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Resveratrol Is Active against Leishmania amazonensis: In Vitro Effect
of Its Association with Amphotericin B
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Resveratrol is a polyphenol found in black grapes and red wine and has many biological activities. In this study, we evaluated the
effect of resveratrol alone and in association with amphotericin B (AMB) against Leishmania amazonensis. Our results demon-
strate that resveratrol possesses both antipromastigote and antiamastigote effects, with 50% inhibitory concentrations (IC5,s) of
27 and 42 pM, respectively. The association of resveratrol with AMB showed synergy for L. amazonensis amastigotes, as demon-
strated by the mean sums of fractional inhibitory index concentration (mean %FIC) of 0.483, although for promastigotes, this
association was indifferent. Treatment with resveratrol increased the percentage of promastigotes in the sub-G,/G, phase of the
cell cycle, reduced the mitochondrial potential, and showed an elevated choline peak and CH,-to-CH; ratio in the nuclear mag-
netic resonance (NMR) spectroscopy analysis; all these features indicate parasite death. Resveratrol also decreased the activity of
the enzyme arginase in uninfected and infected macrophages with and without stimulation with interleukin-4 (IL-4), also impli-

cating arginase inhibition in parasite death. The anti-Leishmania effect of resveratrol and its potential synergistic association
with AMB indicate that these compounds should be subjected to further studies of drug association therapy in vivo.

eishmaniasis is a neglected disease that affects 98 countries and

3 territories on 5 continents. Approximately 0.2 to 0.4 million
cases of visceral leishmaniasis and 0.9 to 1.2 million cases of cuta-
neous leishmaniasis occur each year (1). The pentavalent antimo-
nials have been the first-line drugs for treating leishmaniasis for
>80 years, but these drugs have high toxicity and adverse side
effects. These negative characteristics lead to patient withdrawal
and an increased incidence of resistant strains (2, 3). Alternative
compounds, such as pentamidine, amphotericin B, and paromo-
mycin, are secondary treatment options for resistant cases, despite
their cytotoxicity (4, 5). Miltefosine, the first approved oral treat-
ment for leishmaniasis, has been used since 2002 for visceral leish-
maniasis in India with a high cure rate. However, a low efficacy
rate has been observed for miltefosine against cutaneous leish-
maniasis, and this drug is also teratogenic (6, 7).

Several compounds have been screened against leishmaniasis,
especially secondary metabolites of plants. Here, we investigated
the antileishmanial activity of resveratrol (3,5,4'-trihydroxystil-
bene), a natural polyphenol produced by several plants, including
Kojo-kon (Polygonum cuspidatum), Kashuwu (Polygonum multi-
florum), eucalyptus (Eucalyptus sideroxylon), and black grapes
(Vitis vinifera and Vitis labrusca) (8—12). Resveratrol has been de-
scribed as having anti-inflammatory, anticancer, antioxidant (13—
15), antiplatelet aggregation, antifungal, antiviral, antibacterial,
and anti-Leishmania major activities (13, 16-20). Importantly, it is
well tolerated at high doses, without side effects (21). Moreover,
resveratrol has been reported to have a synergistic effect with te-
mozolomide (an antineoplastic agent belonging to a class of alky-
lating agents, such as one derived from imidazotetrazine), an ef-
fect confirmed by isobolographic analysis. This combination was
also effective against malignant glioma, occurring by suppressing
extracellular signal-regulated kinase (ERK)/reactive oxygen spe-
cies (ROS)-mediated autophagy and subsequently, inducing
apoptosis (22). Resveratrol also acts synergistically with the poly-
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phenols present in black tea to suppress the growth of skin cancer
in BALB/c mice, and this suppression occurs by inhibiting the
activation of p53 and mitogen-activated protein kinase (MAPK)
(23). Recently, resveratrol has received much attention at specific
international conferences dedicated to formulating recommenda-
tions for research aspects to be addressed and guidelines for hu-
man use (24). Although the number of clinical trials addressing
the biological properties and activities of resveratrol, pure or
mixed with other compounds, against cancer, metabolic syn-
dromes, and cardiovascular diseases has increased, there is still
much controversy about the amount needed for its beneficial ef-
fects and for a recommendation for use in humans (24).

Here, we describe that resveratrol has anti-Leishmania ama-
zonensis activity demonstrating the induction incidental death
markers and that polyamine starvation contributes to parasite
death. Furthermore, a synergistic leishmanicidal effect for the as-
sociation of resveratrol and amphotericin B was demonstrated in
vitro using the fractional inhibitory concentration index and
isobolographic analysis.

MATERIALS AND METHODS

Ethics statement. All of the animal experiments were performed in strict
accordance with Brazilian animal protection law (Lei Arouca no. 11.794/
08) of the National Council for the Control of Animal Experimentation
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(CONCEA) (Brazil). The protocol was approved by the Committee for
Animal Use of the Universidade Federal do Rio de Janeiro (permit IMPPG
001).

Parasite culture. L. amazonensis (strain WHOM/BR/75/Josefa) pro-
mastigotes were cultured at 26°C in Schneider’s insect medium (Sigma),
10% fetal calf serum (Gibco-BRL, USA), and 40 pg/ml gentamicin (Sche-
ring-Plough, Rio de Janeiro, Brazil).

Antipromastigote activity. Promastigotes were incubated at 26°C in
Schneider’s insect medium—10% fetal calf serum (FCS) in the presence of
different concentrations of resveratrol (Sigma) and/or amphotericin B
(Cristalia, Sdo Paulo, Brazil). Parasite survival was estimated by counting
the viable motile forms in a Neubauer chamber at 24, 48, 72, and 96 h after
the addition of the drugs. In all tests, medium alone and 0.4% dimethyl
sulfoxide (DMSO) were used as controls. All of the cultures were per-
formed in triplicate, and the results were expressed as the percentage of
growth compared to that of the controls. Promastigotes were treated with
or without 100 wM resveratrol and 1 wM amphotericin B for 48 h at 26°C
and then incubated with 4 pM ethidium homodimer 1 (EthD-1) staining
solution for 30 min at 37°C, according to the manufacturer’s instructions
(Molecular Probes). The data regarding dead promastigotes were col-
lected in a BD FACSCalibur and analyzed by CellQuest Pro (BD Biosci-
ences, San Jose, CA). Ten thousand events were harvested from each sam-
ple.

Antiamastigote activity. Peritoneal macrophages from mice obtained
after stimulation with 3% thioglycolate for 3 days were harvested in RPMI
1640 medium (Biochrom KG, Germany). The macrophages were plated
onto coverslips and allowed to adhere for 2 h at 37°C in 5% CO,. The
nonadherent cells were removed, and the macrophages were incubated
overnight in RPMI medium and 10% FCS. The adhered macrophages
were infected with L. amazonensis promastigotes (stationary growth
phase) at a 10:1 parasite-to-macrophage ratio and incubated for 1 h at
34°C in 5% CO,. The free parasites were washed out with 0.01 M phos-
phate-buffered saline (PBS), and the cultures were maintained for 24 h at
37°Cin 5% CO,. The amastigote-infected macrophage cultures were then
treated with resveratrol and/or amphotericin B at different concentrations
for an additional 24 h. The cells were then washed and stained with Gi-
emsa, and the number of amastigotes and the percentages of infected
macrophages were determined by counting =200 cells in duplicate cul-
tures. The infectivity indices were obtained by multiplying the percentage
of infected macrophages by the mean number of amastigotes per infected
macrophage. The results were expressed as the percentage of survival,
comparing the infectivity indices of the treated and untreated macro-
phages (25).

Assessment of the intracellular load of L. amazonensis. The infected
macrophages were treated with 100 pM resveratrol for 24 h or left un-
treated, were washed and incubated with 0.01% SDS for 10 min, followed
by the addition of 1 ml of Schneider’s medium and 10% FCS, and were
cultured at 26°C for 2 days. The relative intracellular load of viable L.
amazonensis amastigotes was measured by a parasite rescue and transfor-
mation assay (26, 27).

XTT assay. Mouse peritoneal macrophages adhered to 96-well plates
were treated with resveratrol and amphotericin B. After 24 h of treatment, cell
viability was determined by adding 0.5 mg/ml XTT (2,3-bis[2-methoxy-4-
nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxinilide inner salt) (Sigma)
and 10 wM phenazine methosulfate (PMS). After 3 h of incubation, the
reaction product was read at 450 nm. The results were expressed as the
percentage of viable cells compared to that in the untreated control
(27, 28).

Trypan blue exclusion assay. BALB/c peritoneal macrophages in a
24-well plate were treated with resveratrol and amphotericin B. After 24 h
of treatment, 0.03% trypan blue {tetrasodium 3,3’-[(3,3'-dimethyl[1,1’-
biphenyl]-4,4'-diyl)bis(azo)|bis[5-amino-4-hydroxynaphthalene-2,7-
disulfonate]} was added, and the number of viable cells was estimated by
counting 200 cells in triplicate (29).
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Phagocytosis. BALB/c peritoneal macrophages were treated with res-
veratrol and amphotericin B and incubated at 37°C in 5% CO, for 24 h.
The macrophages were infected with L. amazonensis promastigotes at a
10:1 parasite-to-cell ratio for 1 h, and the rate of association was deter-
mined by randomly counting =200 cells in each of the duplicate cover-
slips (26).

Nitric oxide production. Thioglycolate-stimulated peritoneal mouse
macrophages obtained as described above (10° cells/well in a 24-well
plate) were activated with 1 pg/ml recombinant mouse gamma interferon
(IFN-v) (Bioscience, Inc., CA) or left untreated. After the cells were incu-
bated for 24 h at 37°C in 5% CO,, they were treated with 100 WM resvera-
trol and 0.06 WM amphotericin B. The nitrite concentrations in the cul-
ture supernatants were determined by the Griess method. The reaction
was read at 540 nm, and concentration of NO, ™~ was determined using a
standard curve of sodium nitrite. The results were expressed as micromo-
lar concentrations of nitrite.

Nitric oxide-trapping capacity. A cell-free system using an NO donor
was used to test the capacity of resveratrol and amphotericin B to trap
nitric oxide. In solution, SNAP (S-nitroso-N-acetyl pL-penicillamine)
(Sigma) liberates nitric oxide, which is then transformed to nitrite in the
medium. The addition of an NO scavenger to a SNAP solution results in
nitrite decay in the supernatant. Using this protocol, 100 wM resveratrol
and 0.06 M amphotericin B were incubated with 1 mM SNAP. Rutin (1
mM), a known NO scavenger (Sigma), was used as a positive control for
the assay. After 6 h of incubation, the nitrite concentration was deter-
mined by the Griess method. The results were expressed as the uM con-
centration of nitrite calculated in comparison with the sodium nitrite
standard curve (26).

Cytokine production. Thioglycolate-stimulated mouse peritoneal
macrophages activated with IFN-y as described above or left untreated
were cultured in 24-well plates for 24 h at 37°C in 5% CO,. The macro-
phages were then treated with resveratrol and amphotericin B, and the
production of tumor necrosis factor alpha (TNF-a) and transforming
growth factor beta (TGF-f3) was evaluated by enzyme-linked immunosor-
bent assay (ELISA) using capture and detection antibodies obtained from
PeproTech (Mexico, DF) and eBioscience (CA), respectively, according to
the manufacturer’s instructions. Recombinant cytokines were used as
standards, and the assays were performed in duplicate. The reactions were
detected with streptavidin-alkaline phosphatase (Gibco BRL) and p-ni-
trophenylphosphate (Sigma) and read at 405 nm. The regression curves
were prepared using specific software for microplate assays (Bio-Rad
Labs). The assays were performed in triplicate (30).

Promastigote morphology. The promastigotes (3 X 10%/ml) were
maintained in the presence or absence of 0.4% DMSO, 100 .M resvera-
trol, and 0.1 wM amphotericin B for 48 h of treatment, washed 2 times
with PBS, fixed, and stained with Giemsa, and =200 cells were counted
using an Axioplan optical microscope.

Fractional inhibitory concentration determination and isobolo-
gram construction. The fractional inhibitory concentration index (FIC)
of resveratrol was calculated using the formula IC, of resveratrol in as-
sociation/ICs, of resveratrol alone (ICs,, 50% inhibitory concentration).
The same formula was applied to amphotericin B (AMB). The sum FICs
(S FICs) were calculated as FIC of resveratrol + FIC of AMB, as described
by Seifert and Croft (31). The mean SFIC was calculated for each combi-
nation and then compared to the reference values and reported as syner-
gistic (XFIC, =0.5), indifferent (XFIC, >0.5 and =4), or antagonistic
(SFIC, >4) (31). The interaction between resveratrol and AMB was ana-
lyzed using FIC values to plot the isobologram, according to the method of
Tallarida (32). Antagonistic combinations were defined as points above
the line of additivity, and synergistic combinations were defined as points
below the line (32).

Cell cycle. Promastigotes were incubated in Schneider’s complete me-
dium with or without 27 uM or 100 wM resveratrol and 0.1 wM ampho-
tericin B for 48 h. The cells were washed with PBS and fixed in 70%
(vol/vol) ice-cold methanol-PBS for =1 h at 4°C. The fixed cells were
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washed once with PBS and incubated in cell cycle solution (PBS supple-
mented with 10 pg/ml propidium iodide and 20 p.g/ml RNase) at 37°C for
45 min, as described previously (33). For each sample, 10,000 events were
collected on a BD FACSCalibur (Becton, Dickinson) and analyzed using
the CellQuest software.

Measurement of AWm. The change in promastigote A¥m (mito-
chondrial membrane potential) was measured with a mitochondrial
staining kit (Sigma-Aldrich). This dye accumulates in the mitochondrial
matrix under the influence of AWY'm, and its monomeric form increases in
unhealthy or apoptotic cells. The promastigotes were treated with or with-
out 100 wM resveratrol and 0.1 pM amphotericin B for 48 h. JC-1 (5
pg/ml) staining solution (prepared according to the manufacturer’s in-
structions) was added to the 10° cells for 20 min at 37°C. The AWm was
measured at 490 nm excitation and 530 nm emission (for JC-1 mono-
mers) and 525 nm excitation and 590 nm emission wavelengths (for J-ag-
gregates) in a SpectraMax Paradigm (Molecular Devices) using 96-well
opaque culture plates (26).

Arginase activity. Uninfected or infected macrophages stimulated or
not with 20 ng/ml of interleukin-4 (IL-4) and treated with or without 100
WM resveratrol, 100 pM spermidine, or 1 puM amphotericin B were lysed
to determine the arginase activity. The macrophage lysates were obtained
from 10° cells treated with 100 pl of 0.1% Triton X-100 for 30 min,
followed by the addition of 100 pl of a buffer containing 25 mM Tris-HCI
(pH 7.4) and 10 pl of 10 mM MnSO,. The enzyme was then activated by
heating for 10 min at 56°C, and arginine hydrolysis was carried out by
incubating 100 pl of the activated lysate with 100 l of 0.1 M arginine (pH
9.7) at 37°C for 1 h. The reaction was stopped with 800 wl of H,SO,-
H,;PO,-H,0 (1:3:7 [vol/vol/vol]) and 40 pl of 10% a-isonitrosopropio-
phenone in 100% methanol and heated to 100°C for 30 min. The urea
concentration was measured at 540 nm. One unit of enzyme activity was
defined as the amount of enzyme that catalyzed the formation of 1 wmol
of urea per minute.

NMR experiments. Promastigotes treated with 100 WM resveratrol
were washed 2 times with PBS and then suspended in 600 wl of deuterated
PBS. 'H nuclear magnetic resonance (NMR) experiments were recorded
at 25°C in an Agilent 500 spectrometer operating at 499.78 MHz, with a
5-mm broadband inverse geometry probe. The following acquisition pa-
rameters were used: 90° pulse (zgpr, avance-version 1.7.10.2 1D sequence
with f1 presaturation), 64 scans, and spectral width of 8,012.8 ppm. The
signal intensities were calculated by performing the appropriate baseline
corrections and then integrating the area under each of the resonances
using MestReNova version 6.0.2. The integrated regions for CH, were
1.19 to 1.44 ppm and were 0.77 to 0.95 ppm for CH,.

Statistical analysis. IC,,s were calculated according to a nonlinear
regression using a second-order polynomial equation, with 95% confi-
dence intervals, using GraphPad Prism 5 software. The results were ex-
pressed as the IC,, * standard error of the mean (SEM). The data were
analyzed by Student’s ¢ test when comparing two groups or by one-way
analysis of variance (ANOVA) for more than two groups using the Graph-
Pad Prism 5 software. P values of =0.05 were considered significant.

RESULTS
Antipromastigote activity. We first tested the activities of res-
veratrol and AMB on L. amazonensis promastigote proliferation
(Fig. 1A and B). Our results showed dose-dependent antileishma-
nial activity, with ICy,s 0f 27 = 0.59 pM and 0.108 = 0.006 wM for
resveratrol and AMB, respectively, after 48 h of treatment. The
leishmanicidal activities of both drugs were confirmed by labeling
the promastigotes with ethidium homodimer (EthD-17") after
resveratrol and AMB treatment (Fig. 1C). In this assay, resveratrol
and AMB increased the percentage of dead EthD-1"* promasti-
gotes in relation to the untreated control by 5.3- and 7.4-fold,
respectively.

Promastigote morphology. Next, we examined the morpho-
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FIG 1 Inhibition of L. amazonensis proliferation by resveratrol and ampho-
tericin B (AMB). Promastigotes (10°/ml) were grown in the presence or ab-
sence of resveratrol, AMB, or diluent (DMSQO), at the indicated concentra-
tions. (A) Percentage of growth inhibition by resveratrol was determined by
counting the viable parasites in a Neubauer chamber at the indicated time
points. *, P < 0.001 compared to untreated control. (B) Percentage of growth
inhibition by AMB was determined as in panel A after 48 h of treatment. The
results shown are the mean * standard error of the mean (SEM) from three
independent experiments. *, P < 0.05, **, P < 0.001, and ***, P < 0.0001
compared to the control. (C) Viability analysis of resveratrol (Rv)- and AMB-
treated parasites. Promastigotes cultured or not with 100 uM Rv or 1 uM AMB
for 48 h were stained with ethidium homodimer 1 (EthD-1") and analyzed by
flow cytometry. The results are shown as the mean * SEM from 3 independent
experiments, with 10,000 events recorded/experimental condition. *, P < 0.05
and **, P < 0.001, compared to the control.
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FIG 2 Morphological analysis of resveratrol-treated L. amazonensis. Promas-
tigotes treated with 100 M resveratrol for 48 h were stained with Giemsa. (A)
Untreated control cells. Also shown are resveratrol-treated cells showing an

irregular number of flagella (arrowheads in panel B), distorted shape (C), and
the presence of 3 nuclei (D, arrow). Scale bar, 20 pm.
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logical changes associated with killing by resveratrol. The promas-
tigotes treated with 100 WM resveratrol for 48 h were stained with
Giemsa and compared with the untreated controls (Fig. 2). Typi-
cal promastigotes presenting one flagellum, one nucleus, and one
kinetoplast were observed in the cultures after 48 h (Fig. 2A). The
resveratrol-treated promastigotes showed altered cell division, as
demonstrated by the presence of an irregular number of flagella
(Fig. 2B), altered cell shape (Fig. 2C), and cells with three nuclei
and one kinetoplast (Fig. 2D). No morphological changes were
observed in the vehicle (0.4% DMSO)-treated parasites (data not
shown).

The alterations in the number of nuclei (N) and kinetoplasts
(K) induced by treating promastigotes with 100 wM resveratrol
for 48 h were then quantified. The untreated controls contained
IN/1K and 2N/2K, and 32% of the resveratrol-treated parasites
presented 3N/1K or 2N/1K (Fig. 3).

Cell cycle. The alterations in the nucleus-kinetoplast relation-
ship observed in the resveratrol-treated promastigotes suggested
that this drug affects the parasite cell cycle. To test this hypothesis,
L. amazonensis promastigotes were treated with resveratrol for 48
h, labeled with propidium iodide in cell cycle solution, and ana-
lyzed by flow cytometry (Table 1). Our results confirmed that
resveratrol at concentrations of 27 wM and 100 pM affect the
division pattern of the promastigotes by increasing the sub-G,/G;
population (5.4- and 11-fold greater than the untreated controls,
respectively) and decreasing the G,/G, population (1.3- and 1.4-
fold less than the untreated controls, respectively). Moreover, 100
M resveratrol decreased the S population by 1.9-fold compared
to the DMSO-treated cells and by 1.7-fold compared to the un-
treated controls. AMB did not alter the cell cycle of the parasite.

Parasite mitochondrial alterations. Parasites of the genus
Leishmania have a single mitochondrion that is involved in apop-
totic death, and the increase in the sub-G,/G, hypodiploid DNA
(Table 1) might represent promastigotes that undergo an inciden-
tal death. Therefore, we were interested in determining the effect
of resveratrol on the parasite mitochondria. We evaluated altera-
tions in the mitochondrial membrane potential (AWm) using the
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FIG 3 Effects of resveratrol on the cell division of axenic promastigotes. Gi-
emsa-stained promastigotes cultured in the absence or presence of 100 uM
resveratrol (Rv) for 48 h were quantified according to the numbers of nuclei
(N) and kinetoplasts (K) present in each cell. At least 200 cells were counted in
two independent experiments, and the values represent the means = SEM.

JC-1 assay. Treatment with 100 wM resveratrol reduced by 67%
and 76% the A¥'m compared to the DMSO-treated and untreated
control promastigotes, respectively (Fig. 4). Mitochondrial poten-
tial was not affected by 0.1 uM AMB (Fig. 4).

NMR experiments. To identify possible alterations in the me-
tabolite profile of L. amazonensis, the promastigotes were treated
with resveratrol and analyzed by "H NMR spectroscopy. Our re-
sults demonstrated that 100 wM resveratrol increased the CH,-to-
CHj; ratio by 1.4-fold after 48 h of treatment. These results from
the "H NMR-visible mobile lipid technique indicated that apop-
tosis was occurring (Fig. 5A and B). In addition to the changes in
the CH,-to-CHj ratio, a significant modification in the choline
region was observed in the resveratrol-treated parasites. Resvera-
trol increased signals near to 3.18, 3.21, and 3.35 ppm that were
assigned to choline, phosphocholine, and phosphatidylcholine,
respectively (34). These observations are also characteristic of
apoptosis (Fig. 5C).

Antiamastigote activity. Because resveratrol is active against
promastigotes, we were interested in evaluating its activity against
amastigotes, the stage that maintains the infection in vertebrate
hosts. Thus, parasite killing was assessed in in vitro amastigote-
infected macrophages after 24 h of treatment. Our results showed
that treatment with 25, 50, 100, and 200 wM resveratrol killed
40%, 60%, 65%, and 78%, respectively, of the amastigotes. The
IC;, of resveratrol was calculated as 42 = 7.18 wM (Fig. 6A). The
treatment of amastigote-infected macrophages with 0.001, 0.01,
0.1,and 1 M AMB resulted in the killing of 40%, 65%, 73%, and
94% of the parasites, respectively, with an IC5, of 0.0088 * 0.003
uM (Fig. 6B).

To further confirm the parasite-killing effect, the amastigote-
infected macrophages treated or not with 100 wM resveratrol were
cultured under conditions that rescue the amastigotes trans-
formed into promastigotes (28). The viable amastigotes that sur-
vived the treatment transformed into motile promastigotes that
were counted after 48 h in culture at 26°C (Fig. 6C).

Host cell viability assays. To test the safety of resveratrol on
host cells, we evaluated the mitochondrial activity of the macro-
phages using the XTT method. Our results showed that treatment
of the macrophages with 600 pM resveratrol or 5 uM AMB did
not significantly alter the activities of the mitochondrial enzymes
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TABLE 1 Analysis of L. amazonensis promastigote cell cycle

Leishmanicidal Effect of Resveratrol

% cells in different cell cycle stages”

Treatment Sub-G,/G, G,/G, S G,
Control 1.685 £ 0.170 43.867 = 2.210 12.685 = 0.471 18.827 = 1.308
0.4% DMSO 2.117 £ 0.478 40.870 = 0.688 13.680 = 0.841 19.932 = 1.521

27 WM resveratrol
100 wM resveratrol

9.068 *+ 3.065"
18.780 * 5.298¢
1.360 % 0.261

33.628 * 1.963°
31.950 = 2.000°
46.655 * 0.493

9.180 * 0.947
7.285 £ 0.929
13.560 = 0.556

17.540 = 0.270
19.853 = 1.680
20.700 £ 0.766

0.1 uM amphotericin B

@ Results are means = SEM from four independent experiments.
b P < 0.01 in relation to control.
€ P < 0.001, in relation to control.

(Fig. 7A). However, the cytochrome ¢ oxidase inhibitor sodium
azide (1%) inhibited macrophage viability by 63%.

Next, we tested the capacity of the drugs to damage the
integrity of the macrophage membranes using a trypan blue
dye exclusion assay. Our results showed that 94% and 87% of
the cells remained viable following treatment with 42 and 100
WM resveratrol, respectively, compared with that of the un-
treated control (Fig. 7B). DMSO, the diluent vehicle of resvera-
trol, as well as 0.001 and 1 uM AMB, did not damage the
macrophage membranes.

Finally, we assessed phagocytosis, a functional property of
macrophages, as a criterion of cell health. For this assay, the L.
amazonensis promastigotes were offered as particles to be phago-
cytosed by murine macrophages that had been treated or not with
resveratrol or AMB. We observed that the concentrations of res-
veratrol and AMB tested did not affect the phagocytosis of the
promastigotes compared to the untreated control cells (Fig. 7C).

Nitric oxide and cytokine production. NO is an important
mediator of Leishmania death; therefore, we investigated whether
resveratrol is capable of modulating NO production by macro-
phages. Our results showed that resveratrol did not induce NO
production by macrophages (Fig. 8A). Instead, resveratrol de-
creased the NO production by uninfected and infected macro-
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FIG 4 Analysis of the mitochondrial activity of L. amazonensis after resvera-
trol (Rv) and amphotericin B (AMB) treatments. (A) Promastigotes were cul-
tured in the presence or absence of 100 wuM Rv, 0.1 wM AMB, or vehicle (0.4%
DMSO) for 4 h. The mitochondrial membrane potential (AWm) was evalu-
ated using a JC-1 assay with 10° parasites/condition. The results are expressed
as red/green fluorescence ratios and represent the averages = SEM from 4
independent experiments. ¥, P < 0.001 in relation to the untreated control; #,
P < 0.05 in relation to DMSO.
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phages stimulated with IFN-y by 8- and 44-fold, respectively, in-
dicating that the antileishmanial effect of resveratrol was not
mediated by the induction of NO (Fig. 8A and B).

To rule out a possible NO scavenging effect of resveratrol, a cell-
free system was used with S-nitroso-N-acetyl-DL-penicillamine
(SNAP) as an NO donor in the presence of resveratrol. The addition
of rutin, an NO scavenger, to the SNAP solution decreased NO levels
by 57%, and the addition of 100 M resveratrol to the SNAP solution
did not reduce the levels of NO, indicating that the decrease in NO
production that resulted from treatment with resveratrol was not due
to a scavenging effect of the drug (Fig. 8C).

Next, we evaluated if resveratrol could modulate cytokine pro-
duction by assaying cytokines that promote parasite killing
(TNF-a) or survival (TGF-B). According to our data, resveratrol
did not stimulate the production of TNF-a by uninfected macro-
phages or macrophages that were infected with Leishmania (Fig.
8D and E). The uninfected and unstimulated macrophages treated
for 48 h with 100 wM resveratrol were unable to produce TNF-a
(Fig. 8D). The activation of macrophages with IFN-y induced a
5.1-fold increase in the production of TNF-a compared to that in
unstimulated macrophages, but the addition of 100 uM resvera-
trol decreased the production of TNF-a by the unstimulated and
uninfected macrophages by 6.1-fold (Fig. 8D). In the IFN-+y-acti-
vated infected macrophages, resveratrol decreased the production
of TNF-a by 4.2-fold (Fig. 8E). However, 100 wM resveratrol
increased TGF-B production by the uninfected macrophages that
were activated with IFN-vy or left untreated by 21- and 17.5-fold,
respectively (Fig. 8F). The infected macrophages treated with res-
veratrol and activated or not with IFN-y had 3.6- and 6.8-fold
increases in TGF-3 production, respectively (Fig. 8G).

Evaluation of macrophage arginase activity and the effect of
spermidine on infection. The Th2-type immune response in-
duces the expression of arginase by macrophages. This enzyme
produces urea and ornithine, with ornithine being the precursor
of polyamines that promote Leishmania growth. To assess the ef-
fect of resveratrol on the arginine pathway, we determined the
arginase activity in the lysates of murine peritoneal macrophages
that had been treated or not with resveratrol and AMB for 48 h.
Our results showed that in the absence of stimulus, 100 WM res-
veratrol was unable to significantly reduce the activity of arginase
in relation to that of the untreated control. However, the arginase
activity after stimulation with 20 ng/ml of IL-4 (an arginase in-
ducer) was decreased by approximately 3-fold with treatment
with 100 uM resveratrol (Fig. 9A). In Leishmania-infected mac-
rophages, treatment with resveratrol decreased arginase activity
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by approximately 4-fold (Fig. 9B). Unlike resveratrol, AMB did  concentration index and the isobologram method. Thus, the IC5,s
not affect arginase activity (Fig. 9C). for both drugs were determined (Fig. 10A, B, D, and E), the cal-

To further confirm the effect of resveratrol on arginase modu-  culated FIC,, value for resveratrol was plotted on the y axis, and
lation, we determined if the addition of exogenous polyamine the FIC;, values for AMB were plotted on the x axis for promas-
could restore parasite survival in resveratrol-treated macro-  tigotes (Fig. 10C) and amastigotes (Fig. 10F). The two points were
phages. We found that the addition of 100 uM spermidine to the = connected to form the line of additivity. The points on this line
Leishmania-infected macrophages treated with 100 WM resvera-  were classified as additive, points above the line indicate antago-
trol improved parasite survival by 65% compared to the infected  nistic effects, and points below the line indicate synergistic effects.
macrophages treated with resveratrol only (Fig. 9D). The combination of resveratrol with AMB showed an indifferent

Fractional inhibitory concentration index and isobologram  effect against L. amazonensis promastigotes (Fig. 10C) and a syn-
analysis. An important strategy for the treatment of many diseases  ergistic effect against amastigotes (Fig. 10F). The synergism for
is combination therapy. Therefore, we assessed whether resvera- amastigotes of the resveratrol-AMB association was also indicated
trol could synergize with AMB, using the fractional inhibitory by the calculated mean 3FIC, which was 0.483 = 0.089.
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FIG 6 Leishmanicidal effect of resveratrol (Rv) and amphotericin B (AMB) on amastigote-infected macrophages in vitro. Peritoneal macrophages (10°) from
BALB/c mice were infected with promastigotes at a ratio of 10 parasites to 1 macrophage for 24 h and were either left untreated or were treated with the indicated
concentrations of Rv (A) and AMB (B) and 0.4% DMSO. The results represent the mean *= SEM from 3 experiments performed in triplicate. (C) Infected
macrophages were left untreated or were treated with 100 wM resveratrol for 24 h, washed, fed with Schneider’s complete medium, and cultured at 26°C. The
macrophage parasite load was evaluated after 48 h in culture by counting the promastigotes. The results represent the means * SEM from two experiments
performed in triplicate. *, P < 0.01 and ***, P < 0.001 compared to the control.
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FIG 7 Cytotoxicity of resveratrol (Rv) and amphotericin B (AMB) against murine peritoneal macrophages in vitro. (A) Cells were cultured with 100 and 600 wM
Rvand 1 and 5 uM AMB for 24 h at 37°C in 5% CO,. Sodium azide (1%) was used as a positive control. Viability was measured by the XTT method. (B)
Macrophages were cultured for 24 h at 37°C in 5% CO, at the indicated concentrations of Rvand AMB, and viability was measured using a trypan blue exclusion
assay. (C) Peritoneal macrophages were treated for 24 h with Rv and AMB at the indicated concentrations and then incubated with promastigotes at a 1:10 ratio.
After 1 h, the cells were fixed and stained, and the phagocytic rate was determined by counting =200 cells. The results are representative (means) of 3 experiments

performed in triplicate = SEM. *, P < 0.05 compared to the control.

DISCUSSION

The polyphenol resveratrol has been widely studied, and several of
its biological effects have been described (8, 13-20, 35). Resvera-
trol is also in clinical trials for the treatment of different diseases
(24). Tt has been demonstrated that resveratrol has antileishma-
nial activity against L. major and Leishmania donovani, a cutane-
ous and visceral leishmaniasis agent in the Old World (19, 36).
Although it has been shown that resveratrol inhibits L. donovani
3-hydroxy-3-methylglutaryl coenzyme A reductase, an enzyme
involved in isoprenoid biosynthesis (36), its leishmanicidal effect
is still not clear. Thus, we sought to better characterize the effect of
resveratrol by evaluating its leishmanicidal activity against L. ama-
zonensis, the causative agent of cutaneous and diffuse cutaneous
forms of leishmaniasis (DCL) in the New World; DCL is more
severe and resistant to the conventional therapy. Actually, L. ama-
zonensis produces the whole spectrum of clinical forms and has
already been associated with post-kala-azar dermal leishmaniasis
and visceral leishmaniasis in humans and dogs (37-40). We de-
termined that the 1C5, of resveratrol for L. amazonensis promas-
tigotes was 27 wM; this value is lower than the IC;,s 0f 197 uM and
153 uM that were established for L. major and L. donovani pro-
mastigotes, respectively (19, 36). Resveratrol is also effective at
killing L. amazonensis amastigotes, with an 1Cs, of 42 uM. Al-
though the IC;, of resveratrol was not determined for the L. major
amastigotes, treatment with 197 wM resveratrol can inhibit mac-
rophage infection by this species by 75% (19). Similarly, we inhib-
ited amastigote intracellular growth by 78% by treating the in-
fected macrophages with 200 uM resveratrol.

Drug association therapy has numerous advantages and can
delay the emergence of resistant pathogens and increase the half-
lives of the therapeutic agents, as has been shown for HIV-1, ma-
laria, and tuberculosis (41). Specifically, the importance of devel-
oping drug association therapy for leishmaniasis has increased
over the last several years, especially for the treatment of more-
severe forms of this disease (2). Drug association therapy has sev-
eral important advantages, including reduced dosages and/or
treatment duration, both of which result in fewer toxic side effects,
increased patient compliance, lower treatment costs, and the pre-
vention or delay of drug resistance development.

Our data show for the first time that the combination of res-
veratrol and AMB has a synergistic effect against L. amazonensis
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amastigotes. Studies associating natural products with classical
antileishmanials demonstrated synergism when Chenopodium
ambrosioides essential oil was used in combination with pentam-
idine against L. amazonensis; synergism was not observed when
this essential oil was used in combination with AMB (42). Re-
cently, it was reported that the association of AMB and allicin, a
natural product present in plants of the family Alliaceae, was syn-
ergistic for Leishmania infantum and L. donovani (43). It has also
been demonstrated that AMB has a synergistic effect when used in
association with paromomycin against L. amazonensis, Leishma-
nia braziliensis, and L. infantum in vitro (44). This effect demon-
strates the potential for developing drug associations that are ef-
fective against microorganisms, particularly when using AMB.
Evaluating the cytotoxicity of natural products to host cells is
important, especially considering the strong interest in alternative
therapies and the therapeutic use of medicinal plants. To assess the
safety of resveratrol, we performed XTT and trypan blue assays.
Resveratrol was not toxic to the murine macrophages at the tested
concentrations. Neither resveratrol nor AMB decreased the
phagocytic capacity of the macrophages at the tested concentra-
tions, demonstrating again the lack of toxicity to macrophages
and indicating that the leishmanicidal effect of resveratrol seen in
our results was not due to a decrease in the number of viable
macrophages. In contrast, Lucas and Kolodziej (20) attributed the
anti-Leishmania effect of resveratrol to a dose-dependent toxicity
against macrophages. However, we cannot rule out the possibility
that the bone marrow-derived macrophages (BMM®) and
J774-G8 cells tested in that study are more sensitive to resveratrol.
This dissimilarity in the sensitivities of different types of macro-
phages can also be observed by comparing the dehydrogenase ac-
tivity measured in BMM® and J774-G8 cells (20) to that of the
peritoneal macrophages used in this study. The 50% cytotoxic
concentration (CCs,) values of 72 M and 108 M were obtained
for BMM® and J774-G8, respectively, and we demonstrated that
the dehydrogenase activity was inhibited only by 25% after treat-
ment with 600 wM resveratrol, a concentration that is 14-fold
greater than that required for antiamastigote activity. Impor-
tantly, in agreement with Kedzierski and colleagues (19), our re-
sults demonstrated that the dehydrogenase activity, membrane
integrity, and phagocytosis, all of which are important functions
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FIG 8 Effects of resveratrol (Rv) on nitric oxide (NO) and cytokine production by murine peritoneal macrophages. Shown are uninfected (10°) (A) and
L. amazonensis-infected macrophages (Leish) (B) at a 10:1 ratio, stimulated with IFN-vy or left unstimulated; these were incubated in the presence or absence of
100 wM Rv. NO production was evaluated after 48 h of treatment by the Griess method. The results from four independent experiments performed in triplicate
are shown as the nitrite concentration means = SEM. ¥, P < 0.05 and **, P < 0.001 compared to cells treated with IFN-vy alone. (C) Scavenger effect analysis was
performed in a cell-free system by incubating SNAP solution (1 mM) as the NO donor with 100 wuM Rv. Rutin (1 mM), an NO scavenger, was used as a positive
control, and RPMI medium served as the negative control. The nitrite levels were determined by the Griess method. The data represent the means = SEM from
three independent experiments. ***, P < 0.0001. (D to G) The production of TNF-a (D and E) and TGF-f (F and G) was determined by specific ELISA after 48
h of treatment. The data represent the averages = SEM from 3 experiments in triplicate. *, P < 0.05; **, P < 0.01; ***, P < 0.0001.

of macrophages, were not altered by treating the peritoneal mac-
rophages with resveratrol.

Trypanosomatids have only one flagellum, one kinetoplast,
and one nucleus, and these organelles are duplicated during the
cell cycle. It has been observed that the flagellum begins to grow
first during the cell division of Leishmania promastigotes, and this
is followed by mitosis and the subsequent division of the kineto-
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plast, which occurs after the initiation of nuclear anaphase (45).
Due to the inhibition of parasite cell proliferation by resveratrol,
we evaluated their morphology and observed an increase in the
number of nuclei and flagella in the promastigotes treated with
resveratrol. Changes in the number of nuclei and kinetoplasts
were observed in 32.5% of the cells examined, but changes in the
G, phase of the cell cycle were not observed. The changes induced
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FIG 9 Effect of resveratrol on the arginase activity of murine macrophages. (A) Macrophages (10°) were stimulated with 20 ng/ml IL-4 or left unstimulated and
then treated with 100 M resveratrol (Rv) for 48 h. (B) Macrophages (10°) were stimulated with 20 ng/ml IL-4 or left unstimulated and then treated with 1 WM
AMB. (C) Macrophages (10°) were infected with Leishmania (L) promastigotes at a 5:1 ratio for 24 h, stimulated with 20 ng/ml IL-4 or left unstimulated, and then
treated with 100 M Rv or 0.5 uM amphotericin B (AMB) or left untreated for 48 h. (D) Recovery of infectivity by spermidine in Rv-treated macrophages.
Macrophages (10°) were infected with promastigotes at a 10:1 ratio for 24 h and subsequently treated with 100 .M Rv, 100 uM spermidine, or both Rv and
spermidine for 24 h. The results represent the means = SEM from three (A and B) or two (C) experiments performed in triplicate. ¥, P < 0.05; **, P < 0.001; ***,

P < 0.0001.

by resveratrol may have occurred due to cell cycle arrest in re-
sponse to the effect of resveratrol on a component that is essential
for completing the process of cytokinesis. Therefore, we decided
to investigate the distribution of tubulin in the resveratrol-treated
promastigotes. The a-tubulin and B-tubulin components of mi-
crotubules play important roles in mitosis, the maintenance of cell
shape, cell motility, and the transport of organelles in eukaryotes.
Because tubulin is the target of various substances used to treat
cancer and infections by fungi and helminthes, it may also be a
good target for antileishmanial drugs. Accordingly, it has been
shown that paclitaxel, an anticancer drug, affects Leishmania tu-
bulin (46). Thus, we analyzed the distribution pattern of a-tubu-
lin in resveratrol-treated promastigotes, but we did not observe
any changes in its distribution (data not shown).

The effects of natural products on the leishmanial cell cycle and
the induction of apoptosis have been reported (47). By analyzing
the cell cycle of the resveratrol-treated promastigotes, we found an
increase in the sub-G,/G, population, suggesting that the parasites
underwent incidental death, according to the suggested nomen-
clature for protozoan death (48). In agreement with our findings,
it was demonstrated that resveratrol induced apoptosis and an
accumulation of cells in the G,/G, phase in LNCaP and PC-3
prostate cancer cells (49). Leishmanial apoptosis and mammalian
apoptosis have similar characteristics, such as internucleosomal
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DNA fragmentation, phosphatidylserine exposure on the external
surface of the plasma membrane, and the loss of mitochondrial
transmembrane potential (33). Since the maintenance of mito-
chondrial transmembrane potential is essential for the survival of
a single mitochondrion parasite, we evaluated the mitochondrial
integrity of promastigotes by testing the mitochondrial mem-
brane potential by JC-1 assay. Our data show that resveratrol in-
duces the depolarization of the mitochondrial membrane poten-
tial; this phenomenon may be involved in promastigote incidental
death (48), although other mechanisms of death cannot be ruled
out. In agreement with our findings, it has been shown that res-
veratrol reduced the mitochondrial membrane potential in U251
human glioma cells and decreased cell viability, possibly by apop-
tosis

(49, 50).

Nuclear magnetic resonance provides a new means for analyz-
ing biological phenomena in vivo, and this tool can be applied to
parasitology with inherent advantages, because it is a nondestruc-
tive and noninvasive process (51, 52). The information obtained
using this method may provide considerable insight into cellular
metabolism, and testing can be performed not only on extracts
and media but also on whole cells and tissues under various con-
ditions and across various times (53). The "H NMR-visible mobile
lipid technique had been used to discriminate between different
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FIG 10 Association of resveratrol (RV) and amphotericin B (AMB). (A and B) Promastigotes (10%ml) were grown in the presence or absence of the indicated
concentrations of Rv and AMB. Promastigote killing was determined by counting the viable parasites after 48 h. (D and E) Macrophages (10°) infected with
promastigotes for 24 h were treated with the indicated concentrations of Rv and AMB for 24 h. Amastigote killing was determined as described in Materials and
Methods. (C and F) Isobolographic analysis of the Rv-AMB association with L. amazonensis promastigotes and amastigotes. The straight line is the line of
additivity and represents all of the additive theoretical combinations that should inhibit survival by 50%. The points below the additivity line represent synergistic
combinations. The results represent the means = SEM from three experiments performed in triplicate. FIC, fractional inhibitory concentration.

Trypanosoma cruzi death pathways. Apoptotic conditions are
characterized by a significantly increased CH,-to-CHj ratio (34).
In agreement, we also observed an increase in the CH,-to-CHj,
ratio and an elevation in the choline region after treating L. ama-
zonensis promastigotes with resveratrol. Moreover, we obtained a
2.9-fold increase in the percentage of annexin V-positive promas-
tigotes upon treatment with resveratrol (data not shown).

The production of nitric oxide by macrophages is one of the
main microbicidal mechanisms involved in the killing of intracel-
lular forms of these parasites (54). Thus, we evaluated NO pro-
duction in murine macrophages incubated with resveratrol and
AMB. Our results demonstrate that none of the compounds in-
creased NO production, and resveratrol even decreased NO pro-
duction in both the Leishmania-infected and uninfected macro-
phages stimulated with IFN-y. To confirm that the inhibitory
effect was not due to NO trapping, resveratrol was incubated with
SNAP, an NO donor, in a cell-free system. Our results showed that
resveratrol was not capable of scavenging NO. These results indi-
cate that the inhibition of NO production occurred by a direct
effect of resveratrol on macrophages and not by a potential scav-
enger ability. It has been demonstrated that resveratrol inhibits
NO production induced by IFN-y in RAW 264.7 cells by reducing
inducible nitric oxide synthase (iNOS) synthesis (55). Our data,
together with the literature, indicate that resveratrol inhibits NO,
demonstrating that its antiamastigote activity is independent of
NO production. Recently, it has been shown that resveratrol in-
hibits the oxidative activity induced by lipopolysaccharide (LPS)
and paraquat by increasing the level of nuclear factor erythroid-
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like 2 (NFR2) (56, 57). The inhibition of NO and ROS by resvera-
trol seems to be important for controlling infection by T. cruzi, a
trypanosomatid protozoan, as for Leishmania infection. The work
of Paiva and colleagues (58) showed that polyphenols, such as
resveratrol and pterostilbene, are able to inhibit T. cruzi amasti-
gote growth in infected macrophages by reducing ROS and NO via
NFR?2 activation, suggesting that an antioxidant drug can be active
against intracellular parasites.

Arginase is the main source of L-ornithine in trypanosomatids
and is involved in the production of polyamines. Polyamines are
important for the synthesis of trypanothione, which plays a crucial
role in maintaining the intracellular redox balance and defense
against oxidative stress in these parasites (59). Furthermore, the
inhibition of macrophage arginase activity leads to the decreased
degradation of L-arginine, resulting in a decrease in the availability
of ornithine and polyamines and the subsequent reduction of L.
major growth in murine macrophages (60). However, the addi-
tion of ornithine restores parasite growth. Our results show a de-
crease in the activity of arginase in macrophages stimulated with
IL-4 and treated with resveratrol, and the addition of the poly-
amine spermidine restores parasite growth. These data suggest
that the leishmanicidal activity of resveratrol might involve poly-
amine starvation, because resveratrol impairs arginase activity,
and the addition of spermidine reverses this effect. Additionally,
the activity of arginase was not affected by treating the macro-
phages with AMB.

Our results show that resveratrol decreased the levels of the
proinflammatory cytokine TNF-«a in the supernatants of unin-
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fected and Leishmania-infected macrophages stimulated with
IFN-v. When we analyzed the levels of the anti-inflammatory cy-
tokine TGF-P in the supernatants of the macrophages treated with
resveratrol, we found increased levels of TGF- in the stimulated
and unstimulated macrophages regardless of whether they were
infected with L. amazonensis. Corroborating our findings, it has
been demonstrated that resveratrol increases the levels of TGF-3
in A549 lung epithelial cells (61). In that study, it was found that
pretreating the cells with 4-hydroxytamoxifen (tamoxifen), an es-
trogen receptor antagonist, significantly inhibited the increase in
TGF-f levels induced by resveratrol in A549 cells. Considering
that the chemical structure of resveratrol is similar to that of es-
tradiol, the authors also showed that 10 pM estradiol stimulated
the production of TGF-B in A549 cells, and this production was
also blocked by tamoxifen, suggesting that resveratrol induces the
formation of TGF- through estrogen receptors. Macrophages,
monocytes, and dendritic cells express both a and B receptors for
estrogen (62), and because resveratrol binds to these receptors,
our results showing increased levels of TGF-f in macrophages
treated with resveratrol may have occurred via its recognition by
these receptors.

The results of our study establish the anti-Leishmania effect of
resveratrol, and more importantly, our data support the potential
synergistic activities of resveratrol and amphotericin B. We show
that the leishmanicidal activity of resveratrol is not dependent on
proinflammatory cytokines and NO production by murine mac-
rophages; nevertheless, the arginase activity of macrophages
seems to be important for killing intracellular amastigotes. Pro-
mastigote death was mediated by incidental death (48), with the
expression of some apoptotic markers. Further studies are re-
quired to determine if the amastigote death induced by resveratrol
was due to polyamine starvation or the unavailability of poly-
amines in the infected macrophages. Overall, this study highlights
that resveratrol not only possesses antileishmanial activity but can
also synergize with AMB to inhibit the growth of L. amazonensis in
murine macrophages.
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