaMax; Molecular Devices) at 1-min in-
tervals over a 10-min time period. Absorbance values at various time
points from a set of standards were used to plot standard curves, and the
calculated net slope was used to determine the pmol values for total and
oxidized glutathione. The reduced GSH concentration was calculated by
subtracting the oxidized GSSG concentration from the total glutathione
concentration.

Statistical analysis. All experiments were performed in triplicates, and
most experiments were repeated a minimum of three times. Graphpad
Prism software (Graphpad Software Inc.) was used for statistical analyses
of the data. The statistical significance of various treatments was com-
pared to that of untreated samples by using the Mann-Whitney nonpara-
metric test. A P value of <0.05 was considered significant.

RESULTS

Artesunate causes DNA damage in P. falciparum. To evaluate if
ART causes DNA damage, sorbitol-synchronized trophozoite-
stage P. falciparum parasites were treated with increasing concen-
trations of ART for various times, and parasites were analyzed by
a comet assay (27). The results (Fig. 1A and B) demonstrate that
ART induced DNA damage in P. falciparum in a dose- and time-
dependent manner. Incubation of P. falciparum with as little as 1
ICs, of ART (2 nM) revealed evidence of DNA damage during 12
to 24 h of exposure to the drug. Treatment of parasites with in-
creasing I1Cs,s (1 to 1,000) of ART was accompanied by higher
accumulation of DNA damage, shown by an increase in the olive
tail moment (OTM). To determine if the damage to DNA was a
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FIG 1 Artesunate (ART) causes DNA damage in P. falciparum. (A) Comet assay measurement of the olive tail moment (OTM) at 12 h and 24 h after ART
treatment (1, 5, 100, and 1,000 IC,s) compared to untreated (Control) parasites. The error bars represent standard errors of the means. (B) Comet assay
visualization of DNA damage in P. falciparum parasites upon treatment with 2 nM (1 IC;;) and 10 nM (5 ICs,s) ART compared to untreated parasites. (C)
Parasite growth and OTM values determined by a comet assay during the recovery period compared to those of untreated control parasites maintained in parallel.
Parasites were treated with 2 nM ART for 30, 45, 60, 90, and 120 min (left to right), after which they were washed to remove ART, returned to culture, and sampled
at 24, 48, and 72 h for determination of percent parasitemia (%P) (black bars, untreated cultures; gray bars, ART-treated cultures) and DNA damage, measured
as the OTM, in comet assays (solid line, untreated cultures; dashed line, ART-treated cultures) (¥, P < 0.015; **, P < 0.005). (D) Percent recovery of damaged
parasite nuclei was analyzed by a comet assay at 24, 48, and 72 h during the reculture phase of parasites after ART treatment. Images from comet assays (minimum
n = 10) were randomly scored as damaged (detectable comet) and undamaged (no detectable comet) nuclei for each sample. Shown are results indicating DNA

repair as percent recovery of nuclei in control (black bars) and ART-treated (gray bars) cultures. The error bars represent standard errors of the means.

primary effect of ART or a secondary consequence of parasite
death, we performed a “return-to-growth” experiment. Synchro-
nized trophozoite-stage P. falciparum parasites were treated with 2
nM ART (1 ICs, dose) for different times(30, 45, 60, 90, and 120
min), washed three times with RPMI 1640 medium to remove
ART, and returned to culture for an additional 72 h to monitor
parasite growth, measured as percent parasitemia, and DNA dam-
age by comet assays. Treatment of parasites with 2 nM ART for 30
and 45 min did not reveal any detectable DNA damage and para-
site death. On the other hand, ART treatment for 60 min or longer
resulted in not only increased DNA damage (increasing OTM
values [Fig. 1C] and reduced recovery of damaged nuclei after
repair during the parasite regrowth phase [Fig. 1D]) but also di-
minished parasite survival (Fig. 1C). Exposure of parasites to 2 nM
ART for 60, 90, and 120 min resulted in 10%, 21.4%, and 26%
reduced recovery of parasites after a 72-h reculture period, respec-
tively (Fig. 1D). These results suggest that it takes a minimum of
60 min of continuous exposure of intraerythrocytic trophozoite-
stage parasites for ART-mediated DNA damage to accumulate,
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resulting in inefficient repair of DNA damage and increasing
antiparasite toxicity. It should be noted that the concentration
of ART used was just 2 nM, equivalent to 1 IC,, dose, and
higher ART concentrations resulted in greater DNA damage
(OTM values).

ART affects intracellular ROS levels, leading to DNA damage
and parasite death. Previous studies suggested increased free rad-
ical formation by artemisinin in Plasmodium spp. (30). We set out
to determine if DNA damage by ART depends upon prooxidant
activity and is mediated by free radicals. We measured the amount
of intracellular ROS by the DCF-DA fluorescence method (28).
Figure 2A and B show ART dose-dependent increases in ROS
levels in the intraerythrocytic trophozoite stages of P. falciparum.
Furthermore, we tested whether or not the ART-induced increase
in intracellular ROS levels could be attenuated with mannitol, a
ROS scavenger. As shown in Fig. 2C, levels of ART (2 nM)-in-
duced ROS in P. falciparum-infected red blood cells were effec-
tively reduced by coincubation with increasing concentrations of
mannitol, with nearly complete inhibition at a mannitol concen-
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FIG 2 ART affects intracellular reactive oxygen species (ROS) levels, leading to DNA damage and parasite death. (A and B) Concentration-dependent oxidant
activity of ART in elevating ROS levels in P. falciparum. Uninfected red blood cells (RBCs) and infected red blood cells (iRBC) (2% and 5%) were treated with
the indicated concentrations of ART (2, 4, 10,and 20 nM) for 2h (A) and 6 h (B), and ROS levels were measured by using DCF-DA, a fluorescent dye (¥, P < 0.015;
**, P <0.005; ***, P < 0.0001). (C) Attenuation of ROS by mannitol. ROS induced by ART were effectively attenuated by coincubation with increasing concentrations
of mannitol. Uninfected or infected red blood cells were coincubated with ART and mannitol for 2 h, followed by measurement of ROS levels (¥, P < 0.05). (D)
Attenuation of ART-induced ROS in the presence of mannitol was accompanied by significantly reduced DNA damage in P. falciparum (**, P <0.005; ***, <0.0001).
OTM values were determined by a comet assay in the parasites coincubated with ART (0, 2, and 5 nM) and mannitol (10 uM) for 2 and 6 h. (E) Attenuation of
ART-induced ROS by mannitol results in protection from the antimalarial effect of ART. Shown are percentages of infected red blood cells 48 h after treatment
with ART (0, 2, and 5 nM) with or without mannitol (0, 1, and 10 uM). The error bars represent standard errors of the means (**, P < 0.005 for 10 uM mannitol).

tration of 10 WM. Next, we demonstrated that scavenging of ROS
by mannitol significantly prevented DNA damage in parasites re-
sulting from exposure to ART (Fig. 2D). In the presence of man-
nitol (10 wM), OTM values were 85% and 60% lower in parasites
treated with 2 nM (1 ICs, dose) and 5 nM (2.5 IC5, doses) ART,
respectively. These results provide direct evidence for a link be-
tween ART-mediated DNA damage and increases in intracellular
ROS levels. Finally, we established that a decline in the level of
ART-induced ROS with mannitol also improves parasite growth.
We monitored parasitemia in ART-treated cultures with and
without mannitol addition. The antiparasite effect of ART was
effectively abrogated by mannitol, with nearly 85% and 52% in-
hibition of parasite death caused by 2 nM and 5 nM ART, respec-
tively (Fig. 2E). These results further suggest a mechanistic link
between ART-induced intracellular ROS production and DNA
damage and the accompanying antiparasite effect of ART.

Time kinetics of the antimalarial effect of ART and role of
ROS. Next, we investigated the kinetic interplay of ROS and par-
asite killing by ART. The results shown in Fig. 3A demonstrate that
mannitol was effective in preventing parasite killing by 2 nM ART
when added simultaneously and that a delayed addition of man-
nitol (2 h and 4 h after ART) did not provide the same benefit.
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These results established the importance of early effects of ROS in
ART-mediated damage in the parasites. We repeated these stud-
ies, this time washing (three times with RPMI 1640 medium) the
parasites after 2 h of ART treatment to remove extracellular drug
prior to the addition of mannitol during 48 h of P. falciparum
culture. The results shown in Fig. 3B confirmed our previous con-
clusion that after 2 h of ART treatment, parasites do not benefit
from the presence of mannitol. Since 2 h was already too late, it
was of interest to characterize the early kinetics of the mannitol-
mediated reversal of the cytotoxic effect of ART. In view of the
above-described evidence that significant DNA damage occurs
only at 60 min post-ART treatment (Fig. 1C), we reasoned that the
presence of mannitol only during the first hour would negate
ROS-mediated DNA damage and cytotoxic effects on the parasite.
Supporting evidence for this notion is shown in Fig. 3C. Mannitol
effectively negated ART-mediated parasite killing when added at
up to 45 min post-ART treatment, and any further delay was ac-
companied by a gradually diminishing protective effect of manni-
tol. It is also critical to note that treatment of P. falciparum with 2
nM ART led to slow and steady ROS production in the parasite,
with a slow phase during the initial 45 min followed by a faster
kinetics during further time periods (Fig. 3D), and the production
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FIG 3 Time kinetics of the antimalarial effect of ART and role of ROS. (A) Mannitol, a scavenger of ROS, was used to probe the early kinetics of the antimalarial
effect of ART. Parasites were treated with ART (2 nM) and mannitol (1 and 10 wM), added at either time zero or 2 and 4 h after treatment with ART. Percent
parasitemia was determined at the 48-h time point. The error bars represent standard errors of the means. (B) Mechanisms leading to the ART-mediated
antiparasite effect manifest during the first 2 h. Parasites were treated with increasing concentrations of ART (0, 2, and 5 nM) for 2 h, washed to remove
extracellular ART, and then returned to culture with increasing concentrations of mannitol (0, 1, and 10 wM) for 48 h, and parasitemia was measured. The error
bars represent standard errors of the means. (C) A minimum of 45 min is needed before mannitol gradually becomes ineffective in scavenging ROS during the
ART-mediated antiparasite effect. Parasites were treated with 2 nM ART for 15 to 120 min, washed to remove extracellular ART, and then returned to culture with
10 M mannitol for 48 h to assess parasitemia. The error bars represent standard errors of the means. (D) ART-induced ROS levels steadily increase with time.
Parasites were treated with 2 nM ART, and the relative fluorescence intensity was measured every 15 min. The error bars represent standard errors of the means.

of ROS during the first hour seems to be critical for causing DNA
damage and the parasite-killing effect of ART.

ART affects total GSH in parasites. The glutathione (GSH)
pathway in Plasmodium spp. has been shown to play a critical role
during oxidative stress (31) and in the detoxification of ROS (32—
34). Given the evidence for the central role for ROS in the parasite,
we reasoned that ART treatment would affect GSH levels in the
parasite. Indeed, when infected red blood cells were treated with
ART (2 nM and 5 nM) for various time periods (2 h, 6 h, and
overnight), there was an overall reduction in the level of total GSH
and a parallel increase in the level of the oxidized form of GSH,
GSSG (Fig. 4A), indicating mounting oxidative stress on the par-
asite exerted by increasing concentrations of and time of treat-
ment with ART. Next, we investigated whether perturbations in
GSH biosynthesis further accentuate ART-mediated effects on
ROS production and DNA damage in the parasites. We employed
buthionine sulfoximine (BSO), an inhibitor of y-glutamyl cys-
teine synthetase (GCS) involved in GSH biosynthesis (35); di-
methyl fumarate (DMF), which efficiently enters cells and forms
covalent conjugates with GSH followed by depletion in a dose-
dependent manner; and N-acetyl-L-cysteine (NAC), a reducing
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agent which acts as a free radical scavenger and efficiently negates
DMF-induced GSH changes (32). The concentrations of these
inhibitors were first optimized for the least impact on parasite
viability. BSO and DMF resulted in higher levels of ROS in the
parasites, with further additive effects on the parasites in the pres-
ence of ART and GSH modulators (Fig. 4B). As expected, NAC
negated oxidative damage by minimizing ROS in the parasites. In
parallel, we also measured DNA damage in the presence of these
GSH inhibitors by a comet assay. BSO and DMF, which increased
ROS levels, also resulted in greater DNA damage in the presence of
ART, and NAC countered the damaging effect of GSH-modu-
lating agents (Fig. 4C). Finally, to explore a potential role for
NADPH oxidase in the production of ROS in the presence of ART,
we measured ROS levels in the presence of apocynin (acetovanil-
lone), which is widely used as a specific inhibitor of NADPH oxi-
dase (36). As shown in Fig. 4D, 10 and 100 .M apocynin blocked
ART-induced ROS production, with nearly complete blocking in
the presence of 100 wM apocynin, thus providing a preliminary
suggestion for a potential role for NADPH oxidase in the antima-
larial effects of ART.
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dimethyl sulfoxide.

DISCUSSION

In this study, we provide the first-ever evidence for an early effect
of ART in causing DNA damage in P. falciparum, which manifests
in parasite death. The significance of these findings also lies in the
fact that this DNA damage response was observed at a physiolog-
ically relevant concentration of ART. We first determined the ICs,
of ART for P. falciparum parasites (3D7) used in our studies, and
we then employed different doses of ART representing multiples
of the IC;, dose. As shown by the results presented here, even a
dose as low as 2 nM, which represents 1 IC5, dose in vitro, resulted
in DNA damage within the first 60 min of the addition of drug to
intraerythrocytic asexual-stage parasites. To assess DNA damage,
we used a comet assay based on single-cell electrophoresis. This
assay quantifies the extent of DNA damage expressed as OTM
values, with higher values implying greater DNA damage. We also
noticed that depending upon the concentration of ART used, the
relative proportions of nuclei with damaged DNA also varied,
thus allowing a measure of the prevalence of damaged nuclei (nu-
clei with damaged DNA expressed as a percentage of undamaged
nuclei). It is noteworthy that the concentrations of ART causing
DNA damage and oxidative changes (2 and 5 nM used in various
experiments) (Fig. 2 to 4) were 2,000 to 4,000 times lower than the
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peak median plasma concentration of 8,500 nM with an AUC
(area under the curve) value of 727 ng - h/ml revealed by pharma-
cokinetic and pharmacodynamic evaluations of intravenously ad-
ministered therapeutic doses of ART. In vivo, ART is metabolized
into an active derivative, dihydroartemisinin, and the peak me-
dian plasma concentration detected was 11,000 nM with an AUC
value of 3,492 ng - h/ml. In vivo exposure of parasites to such high
concentrations of ART and its metabolites is expected to result in
a rapid and extensive DNA damage response leading to antipara-
site activity of ART (37, 38).

Our return-to-growth experiments strongly support that dam-
age to DNA by ART was not a secondary effect but a primary event
that ultimately was reflected in parasite death. Earlier exposure
times (up to 60 min) revealed parasite recovery in culture (90%
recovery after a 72-h regrowth period) and also a shortening of the
comet tail, indicating repair of DNA damage. DNA damage and
parasite growth of ART-treated parasites returned to normal val-
ues within 72 h of the recovery phase, further suggesting the sig-
nificance of functional DNA repair in response to DNA damage.
All of the data described above suggest that ART causes early and
significant damage to DNA in parasites, leading to parasite death.

Intraparasitic heme iron, which is acquired as a result of hemo-
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globin digestion by the parasite, reacts with the endoperoxide
bridge (active moiety) of artemisinin and mediates the production
of free radicals (14). Bioactivated endoperoxides have been shown
to generate downstream radical oxygen species, disrupting a num-
ber of parasite membranes and enzymes (23). In cancer cells, cy-
totoxic activity has been shown to arise from ROS-mediated oxi-
dative DNA damage induced by ART (39). Another study showed
that genes involved in oxidative stress may also be associated with
ART resistance in cancer cells (40). Additionally, a recent study on
the prevalence of multiple P. falciparum populations identified a
number of SNPs in genes involved in the mismatch DNA repair
process (41). The results presented in this study on DNA damage
in P. falciparum caused by ART in vitro and the importance of
specific DNA damage repair pathways in P. falciparum showing
resistance to artemisinin derivatives lead us to hypothesize that
DNA damage and repair processes play important roles in P. fa-
Iciparum’s susceptibility and resistance to artemisinin. More re-
cent studies have reported the regulatory cytoprotective role of
point mutations in cellular targets such as the kelch propeller do-
main of kelch-13 in the resistance of P. falciparum to artemisinin
(11). Clearly, additional studies are warranted to explore a link
between such K-13 propeller polymorphisms and the ROS-medi-
ated DNA damage response (this study) in the intraerythrocytic
stages of P. falciparum in response to ART.

We also argued that ROS-mediated DNA damage arising from
ART should be antagonized in the presence of ROS scavengers.
This was indeed the case when mannitol, a ROS scavenger, was
used, and as shown by our results, there was a significant reduc-
tion in OTM values, indicating that ART-mediated ROS produc-
tion leads to oxidative DNA damage, which in turn contributes
to the parasite-killing activity of ART. We are aware that the
DCF-DA method used for ROS measurement has certain limita-
tions (42), and it measures a broad range of chemically different
reactive species. Nevertheless, peroxide-dependent DCF fluores-
cence has been shown to be dependent on glutathione levels (43),
and our studies also suggest a link between the inhibition of GSH
synthesis and ROS levels.

The glutathione pathway is crucial during oxidative stress in
malaria parasites (31) for detoxifying ROS. Previous studies have
also shown that enzymes involved in the GSH redox system are
potential antimalarial targets (32—34). Hence, we decided to test if
hindering either GSH levels or GSH synthesis in the parasites
might impact ART-induced DNA damage. As expected, increased
ART concentrations and ART exposure times resulted in in-
creased levels of GSSG. Also, in the presence of BSO, which inhib-
its the enzyme GCS involved in GSH biosynthesis (44, 45), we saw
increases in ROS levels and OTM values, further suggesting the
exquisite sensitivity of parasites to the oxidative effect of ART. A
similar result for ART-induced oxidative damage was also seen in
the presence of DMF, which has been shown to deplete the re-
duced form of GSH (46), an effect counteracted by NAC. Finally,
our studies also provide preliminary evidence that NADPH oxi-
dase may be involved in an oxygen radical-dependent killing
mechanism during P. falciparum infection (47). Previous studies
have shown that apocynin targets NADPH oxidase and that the
antioxidant property of apocynin results from an increase in GSH
biosynthesis (48). Even though apocynin has been shown to spe-
cifically target NADPH oxidase, the higher concentrations re-
quired may also indicate other unknown, “off-target” effects. Fur-
ther studies using knockouts of genes encoding this enzyme might
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shed light on ART-induced ROS production and the parasite’s
ability to cope with the oxidative damage response.

In summary, the results presented in this study establish a role
for oxidative stress imposed by ART and a mechanistic link with
ROS production, DNA damage, and ART-induced parasite kill-
ing, thus providing novel insights into the molecular mechanisms
underlying the antimalarial functions of ART. Such insights, along
with ongoing studies to identify putative molecular markers asso-
ciated with resistance to ART (11), will improve our understand-
ing of how parasites are becoming more tolerant to this drug and
guide future efforts to develop novel therapeutic strategies for
malaria caused by P. falciparum. Finally, our finding that ART-
induced cytotoxic effects in P. falciparum are due to DNA damage
mediated by increased ROS production in the presence of ART
and the role of DNA damage repair processes (such as homolo-
gous recombination) opens up new avenues for further investiga-
tions focusing on future drug design for malaria treatment.
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