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ABSTRACT Toxoplasma gondii is one of the most widespread obligatory parasitic
protozoa and infects nearly all warm-blooded animals, leading to toxoplasmosis. The
therapeutic drugs currently administered, like the combination of pyrimethamine
and sulfadiazine, show high rates of toxic side effects, and drug resistance is en-
countered in some cases. Resveratrol is a natural plant extract with multiple func-
tions, such as antibacterial, anticancer, and antiparasite activities. In this study, we
evaluated the inhibitory effects of resveratrol on tachyzoites of the Toxoplasma gon-
dii RH strain extracellularly and intracellularly. We demonstrate that resveratrol pos-
sesses direct antitoxoplasma activity by reducing the population of extracellularly
grown tachyzoites, probably by disturbing the redox homeostasis of the parasites.
Moreover, resveratrol was also able to release the burden of cellular stress, promote
apoptosis, and maintain the autophagic status of macrophages, which turned out to
be regulated by intracellular parasites, thereby functioning indirectly in eliminating
T. gondii. In conclusion, resveratrol has both direct and indirect antitoxoplasma ef-
fects against RH tachyzoites and may possess the potential to be further evaluated
and employed for toxoplasmosis treatment.

KEYWORDS Toxoplasma gondii, apicomplexan parasites, host-parasite relationship,
intracellular parasites, resveratrol

oxoplasma gondii is one of the obligatory parasitic protozoa which inhabits the

nucleated cells of nearly all warm-blooded animals, including humans. Humans and
other intermediate hosts become infected by ingestion of the sporulated oocysts shed
by cats, the definitive hosts. At the same time, the cysts in raw or undercooked meat
can also infect humans by mouth. It has been reported that approximately 1/3 of the
world’s population is seropositive for toxoplasma infection (1). The disease caused by
Toxoplasma gondii is called toxoplasmosis. Patients with competent immunity who
become infected by this parasite show only mild clinical symptoms. However, severe
clinical evidence of disease may occur if the immunity of the host, particularly AIDS
patients, is compromised (2) and if infection is acquired for the first time by vertical
transmission in women early during pregnancy (3). The typical manifestations include
lesions of the central nervous system (CNS), toxoplasmic ophthalmopathy, and pneu-
monia (4). The pathogenesis of toxoplasmosis mainly occurs through the invasion,
proliferation, and toxicity of the tachyzoites, which play a vital role in the morbidity and
mortality from the disease. On the other hand, the parasites undergo a process of
morphological transformation from tachyzoites into bradyzoites in hosts with a com-
petent immune system, migrating into tissues, where they exist as cysts.

First-line therapy for toxoplasmosis consists of pyrimethamine and sulfadiazine (5).
However, clinical trials of this combination have shown that it has high rates of toxic
side effects (6), leading to the discontinuation of therapy. The well-known side effects
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FIG 1 Rates of inhibition of RH tachyzoites by different stimuli. When incubated with different concen-
trations of resveratrol and pyrimethamine ranging from 0 to 200 uM, the extracellularly grown
tachyzoites were terminated on an ascending trend. Resveratrol showed an inhibitory ability similar to
that of pyrimethamine except at concentrations higher than 5 uM. The highest concentrations of
resveratrol revealed a rate of inhibition of approximately 70%, while the same concentration of
pyrimethamine showed a greater inhibitory ability by inhibiting approximately 80% of the growth of the
tachyzoites. The results are shown as the means = SEM from four independent experiments.

of therapy including nausea, vomiting, allergy to sulfa drugs, and even abnormal liver
function (5, 7). In addition, drug resistance is also suspected to be one of the causes of
treatment failure (8, 9). Moreover, no specific therapeutic agent or regimen evaluated
to date has been shown to be capable of clearing chronic infection in humans or in
livestock animals (10, 11). Thus, the development and screening of new therapeutic
drugs with less toxicity and better efficacy or an adjunctive therapy to reduce the
toxicity and promote the curative effects of the current treatment are essential.
Resveratrol (3,4',5-trihydroxystilbene) is a polyphenol naturally found in plants and
fruits, including black grapes, mulberries, and also peanuts (12-15). Considered a
powerful antioxidant, this biological compound has been reported to have antibacte-
rial, antifungal, anticancer, and antiparasite activities (12, 15-18). Furthermore, it is well
tolerated at a relatively high dose (19, 20). Previous studies indicated the potential
activity of resveratrol against both promastigotes and amastigotes of Leishmania
parasites (20). Moreover, resveratrol has also been shown to reduce oxidative damage
and to prevent the behavior changes seen in T. gondii-infected mice when adminis-
tered together with traditional therapeutic drugs (21-23). However, the mechanism
behind the interactions between the compound, the parasites, and host cells remains
unclear. This study aimed to assess the inhibitory effects of resveratrol on tachyzoites
of a type | Toxoplasma gondii strain (the RH strain) under both extracellular and
intracellular growth conditions by evaluating its impacts on the cell cycle, cell death,
and oxidative stress of the parasite, as well as its synergistic role and mechanism of
limiting the intracellular proliferation of T. gondii inside host macrophages, revealing
the mechanism by which this plant extract eliminates T. gondii directly and indirectly.

RESULTS

Growth of tachyzoites extracellularly. We first examined the inhibitory effects of
resveratrol against RH tachyzoites at different concentrations by directly adding res-
veratrol into the extracellular cultivation system of tachyzoites for 24 h. Our results
showed a dose-dependent inhibitory activity of resveratrol with a 50% inhibitory
concentration (ICs,) of 54.61 uM, whereas the IC;, of the positive control, pyrimeth-
amine, was 17.78 uM. Moreover, at concentrations lower than 5 uM, both stimuli
showed similar inhibitory abilities, while at concentrations higher than 5 uM, pyrim-
ethamine possessed a greater inhibitory ability than resveratrol (Fig. 1). At the highest
concentration tested of 200 uM, resveratrol was able to inhibit nearly 70% of the
tachyzoite population, which was a rate just slightly lower than that for pyrimethamine,
which had an inhibitory rate of approximately 80%.

Cell death of tachyzoites. Since resveratrol has been considered to alter the
signaling pathway for apoptosis in many tumor cells (24, 25) and we already saw its
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potential for RH tachyzoite inhibition, we were interested in examining whether it could
promote phosphatidylserine (PS) exposure as a marker of the initiation of the early
apoptotic process. We stimulated RH tachyzoites with resveratrol (50 uM) for 12 h,
followed by PS detection through annexin V-fluorescein isothiocyanate (FITC) labeling.
Resveratrol-treated tachyzoites showed visible PS exposure compared to the control
group when the tachyzoites were examined under a confocal microscope (Fig. 2A).
However, when subjected to flow cytometry for further counting, neither the early
apoptotic mortality nor the total mortality (both early and late apoptotic/necrotic) ratio
for the resveratrol-treated group was significantly different from that for the DMSO
solvent control-treated group (Fig. 2B and C), although we did see a trend toward an
increase in the value of each index for the parasites stimulated with resveratrol. In
addition, the traditional therapeutic drug pyrimethamine also failed to induce a sub-
stantial increase in cell death. As a positive control for apoptosis, bortezomib (26) was
able to induce the rate of death of RH tachyzoites compared to that for the control
group, but only on a minor scale.

Cell cycle of tachyzoites. Next, we further examined whether the cell cycle of
extracellularly growing tachyzoites could be changed by resveratrol. We stimulated RH
tachyzoites with 50 uM resveratrol and pyrimethamine as the reference compound for
12 h, labeled the tachyzoites with propidium iodide (PI) in cell cycle solution, and
analyzed the tachyzoites by flow cytometry. However, we could not see a significant
arrest of the growth of treated tachyzoites at any stage of the cell cycle over 12 h (Fig.
3A and B; Table 1). Notably, 20 uM pyrimethamine also did not have an appreciable
impact on the cell cycle of RH tachyzoites at the same time point.

SOD activity and ROS production of tachyzoites. Since resveratrol incubated with
RH tachyzoites revealed ideal inhibitory activity over the long term (24 h) but failed to
change either the cell cycle or the apoptosis of the parasites over the shorter term
(12 h), we attributed our observation to the possibility that RH tachyzoites might have
a particular ability to withstand the stimuli, thereby delaying cellular damage. Super-
oxide dismutase (SOD) is one of the most important antioxidants produced by parasitic
protozoa to maintain homeostasis and prevent themselves from being eliminated by
host immune cells (27). Therefore, we assessed the SOD activity of RH tachyzoites
challenged by resveratrol and pyrimethamine and discovered that RH tachyzoites
upregulated their SOD activity significantly for their survival in the presence of both
compounds (Fig. 4). On the other hand, we also investigated whether the level of
production of reactive oxygen species (ROS) by tachyzoites stimulated by resveratrol
could be elevated. Surprisingly, we discovered that 50 wM resveratrol was able to abate
the ROS production of tachyzoites to a very low level in 12 h of incubation. This level
was even lower than the baseline level of ROS produced by tachyzoites without any
addition, and this activity was not due to dimethyl sulfoxide (DMSO) (since the solvent
alone was not able to reduce ROS production). Moreover, the same trend toward a
decrease in the level of ROS production was displayed with H,O,, which was employed
as a positive control, though the decrease was not significant, indicating the instability
of the intracellular redox balance. Taken together, the dramatically increased activity of
SOD as well as the abnormally low level of production of ROS revealed that the
tachyzoites were under a circumstance of an imbalanced redox system in the inner
environment induced by resveratrol or at least by its solvent, DMSO.

Intracellular growth. After we examined the extracellular inhibitory effects of
resveratrol against RH tachyzoites, we further elucidated the role of resveratrol in the
process of tachyzoite elimination by the innate immunity. Therefore, we infected
mouse RAW 264.7 macrophages with RH tachyzoites, followed by challenge with
resveratrol for 24 h. By counting the number of tachyzoites in each infected cell, we
demonstrated that macrophages stimulated with resveratrol had a greater ability to kill
the intracellular parasites (Fig. 5), similar to the result obtained for the pyrimethamine
group.
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FIG 2 The death of RH tachyzoites induced by different stimuli. (A) Fluorescent graphics showing the early apoptosis and the total mortality of RH tachyzoites
incubated with 50 uM resveratrol for 12 h. Resveratrol was able to initiate PS exposure on the cell membrane of the tachyzoites, which was recognized as green
fluorescence. At the same time, it also resulted in a mid to late stage of apoptosis or necrosis, as seen by the red fluorescence indicating the destruction of
the cell membrane. FITC, green fluorescence; P, red fluorescence; PMT (photomultiplier tube), light field with PMT as the detector and laser 488 nm as the light
source. (B, C) However, when subjected to flow cytometry (B) and analyzed by use of a bar chart graph (C), it was revealed that resveratrol failed to induce a
significant increase in either early apoptotic or total mortality of RH tachyzoites compared to that for the DMSO solvent control-treated group. Meanwhile, the
therapeutic drug pyrimethamine (20 uM) showed an even weaker ability than resveratrol to induce either early apoptosis or total mortality. Although
bortezomib (50 nM), the classical apoptosis inducer, was found to successfully induce early apoptosis and increase total mortality compared to the control, the
percentage of dead tachyzoites was only about 2%. RSV, resveratrol. The results are shown as the means *= SEM from three independent experiments. *,
P < 0.05.
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FIG 3 Cell cycle of RH tachyzoites stimulated by resveratrol. (A) RH tachyzoites were incubated with resveratrol
(50 uM) for 12 h, followed by detection of alteration of the cell cycle by employing flow cytometry. (B) The
corresponding bar chart shows that G,/G, phase accounted for the largest proportion of all three stages,
demonstrating no apparent alteration when tachyzoites were challenged with resveratrol, pyrimethamine, or
DMSO. Although G,/M phase arrest was observed with stimulation with resveratrol, it was not significantly different
from that for the DMSO control. Moreover, pyrimethamine (20 uM) also failed to change the ratio of cells in the
three stages in the cell cycle compared to that for the DMSO control. RSV, resveratrol. These results represent the
means * SEM from two independent experiments performed in duplicate.
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TABLE 1 Cell cycle of RH tachyzoites incubated with stimuli?

Mean *= SEM % of cells in:

Treatment G,/G, phase S phase G,/M phase
Control 61.29 = 2,94 21.8 £ 0.08 16.91 = 3.02
DMSO 63.61 £ 0.98 14.74 = 1.87 21.66 + 2.84
RSV 62.73 = 0.50 13.99 = 1.28 23.29 = 0.79
Pyrimethamine 64.78 = 1.91 14.45 = 0.36 20.78 = 1.55

aValues represent means * SEM from two independent experiments performed in duplicate. RSV, resveratrol.

Host cell autophagic status. Autophagy has been considered one of the important
strategies of the host to facilitate the intracellular elimination of parasites (28). After we
obtained the results, presented abovem that indicated that resveratrol assists in
eradicating the parasites from host cells, we had an interest to pursue the possible
mechanism behind this effect. Since autophagy is a dynamic process of signal trans-
duction, we decided to explore its initiation and execution by assessing autophagy at
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FIG 4 SOD activity and ROS production of RH tachyzoites incubated with different stimuli. (A) Extracellularly grown tachyzoites
were incubated with or without 50 uM resveratrol, 20 uM pyrimethamine, or 30 uM H,O, for 12 h and lysed or collected for
detection of SOD activity and ROS production. Resveratrol-treated tachyzoites showed significant upregulated SOD activity
compared to the negative and DMSO controls. In addition, pyrimethamine, employed as a therapeutic medication control,
resulted in a slightly greater increase in SOD activity than that produced by resveratrol. (B) The bar chart derived from the
mean FITC values for each experimental group by flow cytometry indicated that resveratrol (dissolved in DMSO) significantly
decreased the level of ROS production by the tachyzoites compared to that for the negative control (tachyzoites without any
addition), while neither the positive control (H,0,) nor the solvent control (DMSO) was able to reduce the ROS level of T. gondii.
The columns in the graph refer to T. gondii without any addition or to which H,O., resveratrol (dissolved in DMSO), or DMSO
alone was added. The values shown are the means = SEM from three independent experiments. RSV, resveratrol. *, P < 0.05.
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FIG 5 Intracellular growth of RH tachyzoites inside mouse macrophages with resveratrol in vitro. RH
tachyzoites were harvested to infect RAW 264.7 mouse macrophages at an infection ratio of 5:1
(parasite/host cell) for 2 h, followed by the removal of excess parasites and stimulation with resveratrol
(50 uM) and pyrimethamine (20 uM) for 24 h and further examination by staining with Wright's stain. (A)
The infected macrophages or the infected macrophages treated with DMSO had much heavier intracel-
lular tachyzoite burdens than infected macrophages incubated with resveratrol and pyrimethamine.
Arrows and asterisks, tachyzoites and empty vacuoles inside host cells, respectively. (B) A scattered
distribution chart showing the means of the intracellular tachyzoite counts. Values represent actual
numbers (scattered dots) and means (black line) from 2 independent experiments; in each case, at least
200 infected cells were counted. T.g, T. gondii tachyzoites; RSV, resveratrol. ***, P < 0.001.

three different time points, representing the early response stage and the middle and
late periods of autophagy of the infected macrophages, respectively. Surprisingly, we
observed that the autophagic process initiated by infection of RH tachyzoites at the
early time point was gradually neutralized with the growth of the parasites. The
concurrent introduction of resveratrol and rapamycin not only was able to maintain a
relatively high LC3 Il level but also reduced the numbers of intracellular parasites,
indicating that resveratrol plays a pivotal role in consistently promoting the execution
of autophagy to benefit the elimination of host cells infected with parasites. Further-
more, we incubated uninfected macrophages with resveratrol for the same three times
and also observed LC3 Il produced by the lipidation of LC3 I, though it was very vague,
during the early to late incubation stages, suggesting that host macrophages might be
primed but not totally triggered for an autophagic program by resveratrol (Fig. 6).
Cellular stress. The metabolism and proliferation of the intracellular parasites may
induce cellular stress in various dimensions. Since the survival, proliferation, and

March 2019 Volume 63 Issue 3 e01233-18

Antimicrobial Agents and Chemotherapy

aac.asm.org 7


https://aac.asm.org

Chen et al.

A 2h  12h  24h  2h  12h  24h
* T.gondii < + + + + + + +
RSV - + + + DMSO DMSO DMSO Rapamycin
L3l
Lesi
GAPDH
2h  12h  24h 2k 12h 24h
RSV - + + + DMSO DMSO DMSO
Lc3l '
Lesi

GAPDH | s e s s i S_—» _—

B. Rapamycin

¢ o

3
o
15-
g i e Rapamycin
2 s ¢ DMSO
2 10- ' 000000
= 46060
= © eseesEd © @ BBBEMREE
2 oo COOLIIBIN0000
= [eseoseceeaennel] ——emmme——
Ep 5 © GsseREetED SLLEREDO0600
SBBIBRDE
"5 — ryrytrdey
e DRI 400000
N —
E 5 N
Z S 9
& N

&

FIG 6 Intracellular autophagic protein-related killing effects of infected macrophages stimulated with
resveratrol at different time points. RAW 264.7 macrophages were either infected with RH tachyzoites at
a ratio of 5:1 (parasite/host cell) for 2h or left in the culture plate without infection, followed by
incubation with resveratrol (50 uM) or DMSO (1:2,000) for 2 h, 12 h, or 24 h and rapamycin (100 nM) or
DMSO (1:10,000) for 24 h before collection of the cell lysates. (A) Infected macrophages treated with
DMSO showed an upregulation of LC3 | at 2 h and 12 h but not at 24 h compared to that for the negative
control. Meanwhile, LC3 Il production was found to be increased the most at 2 h, followed by a gradual
reduction of production from 12 h to 24 h. When incubated with resveratrol, both the LC3 | and the LC3
Il production of the infected macrophages was consistently elevated compared to that for the negative
control from 2 h to 24 h. Rapamycin was employed as an autophagy inducer and could also upregulate
the production of both LC3 I and LC3 Il. On the other hand, the uninfected macrophages incubated with
resveratrol revealed a slight upregulation of LC3 Il at 2 h and maintained its production until 24 h, while
the DMSO solvent failed to maintain LC3 Il production over time. At the same time, uninfected cells
stimulated with resveratrol and the DMSO solvent showed comparable LC3 | levels. (B, C) Meanwhile,
when the infected cells were stimulated with rapamycin for 24 h, the intracellular population of RH
tachyzoites was reduced significantly compared to that for the DMSO control. These results were
obtained from three independent experiments. The values shown are the means *= SEM from three
independent experiments. The arrows indicate the tachyzoites inside host cells. RSV, resveratrol. ***,
P <0.001.
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FIG 7 CHOP and XIAP production by infected macrophages stimulated with resveratrol. Infected RAW
264.7 mouse macrophages were stimulated with resveratrol for 2 h, 12 h, and 24 h before collection of
the cell lysates. When infected by RH tachyzoites at the three different time points, the mouse
macrophages displayed increased production of CHOP, while resveratrol could decrease the production
of CHOP to the baseline level compared to that in uninfected cells. Meanwhile, even though a decrease
in XIAP production was found in infected cells during the early infection time point (2 h) compared to
that in uninfected cells, RH tachyzoites gradually increased the level of XIAP production in host cells over
time. Resveratrol was discovered to turn over the upregulation by decreasing XIAP production in the
infected cells to a level than even lower that in uninfected cells. Moreover, resveratrol was able to
downregulate XIAP production over time even without infection. RSV, resveratrol.

activities of certain kinases of the parasites rely on calcium (29, 30), host cells are very
likely prone to alteration of their cellular calcium homeostasis. The endoplasmic
reticulum (ER) is one of the organelles that are in great demand of intracellular calcium
to fold proteins. Under the circumstance of abnormal intracellular calcium flow and the
subsequent accumulation of unfolded proteins, a process named ER stress is initiated.
In this case, a variety of chaperones and transmembrane signal regulators are upregu-
lated to assist the ER in recovering from the abnormal conditions. However, the
overloaded burden directly leads to the translocation of the ER overload response (EOR)
signals to the nucleus, thus initiating apoptosis. C/EBP homologous protein (CHOP),
also known as growth arrest and DNA damage-inducible gene 153 (GADD153), is one
of the ER stress-apoptosis inducers that is able to promote apoptosis by inhibiting Bcl-2
or activating caspase-12 (31). We evaluated the production of CHOP from both infected
and uninfected macrophages at 2 h, 12 h, and 24 h and found that resveratrol reversed
the increase in the level of CHOP in macrophages infected by RH tachyzoites, indicating
that resveratrol was able to alleviate the ER stress and retard the ER stress-induced
apoptosis caused by growth of the parasites (Fig. 7). Interestingly, when we tried to
investigate the apoptotic process by examining X-linked inhibitor of apoptosis protein
(XIAP), the protein that most potently inhibits apoptosis (32), the result revealed that
resveratrol reversed the upregulation of XIAP of host cells induced by parasites and
even maintained its production at a relatively low level over time in the uninfected
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FIG 8 Cytokines produced by host cells infected by RH tachyzoites with different stimuli. When
infected by RH tachyzoites for 24h, mouse macrophages failed to produce significantly more TNF-«
or less IL-10 than uninfected cells. Incubation of resveratrol with the infected cells could elevate the
production of TNF-a but had no impact on IL-10 production in these cells. Meanwhile, pyrimeth-
amine had an ignorable effect on the production of the two cytokines. —, uninfected by RH
tachyzoites with or without reagents; +, infected by RH tachyzoites with reagents; RSV, resveratrol.
The values shown are the means + SEM from three independent experiments. *, P < 0.05.

macrophages (Fig. 7). Considering the initial reduction in the level of XIAP production
at the 2-h time point compared to that in uninfected cells, the early apoptosis-related
eradication activity of host cells might be suppressed by the parasites to facilitate their
growth.

Cytokines. Cytokines play a vital role in mediating the killing of parasites by the
host. We evaluated whether resveratrol was able to regulate the production of tumor
necrosis factor alpha (TNF-a) and interleukin-10 (IL-10), which promote parasite killing
and favor parasite survival, respectively. According to our data, resveratrol successfully
induced TNF-a production by macrophages when they were infected by RH tachyzoites
(Fig. 8). In addition, this induction ability was greater than that of pyrimethamine,
indicating that, as a synergistic reagent, the parasite killing efficacy of resveratrol is
better than that of pyrimethamine. On the other hand, resveratrol failed to interfere
with the production of IL-10 by macrophages infected by RH tachyzoites at a significant
level (Fig. 8).

DISCUSSION

The polyphenol resveratrol has been widely studied for its potential for the treat-
ment of multiple different diseases. The biological features of this compound enable it
to act against several medically important protozoa, including leishmania and amoeba
(12, 20). It has been demonstrated that resveratrol has antitoxoplasma activity as well
as a synergistic therapeutic effect that is able to alleviate liver damage, regulate oxidant
and antioxidant levels, and prevent the alteration of the behavior of infected mice in
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vivo as a result of its antioxidant and anti-inflammatory functions (21). Recently, it has
also been considered to be a therapy for congenital toxoplasmosis because of its ability
to restore the neurogliogenesis of neural progenitor cells infected by T. gondii (33).
However, whether resveratrol has an inhibitory potential on T. gondii and the inte-
grated mechanism of its synergistic role in eliminating intracellular parasites remain
blurred. Therefore, we expected to further characterize the antitoxoplasma specialty of
resveratrol by evaluating the interaction of this compound with extracellularly and
intracellularly growing tachyzoites of the RH strain of T. gondii. The RH strain belongs
to type | T. gondii, which represents the most virulent of the three main clonal lineages
in its population structure (34). Mice infected by the RH strain develop severe acute
clinical symptoms, leading to death in a very short time. We initially profiled the
inhibitory effect of resveratrol against RH tachyzoites by drawing an inhibitory line
suggesting a 50% inhibitory concentration (ICy,) of about 50 uM, whereas pyrimeth-
amine, one of the first-line drugs used clinically, has an IC,, of about 20 wM. In addition,
although the highest concentration that we chose for use in the experiment (200 uM
for both resveratrol and pyrimethamine) could lead to high rates of inhibition, the
solvent DMSO also contributed to the inhibitory effect to some degree, revealing that
the actual inhibition rates should be about or less than 80% for both compounds at
200 uM. Interestingly, at low concentrations, such as 1 uM or less, resveratrol showed
an inhibitory ability comparable to that of pyrimethamine. Hence, resveratrol could be
a slightly milder inhibiting reagent than pyrimethamine but nevertheless a significant
inhibitor. Consequently, the IC;, of each compound (approximately 50 uM and 20 uM
for resveratrol and pyrimethamine, respectively) was chosen for further stimulation and
examination.

To illustrate the mechanism by which resveratrol acts against RH tachyzoites, we
carried out a series of experiments to evaluate the proliferation and death of the
parasites. In order to depict the early apoptotic and mid-to-late apoptotic/necrotic
signals, we shortened the incubation time from 24 h to 12 h and, surprisingly, failed to
observe any significant increase of both the early and mid-to-late apoptotic/necrotic
signal ratio of parasites stimulated by resveratrol and pyrimethamine. Moreover, al-
though bortezomib could induce apoptosis of the tachyzoites, the extent of apoptosis
was minor. The impact on the proliferation of the tachyzoites by resveratrol and
pyrimethamine was determined by alteration of the cell cycle. Similar to the results
obtained from the cell death experiment, we found out that neither resveratrol nor
pyrimethamine was able to cause cell cycle arrest of the tachyzoites in 12 h. Here we
noticed that Ferreira and colleagues incubated amastigotes/promastigotes of Leishma-
nia amazonensis with resveratrol at 27 uM and 100 uM for 48 h and demonstrated a
distinct increase in the sub-G,/G,; population along with a decrease in the G./G,
population (20). Based on the results for cell death and the cell cycle, we attributed the
outcome to two possibilities: the time that we used for challenge was not long enough
to acquire differentiated data, and some other process prevented the initiation of
apoptosis and alteration of the cell cycle.

Superoxide dismutase (SOD) is one of the most important reductases, existing in a
wide range of organisms. SOD promotes the conversion of extra superoxide (027)
anion into hydrogen peroxide and oxygen (27). In T. gondii, SOD has been considered
to protect cells from oxidative damage and also participate in the process of growth of
both bradyzoites and tachyzoites (35). To verify the second assumption that we made,
we evaluated the SOD activities of the tachyzoites incubated with resveratrol and also
pyrimethamine, as the reference therapeutic compound, for 12 h. We saw a striking
increase in the SOD activity of tachyzoites stimulated by resveratrol, indicating that the
activation of SOD might contribute greatly to neutralization of the harm induced by
resveratrol. At the same time, as expected, pyrimethamine could also induce the
activation of SOD significantly, thereby failing to cause evident damage affecting cell
death and the cell cycle of RH tachyzoites within the short time that we described
earlier. Additionally, since the dramatic activation of this enzyme might indicate the
alteration of the oxidative status brought about by external damage or internal stress,

March 2019 Volume 63 Issue 3 e01233-18

Antimicrobial Agents and Chemotherapy

aacasm.org 11


https://aac.asm.org

Chen et al.

we further assessed the reactive oxygen species (ROS) production of tachyzoites with
different stimuli, including resveratrol, to illustrate the relationship between the killing
by resveratrol and the survival of the parasites. ROS, including the superoxide anion,
hydrogen peroxide, and hydroxyl radicals, are by-products of aerobic metabolism and
are of great importance in a variety of biological processes, such as cell proliferation,
differentiation, and migration (36). Since the dismutase activity of SOD could catalyze
the transformation of the superoxide anion into hydrogen peroxide and oxygen (37),
we expected that the pronounced upregulated SOD activity of infected host cells might
be due to the increased ROS production induced by resveratrol. Contrary to our
expectation, resveratrol, together with its solvent, DMSO, brought down the level of
ROS production in 12h to a level even lower than that of ROS produced by the
parasites physiologically. Another toxin, H,O,, used as the positive control, also failed
to increase the level of ROS production but instead produced a slight decrease.
Although the harm of superabundant ROS production to the parasites has largely been
documented, it was nonnegligible that a moderate ROS level was also a promoter of
their propagation, as argued by some researchers in reports of studies of Trypanosoma
cruzi (38, 39). Therefore, we conceived of the idea that the extremely low level of ROS
production might be a result of the significantly elevated SOD activity induced by
resveratrol in 12 h, and it undermined the physiological redox biological signaling,
thereby interfering with the metabolism or proliferation ability of the parasites. At the
same time, we cannot rule out other possible factors that were involved in the
relationship between the reagent and the parasites, including cross talk between ROS
and reactive nitrogen species (RNS) and alterations of other reductases of the parasites.
Anyhow, resveratrol was considered to destroy the oxidant-antioxidant homeostasis of
tachyzoites by upregulating the SOD activity in 12 h, thus gradually inhibiting the
growth of extracellular tachyzoites in 24 h.

In addition to the direct inhibitory effects of resveratrol against RH tachyzoites,
we were also interested in the indirect inhibitory effects of it. Macrophages, which
are part of innate immunity, play a pivotal role in eliminating invading pathogens.
As one of the types of phagocytic nucleated cells, they serve as both an active and
a passive source of entry of the tachyzoites, leading to a battle between the
immune elimination process of host cells and the immune evasion strategy of the
parasites. To illustrate the impact on the growth of the parasites by resveratrol, we
infected RAW 264.7 mouse macrophages at a parasite/host cell ratio of 5:1 for a
short period of time before addition of resveratrol for further incubation for 24 h.
We observed that the mean population of intracellular parasites in each infected
macrophage was about 10 for the control and DMSO-treated groups, while this
number dropped dramatically in the resveratrol- and pyrimethamine-treated
groups. Meanwhile, we noticed that the infected macrophages stimulated by
resveratrol and pyrimethamine showed an accumulation of empty vacuoles in the
cytoplasm, indicating a more activated status of these macrophages.

Autophagy is an evolutionarily conserved, multistep lysosomal degradation process
for the removal of damaged or redundant proteins and organelles. Since autophagy is
a process linked to the energy metabolism of the cell (40), conventionally, the depletion
of nutrients from host cells by the inhabitation of the intracellular parasites is highly
likely to pull the trigger for autophagy. Several researchers aimed at discovering the
interaction between parasites and hosts argued that autophagy might play an essential
role in the host process of elimination of parasites. Muniz-Feliciano and colleagues
declared that fusion of the parasitic vacuole with the lysosome might rely on the
accumulation of some key autophagic proteins and is interrupted by T. gondii parasites,
thereby protecting themselves from intracellular degradation by host cells (28). More-
over, a study focusing on Salmonella enterica serovar Typhimurium further supported
that assumption by demonstrating the suppression of host autophagy by bacterial
infection through the degradation of SIRT1 of host cells (41). In this study, we found out
that the infection by RH tachyzoites induced the upregulation of LC3 production as well
as a shift from LC3 | to LC3 Il in host macrophages at 2 h. However, both the
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upregulation and the shift were gradually attenuated afterwards until they dropped to
a baseline level that was identical to that for uninfected cells at 24 h. Therefore, at the
very beginning of the infection, the host cells were assumed to respond to the parasites
by initiation of autophagy. Nevertheless, when adapted to the intracellular environ-
ment, the RH tachyzoites began to precisely regulate the clearance process and, finally,
suppressed it totally. Conversely, the addition of resveratrol and rapamycin maintained
a relatively high level of LC3 Il production from 2 h to 24 h and significantly cut down
the average numbers of intracellular tachyzoites at the same time. In this case, we argue
that autophagy plays a pivotal role in eliminating intracellular tachyzoites and could be
suppressed in favor of their survival. Furthermore, resveratrol was able to induce LC3 ||
production by uninfected macrophages, though very mildly, indicating its contribution
to autophagic activities. Therefore, by upregulating autophagy or the autophagic
elimination process, resveratrol was able to assist host immune cells to terminate RH
tachyzoites.

Along with the expansion of the parasite population, we assumed that the infected
macrophages were in a stressed condition. C/EBP homologous protein (CHOP), also
known as growth arrest and DNA damage-inducible protein 153 (GADD153), plays a key
role during endoplasmic reticulum (ER) stress and amino acid limitation (42). As a
stress-responsive transcription factor, CHOP expression is induced to control numerous
genes involved in multiple cellular processes, including inflammation, differentiation,
autophagy, and apoptosis (42, 43). The sustained CHOP activation has been considered
a pivotal trigger for ER stress-related apoptosis. We found that the production of CHOP
by host cells was elevated with time by infection with RH tachyzoites. Meanwhile,
resveratrol reversed the elevation by maintaining the level of CHOP production at the
baseline level, indicating that resveratrol could save the host cell from the risk of suicide
that ER stress brought about. Surprisingly, when we tried to evaluate the protein level
of XIAP, which has been considered one of the most powerful apoptotic inhibitors, it
turned out that resveratrol restrained the production of XIAP, which was found to be
upregulated in infected macrophages and also in uninfected macrophages over time,
revealing the induction of apoptosis by resveratrol through suppression of the pro-
duction of its inhibitor. The conflicting results from our experiments might suggest the
possibility that resveratrol is able to restore homeostasis within the ER and prevent ER
stress-related apoptosis and also simultaneously promotes the initiation of classical
apoptosis. We already pointed out that resveratrol enhances the autophagic clearance
of the host cells in response to infection with RH tachyzoites, thus alleviating cellular
stress by degradation and recycling of the harmful components. Therefore, we believe
that the process of autophagy could help the ER to maintain homeostasis, thereby
reducing the production of CHOP to delay the overload reaction. On the other hand,
resveratrol might initiate the classical apoptosis irrelevant to the ER function to favor
the recognition of infected cells to be terminated by other phagocytes, thus limiting
the proliferation of the tachyzoites to a single cell.

Since macrophages are the main source of inflammatory cytokines under circum-
stances of infection, we sought to examine whether resveratrol has a potent influence
on inflammatory cytokine production by infected host cells. TNF-« is one of the
proinflammatory cytokines secreted by macrophages to mediate parasite killing. It was
noteworthy that resveratrol had an ability to induce the production of TNF-a by
infected macrophages compared to that of DMSO and pyrimethamine. In addition to
TNF-«, we also evaluated the level of IL-10, one of the anti-inflammatory cytokines that
favors the inhabitation of pathogens. However, neither resveratrol nor pyrimethamine
was able to regulate the production of this cytokine significantly, despite the trend
toward a slight decrease that we observed. Resveratrol has been considered a powerful
anti-inflammatory compound that is expected to reduce the production of inflamma-
tory cytokines, such as TNF-a and IL-183, in most of the cases examined by many
researchers (44, 45). However, it is noteworthy that a few studies reported that
resveratrol could also regulate this cytokine in the opposite way. It was shown to
reverse the downregulation of several proinflammatory cytokines, including TNF-¢, in
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a model consisting of rats with chemically induced hepatic cancer (46). Furthermore,
oral administration of resveratrol was found to enhance the TNF-a level in healthy
human males as well as primary peripheral blood monocytes upon bacterial stimulation
(47). In addition to its well-known role in mediating the inflammatory process, TNF-«
also participates in the signaling pathway of apoptosis in a variety of cell types (48)
through binding to the corresponding cell surface death receptor, TNFR. Moreover, we
have already shown that resveratrol induces apoptosis by suppressing the XIAP level in
infected cells. Therefore, a possible explanation for our observation is that resveratrol
triggers apoptosis through the induction of TNF-«; hence, the IL-10 alteration is missing
upon treatment with resveratrol. On the other hand, macrophages are essential in
innate immunity and function by reacting to pathogens by secreting cytokines, such as
TNF-a. Therefore, resveratrol may contribute to elimination of the parasites by enhanc-
ing TNF-a production in these cells.

In conclusion, resveratrol can successfully inhibit the growth of RH tachyzoites
presumably through the deprivation of redox homeostasis of the parasites, alleviate the
stress status of host macrophages caused by parasite infection, and finally, assist
macrophages with the elimination of intracellular tachyzoites by facilitating both the
autophagic and the apoptotic processes.

MATERIALS AND METHODS

Cell cultivation. A murine macrophage-stable cell line (RAW 264.7), a murine hepatocyte cell line
(AML-12), and a human foreskin fibroblast (HFF) cell line (purchased from Jennio Biotech Co., Ltd.,
Guangzhou, China) were cultured at 37°C in a 5% CO,—95% air mixture in RPMI 1640 medium (Gibco,
USA) containing 2.05 mM L-glutamine, Dulbecco’s modified Eagle’s medium (DMEM; Gibco, USA), or
DMEM/F-12 medium (Gibco, USA), respectively, supplemented with 10% fetal bovine serum (PAN,
Germany) and 100 ug/ml of antibiotics (penicillin and streptomycin; Ameresco, USA), with passage taking
place every 3 to 4 days. When cells were over 80% confluent, 5 ml of trypsin with 0.25% EDTA and phenol
red (Solarbio, China) was employed to digest the cells before they were washed off with fresh medium
by pipetting for further seeding procedures.

Parasite culture. The type | virulent RH strain of Toxoplasma gondii (generously donated by Guizhou
Medical University, China) was stored in phosphate-buffered saline (PBS) solution containing 20%
glycerin in liquid nitrogen. The RH strain was removed from liquid nitrogen and recovered in a water bath
of 37°C for 30 min and then maintained in vitro by serial passage on human foreskin fibroblasts (HFF) or
mouse hepatocytes (AML-12 cells). When over 90% of the infected cells were lysed, the parasites were
obtained together with the attached cells with a gentle scrape by a cell scraper, followed by centrifu-
gation at 100 X g for 10 min at 4°C before the supernatants were collected. Next, the mixture was passed
through a 25-gauge syringe needle several times, centrifuged at 2,000 X g for 10 min to remove the
supernatants, and resuspended in either PBS (for infection) or RPMI 1640 medium supplemented with 5%
fetal bovine serum (Endo buffer) at 37°C in 5% CO, (for treatment).

Parasite survival. Parasites were collected and loaded in a 96-well cell culture plate at 5 X 10>
cells/per well and challenged with resveratrol (J&K Scientific, China) and pyrimethamine (J&K Scientific,
China) at different concentrations ranging from 0 to 200 uM for 24 h (for each well, 90 ul of parasites in
Endo buffer and 10 ul of diluted chemicals were added to acquire the corresponding concentrations of
the chemicals) before the determination of parasite inhibition rates. Parasite survival was performed after
stimulation by a standard trypan blue dye exclusion test to determine the number of viable cells. In these
tests, medium alone and dimethyl sulfoxide (DMSO; the solvent used to dissolve resveratrol and
pyrimethamine) diluted with culture medium were used as controls. All of the cultures were performed
four independent times, and the results are expressed as the inhibition rate (in percentage), which is
equal to [(number of parasites in culture medium with DMSO — number of parasites in medium with
resveratrol or pyrimethamine)/number of parasites in culture medium with DMSO] X 100.

Phosphatidylserine (PS) exposure and cell death. Approximately 1 X 106 tachyzoites were
employed for coculture with resveratrol, pyrimethamine, and bortezomib, followed by collection and
centrifugation at 1,300 X g for 15 min at 4°C to remove the supernatants before the addition of
annexin V-FITC dye in the dark for 10 min. After the addition of Pl dye for another 5 min followed
by the addition of the ligation buffer, the mixture was subjected to flow cytometry (ZE5 flow
cytometer; Bio-Rad) or confocal microscopy (LSM 880 microscope; Zeiss) for further detection, as
required by the protocol.

Cell cycle detection. Approximately 1 X 10 tachyzoites were collected and centrifuged at 1,300 X g
for 15 min at 4°C after incubation with resveratrol and pyrimethamine, followed by three washes with
cold PBS. Five hundred microliters of PI-RNase was added to the tachyzoites away from the light for
30 min. After addition of an extra volume of 1 ml PBS, the mixture was centrifuged and resuspended in
500 wl of PBS, followed by detection by flow cytometry (ZE5 flow cytometer; Bio-Rad).

SOD activity. Approximately 1 X 107 tachyzoites were collected and lysed after incubation with
resveratrol and pyrimethamine by Western-PI lysis buffer (without enzyme) (Beyotime, China), followed
by detection of the total protein in each sample. SOD activity was measured by a total SOD assay kit (the
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wst-8 method; Beyotime, China). According to the instruction manual, sample wells together with 3 blank
control wells in a 96-well plate were loaded with cell lysates and the corresponding buffer before
incubation at 37°C away from the light for 30 min. The absorbance of each sample was measured at
450 nm, followed by homogenization of the data through division of the value by the total amount of
protein in each sample.

ROS production. Approximately 1 X 10¢ tachyzoites in Endo buffer were seeded into each well of a

24-well cell culture plate, followed by addition of 50 uM resveratrol, 30 uM H,O,, and DMSO for 12 h.
DCFH-DA (2',7'-dichlorofluorescein diacetate; 10 uM; Njjcbio, China) was then added to the culture
medium, and the tachyzoites were incubated for an extra 60 min before collection by centrifugation at
1,300 X g for 10 min and washing with sterile PBS. Pellets were resuspended in PBS and detected by use

of the FITC channel of a flow cytometer (Cytoflex S; Beckman Coulter, USA).
Phagocytosis. RAW 264.7 mouse macrophages were maintained at 37°C in 5% CO, in RPMI 1640

medium supplemented with 10% fetal bovine serum and 100 ug/ml of antibiotics (penicillin and
streptomycin). Cells (1 X 10%) were seeded into each well of a 24-well cell culture plate with sterile glass
coverslips for attachment. The macrophages were infected with RH tachyzoites at a 5:1 parasite-to-cell
ratio for 2 h, followed by three washes with PBS to remove excess parasites in the medium. After the
replacement of the medium with new culture medium, resveratrol, pyrimethamine, rapamycin (Sigma),
or DMSO was added for an extra 24 h. Infected and stimulated cells were then observed with an optical
microscope and Wright's stain. The average number of tachyzoites in each cell was determined by
randomly counting 200 infected cells in each of the duplicate coverslips.

Detection and analysis of protein production. The macrophages (2.5 X 109) in each well of a

12-well tissue culture plate were lysed with Western-PI lysis buffer supplemented with phenylmethyl-
sulfonyl fluoride, followed by detection of total protein in each sample. A Western blot analysis of
prepared protein samples was performed following standard protocols. Approximately 20 to 30 ug of
protein was loaded in each lane of a 12% acrylamide gel. Proteins were separated at 120 V until the dye
front reached the bottom of the gel, followed by transferring the gels to polyvinylidene fluoride (PVDF)
membranes (Whatman) in transfer buffer (25 mM Tris-HCI, 192 mM glycine, 20% methanol, 0.02% SDS,
pH 8.3), where they were held at 200 mA for 60 min. The membranes were then soaked in a blocking
solution consisting of PBS-Tween 20 buffer (1X PBS, 0.1% Tween 20) supplemented with 1% bovine
serum albumin (BSA; Sigma) for 2 h, before incubation overnight at 4°C individually with XIAP, LC3, and
CHOP antibodies (Cell Signaling Technology, USA) and GAPDH antibody (glyceraldehyde-3-phosphate
dehydrogenase; ZSGB-Bio, China) at the corresponding dilutions. All primary antibodies were used at a
1:1,000 dilution, and horseradish peroxidase-conjugated anti-rabbit/anti-mouse immunoglobulin sec-
ondary antibodies (ZSGB-Bio) were used at a 1:4,000 dilution. The membranes were then visualized with

an enhanced chemiluminescence Western blotting detection kit (Beyotime).
Cytokine production. Macrophages (2.5 X 10°) were seeded into each well of a 12-well plate and

incubated with the corresponding stimuli for 24 h before collection of the cultivation medium for
enzyme-linked immunosorbent assay detection of TNF-a and IL-10 following a standard protocol.

Statistics. IC,,s were calculated according to a nonlinear regression using a log inhibitor-versus-

response equation with 95% confidence intervals by GraphPad Prism (version 5) software. The data were
analyzed by Student’s t test for comparison of two groups or by one-way analysis of variance (ANOVA)
for comparison of three or more groups using GraphPad Prism (version 5) software. P values of <0.05
were considered significant.
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