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Abstract

Entamoeba histolytica causes amoebiasis, an infection that kills 100,000 individuals each
year. Metronidazole and its derivatives are currently used against this protozoan, but these
drugs present adverse effects on human health. Here, we investigated the effect of resvera-
trol (a natural compound) on E. histolytica trophozoites viability, as well as its influence on
the parasite virulence. Trophozoites growth was arrested by 72 yM resveratrol and the IC5q
was determined as 220 uM at 48 h. Cells appeared smaller, rounded and in clusters, with
debris-containing vacuoles and with abnormally condensed chromatin. Resveratrol trig-
gered reactive oxygen species production. It caused lipid peroxidation and produced phos-
phatidylserine externalization and DNA fragmentation this latter evidenced by TUNEL
assays. It also provoked an increase of intracellular Ca®* concentration, activated calpain
and decreased superoxide dismutase activity, indicating that an apoptosis-like event
occurred; however, autophagy was not detected. Cytopathic activity, phagocytosis, encyst-
ment and in vivo virulence were diminished dramatically by pre-incubation of trophozoites
with resveratrol, evidencing that resveratrol attenuated the trophozoite virulence in vitro.
Interestingly, after the inoculation of virulent trophozoites, animals treated with the drug did
not develop or developed very small abscesses. Our findings propose that resveratrol could
be an alternative to contend amoebiasis.

Introduction

Entamoeba histolytica infects 50 million people and kills 100,000 individuals around the world
every year [1]. This protozoan causes diarrhea and hepatic abscesses mainly in poor areas of
tropical countries, but E. histolytica has a worldwide distribution [2,3]. Trophozoites are the
invasive form of the parasite and they provoke the symptoms of the disease that could be lethal
when it is not properly treated. Cysts are excreted with feces, contaminating water and food
that could infect other people [4]. Trophozoites can be in vitro cultured, but cysts are not gen-
erated consistently in the laboratory, hampering the study of the molecular mechanisms that
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underly the parasite life cycle, postponing the development of novel strategies to erradicate
amoebiasis.

Amoebiasis is mainly treated by metronidazole (1-(f8 hydroxyethyl-2-methyl-5-nitroimida-
zole) and its derivatives. These drugs are toxic to humans, causing nausea, dry mouth, head-
ache and neurotoxicity [5]. In addition, metronidazole-resistant E. histolytica strains have been
generated in the laboratory [6], pointing out the risk of metronidazole-resistant parasites emer-
gence in endemic areas. Besides, metronidazole could be carcinogenic in mice and rats [7]. For
these and other reasons, recently, auranofin and extracts from Codigeum variegatum among
other compounds have been proposed as alternative drugs against amoebiasis [8,9,10],
evidencing that the development of new pharmacological strategies for amoebiasis defeat are
still being a priority.

During infection, E. histolytica trophozoites can migrate from the gut to the liver, lungs,
brain, genitals and other tissues in a metastasis model [11]. They present an active membrane
exchange during tissues invasion and phagocytosis of target cells. Consequently, trophozoites
exhibit high metabolic activity that could make them vulnerable to damage mediated by reac-
tive oxygen species (ROS), as occurs in cancer cells [12].

Resveratrol (trans-3,4',5- trihydroxystilbene) is a phytoalexin, which has been described as
harmless to mammals in concentration up of 2 g/Kg [13]. It is widely distributed in foods, such
as grapes and nuts [14]. In normal cells, this compound has antioxidant properties and
decreases the intracellular ROS production, either by direct scavenging or by activating
enzymes that function as antioxidant defenses [15,16]. In contrast, in cancer cells and in some
parasites, resveratrol triggers an excess of ROS that may kill them [12,17].

Resveratrol could be an attractive therapeutic option for amoebiasis, conducting trophozo-
ites to ROS production and eventually provoking autophagy or apoptosis [18,19]. Autophagy
has not been described in E. histolytica, but some proteins of the Atg8 conjugation system were
already reported in this parasite [20]. On the other hand, apoptosis is characterized by DNA
rupture and biochemical imbalance of some metabolic pathways, in which caspase and calpain
enzymes play important roles [21]. In contrast to autophagy, apoptosis-like death has been
studied in E. histolytica under stress conditions [22,23]. The parasite has non-canonical cas-
pases [24]; and E. histolytica genes that could correspond to mammalian and yeast caspase
orthologous, are highly divergent [21]. For these reasons apoptosis in E. histolytica is still rec-
ognized as an apoptosis-like phenomenon. However, this parasite possesses calpain-like
enzymes [23,24] that could play similar roles to caspases.

We show here that resveratrol triggered apoptosis-like death in E. histolytica trophozoites, it
decreased the in vitro virulence of trophozoites and when administered orally, decreased the
formation of amoebic liver abscesses in hamsters inoculated with virulent trophozoites.

Materials and Methods

E. histolytica and E. invadens cultures

Trophozoites of E. histolytica (HM1:IMSS strain) and E. invadens were axenically cultured in
TYI -S-33 medium at 37°C and 25°C, respectively [25]. Encystment of E. invadens was per-
formed by incubation of trophozoites in LG47-TYI-S-3 medium [26] and cysts were stained by
0.01% calcofluor [27] and counted under epifluorescence microscope (Nikon Eclipse 801).

Evaluation of the resveratrol effect on E. histolytica trophozoites

Trophozoites were incubated at 37°C with 72,110, 220, 440 and 880 uM of resveratrol in 0.4%
ethanol in TYI-S-33 medium and cell number was determined each 12 or 24 h by hemocytom-
eter counting. Diameter of trophozoites was measured directly in pictures. Viability was
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evaluated by cell motility and shape, as well as by Trypan blue exclusion and by the WST-1
reagent (Roche) to measure cell proliferation [28]. Resveratrol half maximal lethal concentra-
tion (ICsg) was calculated by Reed’s equation [29]. As a positive control, we added 0.5% H,0,
to the cultures [23] and 0.4% ethanol (the resveratrol vehicle) as internal control. Experiments
presented here were performed at least three times in duplicate.

Flow cytometry experiments

Size and cell granularity of resveratrol-treated trophozoites were determined by flow cytometry
(Becton Dickinson FACSCalibur equipment), using a 488 nm Argon laser. Light scattered in
the forward direction was roughly proportional to cell size, whereas light scattered at 90° angle
was proportional to cell granularity. Data analysis was performed using the Flow]Jo software.

Transmission electron microscopy (TEM)

Trophozoites were washed twice with PBS, pH 7.4, fixed with 2.5% (v/v) glutaraldehyde in

0.1 M sodium cacodylate buffer, pH 7.4, for 1 h and post-fixed for 60 min with 1% (w/v) osmium
tetroxide. After dehydration with increasing concentrations of ethanol (70, 80, 90 and 100%) and
propylene oxide, samples were embedded in Poly/bed®™ epoxy resin and polymerized at 60°C for
24 h. Thin sections (60-90 nm) were contrasted with uranyl acetate and lead citrate before being
examined in a Philips Morgagni 268 D electron microscope (FEI Company).

Measurement of ROS activity

ROS activity was calculated using 2’,7’-dichlorofluorescein diacetate (DCFDA) reagent
(Sigma-Aldrich). Trophozoites (1 x 10°) were incubated with 0.4 mM DCFDA for 15 min in
the dark, washed with PBS pH 7.4 and analyzed by flow cytometry. Data analysis was per-
formed using the FlowJo software.

Lipid peroxidation assay

Total lipids were extracted from trophozoites by 1:2 chloroform:methanol (v/v), as described
[30]. Lipid peroxidation was determined in lipids using the Peroxidetect™ kit (Sigma-
Aldrich). Briefly, 100 pL of lipid extracts were incubated with 1 mL of Working Color Reagent
at room temperature (RT) for 30 min and color intensity was measured by spectrophotometry
at 560 nm. Standard curves were generated for each experiment using 0 to 16 nmol of ter-
BuOOH (Sigma-Aldrich). Absolute methanol was used as a blank.

Annexin V binding experiments

Trophozoites (1 x 10°) were washed with PBS, pH 7.4, and re-suspended in 500 uL of binding
buffer containing Annexin V-FITC (eBioscience), mixed gently, incubated for 15 min at RT in
the dark and washed twice with the binding buffer. Samples were counterstained by propidium
iodide (PI) (10 pL/100uL) to analyze membrane permeability and calculate the number of
cells with membrane rupture and those with membrane loss of asymmetry, then, they were
mounted with Vecta-Shield medium (Vector Laboratories) and observed under a Carl Zeiss
LSM 700 laser confocal microscope. In parallel, samples were subjected to flow cytometry.
Data analysis was performed by Summit V4.3 software.
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Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assays

Trophozoites were fixed with 2% (v/v) formaldehyde for 60 min at RT, washed with PBS,

pH 7.4, and permeabilized with 0.1% Triton X-100 and 0.1% sodium citrate, for 2 min on ice,
rinsed with PBS, and incubated in 50 pL of TUNEL reaction mixture (In Situ Cell Death Detec-
tion kit, fluorescein) (Roche) for 60 min at 37°C in the dark. Trophozoites were washed twice
and prepared for examination under laser confocal microscope, as described above. Addition-
ally, samples were subjected to flow cytometry and data analysis was performed by Flow]Jo
software.

Quantification of cytosolic Ca®*

Trophozoites (1 x10%/mL) were washed twice with buffer I (116 mM NaCl, 5.4 mM KCl,

0.8 mM MgSOy, 5.5 M D-glucose and 50 mM HEPES, pH 7.0), re-suspended in loading buffer
(116 mM NaCl, 5.4 mM KCl, 0.8 mM MgSO,, 5.5 mM D-glucose, 1.5% sucrose, 50 mM
HEPES, pH 7.4), and 6 pM Fluo-4 AM (Molecular Probes), incubated for 1 h at 37°C with
occasional agitation and washed with ice-cold buffer I. Then, 250 uL of the trophozoite suspen-
sion were diluted into 2.4 mL of buffer I. Fluo-4 AM was measured using 494 and 506 nm

emission and excitation filters, respectively, in a Perkin Elmer fluorimeter. [Ca®*] was deter-

F2—-F3
F4—F1

from the entire cell, F2 represents the fluorescence signal after addition of 1 mM EGTA, F3 is
the fluorescence after cell lysis with 0.04% Triton X-100 in 30 mM Trizma base and F4 is the
fluorescence after adding 4 mM CaCl,. The dissociation constant (Kd) of fluo-4 AM was taken
at 345 nM, according to the manufacturer instructions.

mined using the formula: [Ca®*], = Kd (£2£2), where F1 is the fluorescence signal obtained

Calpain activity

The polypeptide Suc-Leu-Leu-Val-Tyr-AMC (Sigma-Aldrich) was used to assess calpain activ-
ity [31]. Briefly, 40 pL of trophozoites protein extracts (1 mg protein/mL) were added to

160 pL of 50 pM Suc-Leu-Leu-Val-Tyr-AMC in 100 mM Tris/HCI, 145 mM NaCl, pH 7.3.
Then, calpain activity was assayed with 10 mM Ca** 7-amino-4-methylcoumarin (AMC)
(Sigma-Aldrich). Released AMC was measured by fluorescence spectroscopy using 360 nm
excitation and 430 nm emission filters. Standard curves were generated for each experiment
using AMC of known concentrations (0-25 uM). Calpain activity was expressed as pmol of
AMC released per mg of total protein at 10 mM Ca*".

Superoxide dismutase activity (SOD)

SOD activity was determined using SOD Assay Kit (Sigma-Aldrich) according to the manufac-
turer’s instructions. Briefly, trophozoites protein extracts (1 mg/mL) in 200 uL of working solu-
tion and 20 pL of working solution enzyme were incubated 20 min at 37°C. Color intensity was
measured by spectrophotometry at 450 nm. Standard curves were generated for each experi-
ment using SOD (Sigma-Aldrich) of known concentrations (0-10 U/mg). Dilution buffer was
used as a blank.

Erythrophagocytosis assays

Freshly obtained human erythrocytes were washed and incubated for 5, 10 and 15 min at 37°C
with trophozoites pre-incubated for 12 h in 110 uM resveratrol or with 0.4% ethanol in TY1-S-
33 medium (30:1 ratio). Afterwards, trophozoites were incubated with distilled water for

10 min to lyse the adhered, but not ingested erythrocytes. Samples were fixed with 2.5%
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glutaraldehyde for 30 min at RT. Erythrocytes were stained with diaminobenzidine (8.4 mM)
to facilitate counting [32] of ingested erythrocytes. One hundred resveratrol-treated or
untreated trophozoites were selected at random to be counted in duplicate experiments that
were performed at least three independent times. Means of erythrocytes in 100 trophozoites
was obtained for each point and data were analyzed by ANOVA. Before these experiments, tro-
phozoites were examined under the light microscope to verify their shape and movement Via-
bility was also quantified by Trypan blue exclusion and WST-1 assays. Only cultures with
viability greater than 95% were used.

Cytopathic effect of trophozoites on cell culture monolayers

Confluent MDCK cell monolayers were incubated with E. histolytica trophozoites (20:1 ratio)
at 37°C in an environment of 5% CO,, during 1 h. Then, epithelial cells were exhaustively
washed with cold PBS and the remaining cells in the plates were fixed with 2.5% glutaraldehyde
and stained with 1% methylene blue for 10 min. Destruction of MDCK monolayers was mea-
sured by color intensity of the remaining cell monolayer, in comparison with control MDCK,
that were cells not incubated with trophozoites. Measurements were performed using the Ima-
geJ software.

Effect of resveratrol on the in vivo virulence of E. histolytica trophozoites

To evaluate the effect of resveratrol on the production of amoebic liver abscesses in animals, we
performed three types of experiments, using seven or eight animals per group and a similar
number for controls. Syrian golden hamsters (Mesocricetus auratus, 4 weeks old, 100+ 5 g
each animal) were anesthetized with 45 mg/Kg of sodium pentobarbital (Anestesal, Pfizer) and
intraportally inoculated with 3 x 10° trophozoites with more than 95% viability. For the first
assay, trophozoites were pre-treated with 110 uM resveratrol, for 12 h. Untreated or ethanol-
treated trophozoites were used as controls. For the second type of experiments, animals were
treated with 30 mg of resveratrol (100 mg/Kg), orally administrated each 8 h, 2 days before and
10 days after inoculation of virulent trophozoites. For the third type of experiments animals
were inoculated with virulent trophozoites and after 96 h livers were examined to corroborate
the presence of amoebic hepatic abscesses in one of the control groups. Other group was
treated with 100 mg/Kg resveratrol as described started the treatment protocol after 96 h inocu-
lation of trophozoites. As controls, other animals were treated with water, 50 pl of ethanol or
20 mg/Kg metronidazole each eight hours, following a similar protocol. Ten days after chal-
lenge, hamsters were sacrificed by an overdose of sodium pentobarbital according to the guide-
lines of the 2000 AVMA Panel of Euthanasia. Livers and abscesses were dissected and
weighted. Liver damage was calculated as the weight of abscesses formed, divided by the weight
of whole liver before the injured areas were removed.

Tissue collection and processing

Liver samples were fixed in 10% phosphate-buffered formalin and processed for conventional
embedding paraffin, then, 4-6 pm thick sections were stained with hematoxylin and eosin [33].
For immunohistochemistry assays, livers were excised, fixed in 4% paraformaldehyde (PFA)
and embedded in paraffin. Thin sections (4-6 pm) were obtained deparaffinized and treated
with 10% H,0, at RT for 60 min to remove endogenous peroxidase. Sections were incubated
first with normal goat serum at RT for 60 min and ON at 4°C with a rabbit antibody (1:100)
produced by Invitrogen, against a 16 residues polypeptide (431-KYHSNSTYVQFYNHTI-446)
obtained from the EnCP112 protease [34]. Then, preparations were incubated with goat anti-
rabbit IgG biotinylated-labeled antibody (1:300; Molecular Probes), followed by incubation
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with streptavidin-biotin—peroxidase complex (Zymed) and diaminobenzidine (DAB) contain-
ing 0.04% H,0, Antibody biding was revealed by hematoxylin. Rabbit pre-immune serum was
used as a negative control. Samples were analyzed using a light microscope (Nikon Eclipse 80i).

Ethic Statements

The Center for Research and Advanced Studies (CINVESTAYV) fulfill the standard of the Mexi-
can Official Norm (NOM-062-Z00-1999) “Technical Specifications for the Care and Use of
Laboratory Animals” based on the Guide for the Care and Use of Laboratory Animals “The
Guide”, 2011, NRC, USA with the Federal Register Number BO0.02.03.02.01.908, awarded by
the National Health Service, Food Safety and Quality (SENASICA) belong to the Animal
Health Office of the Secretary of Agriculture, Livestock, Rural Development, Fisheries and
Food (SAGARPA), an organization that verifies the state compliance of such NOM in Mexico.
The Institutional Animal Care and Use Committee (IACUC/ethics committee) from CINVES-
TAV as the regulatory office for the approval of research protocols involving the use of labora-
tory animals and in fulfillment of the Mexican Official Norm have reviewed and approved the
animal care and handle of hamsters used in the virulence assays (Protocol Number 0313-06,
CICUAL 001).

Statistical analysis

The values of all experiments were expressed as mean + standard error of three independent
experiments, each in duplicate. Trophozoites treated with resveratrol or H,O, were compared
with ethanol-treated or untreated trophozoites using the paired Student’s-test (*p<0.05,
**p<0.01, ***p<0.001). In experiments comparing more than two groups we used one-way
ANOVA test. Statistical analysis was carried out using the Graphpad Prism V 5.01 software.

Results
E. histolytica trophozoites are sensitive to resveratrol

Damage produced by resveratrol on E. histolytica trophozoites was time- and dose- dependent
(Fig 1). Cell growth was arrested by 72 uM resveratrol after 12 h incubation, but this dose had
little effect on cell viability, cellular shape and motility. |After 48 h incubation with 220 uM res-
veratrol, 50% of trophozoites appeared death, whereas more than 90% were killed by 440 and
880 UM, respectively (Fig 1). Thus, the ICs, was determined as 220 uM and it was used for the
majority of the experiments presented here. Trophozoites incubated for the same periods with
0.4% ethanol, the vehicle used for the drug, exhibited 100% viability (Fig 1).

Under light microscopy, untreated and ethanol-treated trophozoites appeared pleomorphic
and with diameters between 16 and 26 pm (mean: 21 um). After 12 h incubation with ICs res-
veratrol, 50% of the cells presented diameters between 14 and 16 pm (Fig 2A and 2B). How-
ever, more than 98% of trophozoites remained alive and they excluded Trypan blue. At 24 and
48 h, resveratrol-treated trophozoites exhibited 75 and 50% viability, respectively, they were
observed rounded, smaller (8 to 12 pm in diameter, respectively), detached from substrate,
clustered and with poor motility (Figs 1A, 2A and 2B), whereas untreated and ethanol-treated
cells reached confluence (Fig 2A).

The trophozoite shrinkage produced by 48 h incubation with resveratrol was confirmed by
flow cytometry, measuring cell size by the decrease in forward scatter, and cell granularity by
light scattered at 90° angle in side scatter. Resveratrol-treated trophozoites showed a reduction
in cell size (Fig 2C), confirming the data obtained above (Fig 2B). Eighty percent of resveratrol-
treated cells were located in quadrants (Q) 1 and 4, where the smaller cells were sorted (Fig
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Fig 1. Effect of resveratrol in E. histolytica trophozoites. A) Trophozoites growth was measured at different times by spectrophotometry using the WST-1
reagent. B) Viability of trophozoites after 48 h incubation with different concentrations of resveratrol was evaluated under light microscope by Trypan blue
exclusion. ICso was calculated as described in Materials and Methods. Values represent the mean + standard error of three independent experiments.

doi:10.1371/journal.pone.0146287.g001

2C); whereas, 57.4% of ethanol-treated trophozoites were dispersed there (Fig 2C). In addition,
73.4% of resveratrol-treated trophozoites were found in Q1 and Q2; corresponding to cells
with a higher granularity, whereas 54.5% of the ethanol-treated cells were located also in these
Qs (Fig 2C). These results confirmed that resveratrol shrank trophozoites and produced granu-
larity in their cytoplasm.

Resveratrol-treated trophozoites present ultrastructural alterations

The ultrastructural alterations provoked by resveratrol in trophozoites were studied by TEM.
Resveratrol-treated trophozoites appeared rounded and with less cytoplasmic vacuoles, but
with a large number of debris-containing vacuoles. They presented granularity and a higher
electrodensity in the cytoplasm, their chromatin appeared diffuse and distributed in the whole
nucleus. In comparison, untreated and ethanol-treated trophozoites exhibited normal ultra-
structure with the chromatin condensed close to the inner nuclear membrane (Fig 3). Tropho-
zoites incubated with H,O,, used as positive control, also exhibited ultrastructural alterations
(Fig 3). The ultrastructural damage of trophozoites confirmed the results obtained by flow
cytometry (Fig 2) and suggested that resveratrol-treated trophozoites were under stress.
Besides, the presence of debris-containing vacuoles suggested autophagy, whereas the abnor-
mally condensed chromatin could imply that resveratrol provokes apoptosis-like death.

Resveratrol triggers oxidative stress in trophozoites

Balance between ROS production and anti-oxidant enzymes mediates the fate of a cell.
Depending on the extent of oxidative damage, cells will survive or will die by necrosis, autop-
hagy or apoptosis. The high ROS production, such as superoxide (O,""), hydroxyl radicals
(HO") and hydrogen peroxide (H,0,), causes injury to lipids, DNA and proteins [35]. To eval-
uate ROS production in resveratrol-treated trophozoites, we used the DCFDA reagent that
after diffusion into the cell is deacetylated by esterases, generating DCF, which is oxidized by
ROS [36]. These experiments showed that 28% of resveratrol-treated trophozoites were DCF-
positive, whereas only 5% of ethanol-treated and untreated cells were DCF-positive; and 93%
H,O,-treated trophozoites were positive (Fig 4A). Results suggested that resveratrol generated
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Untreated

Whole trophozoite

Fig 2. Effect of resveratrol in trophozoites morphology. A) Light microscopy images of untreated and
ICso resveratrol-treated trophozoites. B) Size of trophozoites during different incubation times measured in
images obtained by light microscopy. Boxes represent 50% of population containing the median of three
independent experiments. Bars indicate the maximum and minimum sizes of the other 50%. o Untreated
trophozoites. ® 0.4% ethanol-treated trophozoites. ® IC5, resveratrol-treated trophozoites. **p<0.01,
**%*p<0.001. C) Flow cytometry of size (forward scatter) and granularity (side scatter) of trophozoites
incubated 48 h with IC5q resveratrol. R1 represents the gate of trophozoites population selected for these
experiments. Untreated and 0.4% ethanol-treated trophozoites were used as controls.

doi:10.1371/journal.pone.0146287.g002

ROS production in trophozoites. However, we are aware that the only way to conclusively say
that ROS kill amoebae is to use a ROS antagonist to show that it protects amoebae from resver-
atrol-induced damage.

ROS production affects, among other molecules, polyunsaturated fatty acids in cell mem-
branes, inducing lipid peroxidation [37]. We investigated whether resveratrol affected

Ethanol esveratrol

Nucleus

Cytoplasmic vacuoles

Fig 3. Ultrastructure of resveratrol-treated trophozoites. TEM of untreated, 0.4% ethanol-, ICs, resveratrol- and 0.5 mM H,O.-treated trophozoites.

doi:10.1371/journal.pone.0146287.9003
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Fig 4. Oxidative stress produced by resveratrol in trophozoites. A) ROS production in trophozoites untreated or treated with IC5 resveratrol.
Quantification was performed by flow cytometry using the DCFDA reagent. B) Lipid peroxides in total lipids of trophozoites. 0.4% ethanol- and 0.5 mM H,O,-
treated trophozoites were used as controls. Values represent the mean + standard error of three independent experiments. ***p<0.001.

doi:10.1371/journal.pone.0146287.g004

trophozoites lipids. The spectrophotometry analysis of total lipids (corresponding to 1 x 10°
trophozoites), showed that drug-treatment produced 0.375 nmol of lipid peroxides; H,O,-
treatment generated 1.8 nmol; and lipid peroxides were not detect in untreated and ethanol-
treated trophozoites (Fig 4B). These experiments, together with the ROS production assays,
strengthen the hypothesis that resveratrol provoked oxidative stress in trophozoites and dam-
aged cell membranes lipids.

Phosphatidylserine (PS) is externalized in E. histolytica trophozoites
treated with resveratrol

In eukaryotes, ROS production can conduct cells to apoptosis, characterized by cellular shrink-
age, PS externalization, chromatin condensation, DNA fragmentation and caspases and calpain
activation, among other events [37]. As PS externalization is used as a marker for apoptosis, we
investigated whether PS was externalized in resveratrol-treated trophozoites, using Annexin V
which has a high affinity for PS. Laser confocal images and flow cytometry experiments of non-
permeabilized trophozoites revealed that Annexin V-FITC did not detect PS in untreated and
ethanol-treated trophozoites. However, 21.58% of resveratrol-treated trophozoites exhibited PS
exposed at the external plasma membrane, without showing plasma membrane rupture, as it was
suggested by the trophozoites that were not stained by PI. However, 2.86% were stained by PI,
suggesting loss of plasma membrane asymmetry (Fig 5A and 5B). These results could suggest
that trophozoites that were not stained by PI, but exposed PS, are in an early apoptosis like event,
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doi:10.1371/journal.pone.0146287.g005

whereas those that exhibited the nuclei stained by PI and exposed PS in the plasma membrane
are in late apoptosis. By flow cytometry experiments, 66.72% of H,O,-treated trophozoites
exposed PS (Fig 5B), but Annexin V was not detected in untreated and ethanol-treated trophozo-
ites. These results suggested that resveratrol induced apoptosis-like death in E. histolytica.

Resveratrol-treated trophozoites present DNA fragmentation

To gain more evidence on resveratrol effect in trophozoites, we evaluated DNA integrity in
cells treated with the drug. Confocal images showed that resveratrol- and H,O,-treated tropho-
zoites exhibited a positive TUNEL signal (Fig 6A). In contrast, untreated and ethanol-treated
cells showed a nuclear homogeneous DAPI staining, and no evidence for TUNEL was detected
(Fig 6A). Flow cytometry assays showed that 14.18% of resveratrol-treated cells were positive
for DNA fragmentation. Only 0.4% of untreated and ethanol-treated trophozoites presented
DNA damage, while H,O, provoked DNA rupture in 27.18% of trophozoites (Fig 6B). These
results, together with the PS externalization assays, strongly suggested that resveratrol induces
apoptosis-like death in E. histolytica trophozoites.

Resveratrol increases cytosolic Ca®* concentration and calpain activity,
but diminishes SOD activity

Oxidative stress and apoptosis produce biochemical changes that irreversibly damage proteins
involved in calcium homeostasis. Thus, we used Fluo-4AM, a compound that binds Ca**, to
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Fig 6. TUNEL assays in resveratrol-treated trophozoites. A) TUNEL assays of untreated or ICs, resveratrol-treated trophozoites using dUTP-FITC and
visualized under the laser confocal microscope. Nuclei were stained with DAPI. Squares in merge images were magnified in the zoom panels. B) Flow
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doi:10.1371/journal.pone.0146287.g006

explore whether Ca®* levels augmented in resveratrol-treated trophozoites. Fluorescence spec-
troscopy assays evidenced that cytosolic Ca** increased to 149 nM in resveratrol-treated tro-
phozoites, in comparison with 31 and 39 nM showed by untreated and ethanol-treated cells,
respectively. H,O,-treated trophozoites increased Ca®* to 204 nM (Fig 7A).
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Fig 7. Biochemical changes in resveratrol-treated trophozoites. A) Cytosolic Ca®* was measured in extracts of untreated or ICs, resveratrol-treated
trophozoites, using Fluo-4 AM. B) Calpain activity of trophozoites extracts incubated with Suc-Leu-Leu-Val-Tyr-AMC was measured by fluorescence
spectroscopy. C) SOD activity of trophozoite extracts was monitored by spectrophotometry using the SOD kit. 0.4% ethanol- and 0.5 mM H,O.-treated
trophozoites were used as controls. Values represent the mean + standard error of three independent experiments. ***p<0.001.

doi:10.1371/journal.pone.0146287.9007
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In eukaryotes, caspases and calpain activation occurs when cytosolic Ca** concentration
increases [37]. As E. histolytica has no canonical caspases, but has calpain-like enzymes
[23,24], we investigated whether calpains were activated in resveratrol-treated trophozoites.
Total extracts from trophozoites were incubated with Suc-Leu-Leu-Val-Tyr-AMC compound,
which releases AMC as a result of calpain activity. These experiments evidenced that calpain
released 8 pmol AMC/mg of total proteins in resveratrol-treated cells, whereas 3.7 pmol/mg
were released in untreated trophozoites (Fig 7B).

SOD constitutes the first line of defense against ROS and converts O”, in peroxide and
molecular oxygen. We measured SOD activity in trophozoites extracts utilizing the WTS-1
reagent of the SOD assay. Resveratrol-treated trophozoites presented 2 U/mg of SOD, whereas
untreated and ethanol-treated trophozoites presented 5 and 4 U/mg, respectively (Fig 7C). All
our biochemical experiments confirmed that resveratrol induced apoptosis-like death in E. his-
tolytica trophozoites.

Resveratrol affects the in vitro virulence of E. histolytica and prevents
encystment of E. invadens

Trophozoites are professional phagocytes that ingest erythrocytes, epithelial cells and bacteria
as nutrition sources. Additionally, phagocytosis is considered as a virulence factor in E. histoly-
tica [38]. Thus, we evaluated the erythrophagocytosis rate of trophozoites that were incubated
with 110 pM resveratrol for 12 h and whose viability was more than 95%. The number of
ingested erythrocytes was counted in 100 trophozoites that were incubated with erythrocytes
for different times. Results showed that the rate of phagocytosis diminished 50% in trophozo-
ites pre-treated with 110 (M resveratrol for 12 h (Fig 8A), reaching a plateau 10 min after incu-
bation with erythrocytes. Interestingly, the majority of trophozoites ingested erythrocytes, as
another evidence of their viability (Fig 8B).

We also measured the ability of resveratrol-treated trophozoites to destroy MDCK cell
monolayers. After incubation with MDCK cells for one hour, resveratrol-treated trophozoites
(72, 110 and 220 uM for 12 h) destroyed 40, 12 and 5% of cell monolayers, respectively,
whereas untreated and ethanol-treated trophozoites destroyed 65% (Fig 8C).

Cysts are the infective phase of E. histolytica, and if cysts are not produced, the disease can
be controlled because transmission from individual to individual does not occur. However, it is
not possible to consistently obtain E. histolytica cysts in the laboratory. Thus, to study the effect
of resveratrol on encystment, we induced E. invadens trophozoites to encystment [39]. Number
of cysts formed in encystment medium was counted after calcofluor staining. Percentage of
cysts produced was calculated taken as 100% the cyst number produced in untreated and etha-
nol-treated cultures. Results showed that resveratrol inhibited cyst formation in a dose-
response model (Fig 8D).

Hamsters are one of the most used animal models to produce amoebic liver abscess and
study the events related to this infection [33]. We investigated the effect of resveratrol on the in
vivo virulence of E. histolytica trophozoites inoculated in hamsters. The viability of resveratrol-
treated trophozoites (incubated for 12 h with 110 uM resveratrol, washed and then incubated
with fresh medium) was analyzed by measuring cell proliferation using the WST-1 reagent,
before the experiments were performed. Proliferation indexes of resveratrol-treated trophozo-
ites and untreated trophozoites were similar, indicating that 12h of resveratrol-treatment did
not affect cell viability. However, a cytostatic effect was observed in trophozoites that remained
in the presence of 110 puM resveratrol during 72 h (Fig 9A). Interestingly, incubation for 12 h
with resveratrol, followed by washing out of the drug, completely abolished the ability of tro-
phozoites to produce hepatic abscesses in hamsters. Hamsters’ livers exhibited normal size and
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Fig 8. Effect of resveratrol in in vitro virulence of E. histolytica trophozoites and in E. invadens encystment. A) Ingested erythrocytes after different
incubation times with untreated or resveratrol -treated (110 M, 12 h and washing out) trophozoites. Values represent the mean + standard error of three
independent experiments. **p<0.01, ***p<0.001. B) Representative images of trophozoites with ingested erythrocytes at different incubation times. C)
Destruction of MDCK cell monolayers incubated with untreated or resveratrol-treated (110 uM 12 h and washing out) trophozoites. Bottom: representative
images of MDCK monolayers incubated with trophozoites and stained with methylene blue. C: MDCK cells that were not in contact with trophozoites. 0.4%
ethanol-treated trophozoites were used as positive controls. Values represent the mean + standard error of three independent experiments. *p<0.05,

** p<0.01,*** p<0.001. D) Cysts formed were counted under the epifluorescence microscope and number of cysts in untreated cells was taken as 100%.
Values represent the mean + standard error of three independent experiments., ** p<0.01,***p<0.001.

doi:10.1371/journal.pone.0146287.g008

color (Fig 9B) and all internal organs presented normal appearance without any evident dam-
age. In contrast, seven days after challenge, 100% of the animals inoculated with untreated tro-
phozoites developed large abscesses (Fig 9B and 9C).

Resveratrol presents amoebicidal activity in hamsters inoculated with
virulent trophozoites

Next, we evaluated the amoebicidal activity of resveratrol on animals (100 mg/Kg) inoculated
with virulent trophozoites. Resveratrol (30 mg/Kg each 8 h, 2 days before and 10 days after
inoculation) was orally administrated to hamsters intraportally inoculated with 3 x 10°
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doi:10.1371/journal.pone.0146287.9009

trophozoites. Ten days after challenge, animals that were not inoculated with trophozoites, but
orally treated with pathogens-free water and ethanol presented healthy livers (Fig 10A). Ten
days after challenge, animals inoculated with trophozoites and treated with pathogen-free
water and ethanol developed huge abscesses that covered around 80% of the liver. In contrast,
resveratrol-treated hamsters, two days before and ten days after challenge presented a mean of
17.28% liver damage (Fig 10A and 10B). Similar results were obtained in animals treated with
resveratrol during ten days, but starting the treatment four days after challenging (after verify-
ing the presence of liver abscesses in the positive control group). Abscesses were visible four
days after challenge with virulent trophozoites in untreated animals. They appeared as huge
isolated spots in 100% of animals used as positive controls for these experiments. Interestingly,
a mean of 55% animals treated with resveratrol in both type of experiments did not present
amoebic liver abscesses, 33% showed small abscesses located only in one lobule and covering
8% of the liver volume and 11% of the animals presented abscesses occupying 30% of the liver.
All resveratrol-treated animals presented normal appearance and healthy spleen, gut, kidneys,
lungs and other organs. As a pharmacological control we used for all experiments a group of
animals that were treated with metronidazole to avoid the amoebic abscesses formation

(Fig 10).

To deeper analyze the liver damage, liver tissue sections were stained by hematoxylin-eosin
and observed under the microscope. Animals without treatment that were not inoculated with
trophozoites, but treated with pathogen-free water and ethanol, showed a normal liver paren-
chyma (Fig 11A). Ethanol-treated hamsters inoculated with virulent trophozoites presented
important tissue damage with an intense granulomatous reaction. Liver necrosis increased by
granulomas fusion and amoebae were observed in the border of them (Fig 11B and 11C). Inter-
estingly, resveratrol-treated hamsters, using both protocols described here, that did not present
hepatic abscesses, presented a healthy liver parenchyma (Fig 11D); whereas those animals that
exhibited small liver abscesses showed an important decrease of granulomatous reaction, com-
pared with the positive controls (Fig 11E). Inflammation area also diminished and few
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Fig 10. Effect of resveratrol administration in hamsters intraportally inoculated with virulent trophozoites. A) Healthy livers: Liver of animals not
inoculated with trophozoites B) Ethanol: Livers of intraportally inoculated hamsters (3 x 10° virulent trophozoites), treated with 50 pl of ethanol. Damage after
4 days: Livers of animals inoculated with virulent trophozoites and examined four days after challenge. Resveratrol 2d before and 10 d after challenge: Livers
of animals treated with resveratrol (100 mg/Kg diluted in 50 pl of ethanol) each 8 h (2 days before and 10 days after inoculation) and examined ten days after
challenge. Resveratrol after 4 d challenge: Liver of animals treated with resveratrol, as above, for ten days, starting four days after challenge when abscesses
were already formed B) Damage was evaluated as the weight of the abscesses formed divided by the weight of the whole liver, before the injured areas were
removed. As a negative control, animals were not inoculated with trophozoites (healthy liver). As a pharmacological control hamsters were treated with

20 mg/Kg of metronidazole. Values represent the mean + standard error of liver damage in inoculated animals. n = 7. ***p<0.001.

doi:10.1371/journal.pone.0146287.9g010
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Fig 11. Histopathology of amoebic liver abscesses. 0.4 um sections of hamster’s livers treated as described in Fig 10, were processed for hematoxylin-
eosin staining and observed under light microscope. A) Animals not inoculated with trophozoites and orally treated with pathogens-free water. B, C)
Hamsters intraportally inoculated with 3 x 10° trophozoites and treated with 50 ul of ethanol each 8 h (2 days before and 10 days after inoculation). B)
Granulomatous reaction representative of damage produced. C) Magnification of a granuloma. D, E) Hamsters intraportally inoculated with 3 x 10°
trophozoites and treated with 100 mg/Kg of resveratrol (diluted in 50 pL of ethanol) each 8 h (2 days before and 10 days after inoculation). D) Liver without
damage after resveratrol-treatment of animals. E) Liver with small abscesses. Square: magnified area showing a trophozoite. Arrows: granulomas. F)
Animals intraportally inoculated with 3 x 10° trophozoites and treated with 20 mg/Kg of metronidazole each 8 h (2 days before and 10 days after inoculation).
LP: liver parenchyma. CV: centrolobulillar vein. H: hepatocytes. N: necrosis area. IR: inflammatory reaction. PV: a branch of the portal vein. Arrowheads:
trophozoites. Arrows: epithelioid cells.

doi:10.1371/journal.pone.0146287.g011

trophozoites were observed (Fig 11E). Metronidazole group showed healthy liver tissue after
treatment (Fig 11F).

To evaluate the parasitic burden in the liver of untreated and resveratrol-treated animals
(using both protocols described here), we carried out immunostaining assays, using an anti-
body against an EhCP112 polypeptide. ERCP112 is a cysteine protease forming part of the
EhCPADH complex, involved in E. histolytica virulence [34]. To evaluate the parasitic burden,
intact antibody-positive trophozoites were counted in 15 liver sections. The healthy livers from
non-inoculated animals exhibited negative reaction (Fig 12A and 12G), similar to the negative
control using only rabbit pre-immune serum (Fig 12F). Livers of animals treated with ethanol,
presented a mean of 77.5 parasites/mm? (Fig 12B and 12G). Hamsters treated with resveratrol
with none or only small hepatic abscesses, exhibited a mean of 19.2 parasites/mm? (Fig 12C,
12D and 12G), and metronidazole-treated animals gave negative reaction to the antibody (Fig
12G). In addition, in the granuloma area, a diffuse antibody-staining was observed, suggesting
trophozoite rupture or EhCP112 secretion, as it has been reported [40].

Discussion

Neglected parasitic diseases are extended around the world, mainly in Africa, Asia and Latin
America poor countries [41]. Endoparasites, including protozoa and helminthes, affect more
than 30% of the human population [41], and their eradication it is not in sight. Amoebiasis,
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Fig 12. Inmunochemistry of livers from hamsters inoculated with virulent trophozoites. Paraffin sections of livers from hamsters treated as in Fig 10.
A) Non-challenged hamsters (healthy liver). B) Challenged hamsters treated with ethanol. C) Challenged hamsters treated with resveratrol that did no
develop hepatic abscesses. D) Challenged hamsters treated with resveratrol that develop small abscesses. E) Challenged hamsters treated with
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metronidazole. F) Challenged hamsters treated with ethanol and developed only with the pre-immune serum. G) Parasitic burden quantified in 15 sections of

livers from hamsters treated as above.

doi:10.1371/journal.pone.0146287.9012

caused by E. histolytica, is the third major human neglected parasitic diseases [42]. It is con-
trolled mainly by metronidazole and its derivatives that are toxic for humans [43]. Natural
products that have been used in poor countries for centuries to treat several diseases could be
an alternative to treat amoebiasis and other parasitic infections. Between 1981 and 2006, 1,184
new drugs were registered, of which, 28% were natural products or their derivatives [44]. These
data suggest that it is the time to look at biodiversity and ancestral knowledge for other strate-
gies to control infectious diseases, including amoebiasis [9]. Here, we found that resveratrol, a
nontoxic to humans natural compound, present in red wine, grapes, nuts and many medicinal
plants [45], is cytotoxic for E. histolytica trophozoites in a dose- and time- dependent manner.
As the innocuousness of resveratrol in mammals has been demonstrated using up to 2 g/Kg of
the drug [13], resveratrol could be a good candidate against amoebiasis.

Besides, a number of favorable pharmacological activities in mammals, including anti-can-
cer properties, resveratrol kills several protozoa and helminthes, such as Leishmania (153.2 uM
dose) [46], Trichomonas vaginalis (25 to 100 pM dose) [47],Trichinella spiralis (12.5 to 200
mg/ml dose) [48], Acanthamoeba castellanii (876 uM dose) [49] and Balamuthia mandrillaris
(250 uM dose) [50], just to mention some. These data indicate that resveratrol dose vary
depending on the organism [51]. Interestingly, several human eukaryotic parasites share some
features, such as a high metabolic activity, uncontrolled cell division and development of resis-
tance to the host defenses [52]. This can explain why, resveratrol can also be used against sev-
eral parasites, bacteria and fungi [46,51,53]. In addition, E. histolytica trophozoites resemble to
cancer cells in two facts: that they do not present contact growth inhibition and they can
migrate in the body to colonize different tissues.

In some parasites, the effect of resveratrol is due to the interference with the respiratory
chain in mitochondria or in mitochondria-like organelles. In Philasterides dicentrarchi, a scuti-
cociliate pathogen of turbot, resveratrol causes oxidative stress, inhibition of antioxidant
enzymes and morphological alterations in the mitochondria [17,54]. In T. vaginalis the action
mechanism involves induction of hydrogenosome dysfunction [47]. In Trypanosomatides, the
kinetoplast is a main target of the drug [55]. E. histolytica trophozoites do not possess canonical
mitochondria, although cytoplasmic organelles with mitochondrial-like enzymes (Cpn60,
Cpnl0, Hsp70, MCF and PFO enzymes [56,57,58]) and others with DNA [59,60] have been
reported. However, more studies are necessary to determine first the function of these struc-
tures and then, define whether resveratrol affects them.

Resveratrol provoked accumulation of ROS in E. histolytica trophozoites and possibly from
this event, the apoptosis-like death observed in resveratrol-treated trophozoites was induced.
ROS act as signaling molecules that trigger proliferation, autophagy and apoptosis [19]. How-
ever, the ROS production and its effects caused by resveratrol in trophozoites might be deeper
investigated.

Autophagy is involved in intracellular degradation, energy recycling and stress events, such
as periods of nutrient deprivation, when cell needs to obtain amino acids and other nutrients
[61].

In autophagy, the concerted participation of Atg proteins is necessary for the autophago-
somes membrane formation [61] and in some parasites, Atg8 and Atgl2 conjugation systems
are enough for autophagy [62]. Even when E. histolytica has the Atg system, we could not
detect EnAtg8-PE conjugation or autophagosomes in resveratrol-treated trophozoites. Apopto-
sis has been studied in protozoa, including Leishmania, Trypanosoma, Trichomonas [63] and
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E. histolytica [64]. Even when E histolytica trophozoites do not have canonical caspases [24],
here we demonstrated that apoptosis-like death occurs in resveratrol-treated trophozoites. Dif-
ferent experimental approaches, including PS externalization, DNA fragmentation, increase of
cytosolic Ca**, calpain activation and decrease of SOD activity, support this assumption.

Of the major interest was the effect of resveratrol on trophozoite virulence. The ability of
trophozoites to destroy cultured cells and their rate of phagocytosis are two parameters to eval-
uate the in vitro virulence of E. histolytica strains. Here we showed that pre-incubation of tro-
phozoites with 110 pM resveratrol produced a decrease in the rate of erythrophagocytosis and
in cytopathic effect. Similar findings in relation to the effect of resveratrol on cytopathic effect
of trophozoites on cell cultures were obtained for A. castellanii and B. mandrillaris [49,50].
Interestingly, pre-incubation with resveratrol of E. invadens trophozoites, inhibited encyst-
ment. Even when we could not prove this in E. histolytica trophozoites, resveratrol would be a
good candidate to prevent cyst transmission.

E. histolytica trophozoites pre-treated with resveratrol were not able to produce liver
abscesses in hamsters. Proliferation index experiments demonstrated that resveratrol-treated
trophozoites (110 uM, 12 h) remained viable after drug removal, and therefore, when they
were inoculated into the animals. Similarly, they were able to ingest red blood cells. These
results also suggested that apoptosis-like death of trophozoites was triggered after 12 h incuba-
tion with resveratrol and before that, trophozoites remain viable, but unable to express viru-
lence in vitro.

The amoebicidal effect of resveratrol was further demonstrated in hamsters inoculated with
virulent trophozoites. Abscesses formation was dramatically diminished by oral administration
of resveratrol in two distinct protocols: for two days before and ten days after and for ten days
starting four days after intraportally inoculation of a high number of virulent trophozoites. The
parasitic burden in the livers significantly decreased in resveratrol-treated animals, as it was
shown by immunostaining using the anti-EhCP112 antibody. These results suggested that res-
veratrol could be proposed, after clinically testing, as an alternative to avoid amoebic hepatic
abscesses. In addition, resveratrol derivatives must be tested as other options, as other authors
have been done for cancer treatment and against other parasites [65]. Resveratrol and its deriv-
atives could be a better choice than metronidazole to defeat amoebiasis, because resveratrol’s
harmlessness in mammals has been demonstrated [13].

In conclusion, here, we introduced an old compound, the resveratrol, as a promising novel
drug to defeat amoebiasis, because it affected the in vitro and in vivo virulence of the trophozo-
ites and their capacity of encystment. The mechanisms through which resveratrol exerts its
effect on E. histolytica involve the arrest of cell growth and the generation of oxidative stress
which eventually triggered the apoptosis-like in trophozoites.

Acknowledgments

The authors are grateful to M. Sc. Daniel Leon for helping in Ca®>* measurement assays, to
Mario Nequiz to provide the E. histolytica virulent HM1-IMSS strain, to M. Sc. Mayra Herrera
for E. invadens culture and support for encystment experiments and to Tomas Sanchez and
Alejandrina Reyes for technical support and to Dr. Silvia Fernandez Castello and M.Sc. Patricia
Cuellar for English revision of the manuscript.

Author Contributions

Conceived and designed the experiments: JPM EO JPM AB. Performed the experiments: JPM
GGR BCHM MSh. Analyzed the data: JPM EO AB. Contributed reagents/materials/analysis
tools: EO JPM BChM MSh. Wrote the paper: JPM AB EO.

PLOS ONE | DOI:10.1371/journal.pone.0146287 January 5, 2016 20/23



@’PLOS ‘ ONE

Resveratrol a Novel Amoebicide

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

Mortimer L, Chadee K (2010) The immunopathogenesis of Entamoeba histolytica. Exp Parasitol 126:
366-380. doi: 10.1016/j.exppara.2010.03.005 PMID: 20303955

Huston CD, Petri WA Jr. (2001) Emerging and reemerging intestinal protozoa. Curr Opin Gastroenterol
17:17-23. PMID: 17031144

Cordel H, Prendki V, Madec Y, Houze S, Paris L, Bouree P, et al. (2013) Imported amoebic liver
abscess in France. PLoS Negl Trop Dis 7: €2333. doi: 10.1371/journal.pntd.0002333 PMID: 23951372

Faust DM, Markiewicz JM, Santi-Rocca J, Guillen N (2011) New insights into host-pathogen interac-
tions during Entamoeba histolytica liver infection. European Journal of Microbiology and Immunology
1: 10-18. doi: 10.1556/EuJMI.1.2011.1.4 PMID: 24466432

Bendesky A MD (2001) Metronidazol: una visién integral. Revista de la Facultad de Medicina UNAM
44: 255-259.

Wassmann C, Hellberg A, Tannich E, Bruchhaus | (1999) Metronidazole resistance in the protozoan
parasite Entamoeba histolytica is associated with increased expression of iron-containing superoxide
dismutase and peroxiredoxin and decreased expression of ferredoxin 1 and flavin reductase. J Biol
Chem 274:26051-26056. PMID: 10473552

Roe FJ (1983) Toxicologic evaluation of metronidazole with particular reference to carcinogenic, muta-
genic, and teratogenic potential. Surgery 93: 158—164. PMID: 6336861

Debnath A, Parsonage D, Andrade RM, He C, Cobo ER, Hirata K| et al. (2012) A high-throughput drug
screen for Entamoeba histolytica identifies a new lead and target. Nat Med 18: 956—-960. doi: 10.1038/
nm.2758 PMID: 22610278

Mfotie Njoya E, Weber C, Hernandez-Cuevas NA, Hon CC, Janin Y, Kamini MF, et al. (2014) Bioassay-
guided fractionation of extracts from Codiaeum variegatum against Entamoeba histolytica discovers
compounds that modify expression of ceramide biosynthesis related genes. PLoS Negl Trop Dis 8:
€2607. doi: 10.1371/journal.pntd.0002607 PMID: 24416462

Preet S, Bharati S, Shukla G, Koul A, Rishi P (2011) Evaluation of amoebicidal potential of Paneth cell
cryptdin-2 against Entamoeba histolytica. PLoS Negl Trop Dis 5: €1386. doi: 10.1371/journal.pntd.
0001386 PMID: 22206022

Orozco E, Benitez-Bibriesca L, Hernandez R (1994) Invasion and metastasis mechanisms in Ent-
amoeba histolytica and cancer cells. Some common cellular and molecular features. Mutat Res 305:
229-239. PMID: 7510034

Miki H, Uehara N, Kimura A, Sasaki T, Yuri T, Yoshizawa K, et al. (2012) Resveratrol induces apoptosis
via ROS-triggered autophagy in human colon cancer cells. Int J Oncol 40: 1020—-1028. doi: 10.3892/
ij0.2012.1325 PMID: 22218562

Hebbar V, Shen G, Hu R, Kim BR, Chen C, Korytko PJ, et al. (2005) Toxicogenomics of resveratrol in
rat liver. Life Sci 76: 2299-2314. PMID: 15748624

Pirola L, Frojdo S (2008) Resveratrol: one molecule, many targets. [UBMB Life 60: 323-332. doi: 10.
1002/iub.47 PMID: 18421779

Leonard SS, Xia C, Jiang BH, Stinefelt B, Klandorf H, Harris GK, et al. (2003) Resveratrol scavenges
reactive oxygen species and effects radical-induced cellular responses. Biochem Biophys Res Com-
mun 309: 1017-1026. PMID: 13679076

Robb EL, Page MM, Wiens BE, Stuart JA (2008) Molecular mechanisms of oxidative stress resistance
induced by resveratrol: Specific and progressive induction of MNnSOD. Biochem Biophys Res Commun
367: 406—412. doi: 10.1016/j.bbrc.2007.12.138 PMID: 18167310

Lamas J, Morais P, Arranz JA, Sanmartin ML, Orallo F, Leiro J (2009) Resveratrol promotes an inhibi-
tory effect on the turbot scuticociliate parasite Philasterides dicentrarchi by mechanisms related to cel-
lular detoxification. Vet Parasitol 161: 307—315. doi: 10.1016/j.vetpar.2008.12.025 PMID: 19246159

Kumar B, Igbal MA, Singh RK, Bamezai RN (2015) Resveratrol inhibits TIGAR to promote ROS
induced apoptosis and autophagy. Biochimie.

Kaminskyy VO, Zhivotovsky B (2014) Free radicals in cross talk between autophagy and apoptosis.
Antioxid Redox Signal 21: 86—102. doi: 10.1089/ars.2013.5746 PMID: 24359220

Picazarri K, Nakada-Tsukui K, Nozaki T (2008) Autophagy during proliferation and encystation in the
protozoan parasite Entamoeba invadens. Infect Immun 76: 278-288. PMID: 17923513

Mukhopadhyay S, Panda PK, Sinha N, Das DN, Bhutia SK (2014) Autophagy and apoptosis: where do
they meet? Apoptosis 19: 555-566. doi: 10.1007/s10495-014-0967-2 PMID: 24415198
Villalba JD, Gomez C, Medel O, Sanchez V, Carrero JC, Shibayama M, et al. (2007) Programmed cell

death in Entamoeba histolytica induced by the aminoglycoside G418. Microbiology 153: 3852—-3863.
PMID: 17975094

PLOS ONE | DOI:10.1371/journal.pone.0146287 January 5, 2016 21/23


http://dx.doi.org/10.1016/j.exppara.2010.03.005
http://www.ncbi.nlm.nih.gov/pubmed/20303955
http://www.ncbi.nlm.nih.gov/pubmed/17031144
http://dx.doi.org/10.1371/journal.pntd.0002333
http://www.ncbi.nlm.nih.gov/pubmed/23951372
http://dx.doi.org/10.1556/EuJMI.1.2011.1.4
http://www.ncbi.nlm.nih.gov/pubmed/24466432
http://www.ncbi.nlm.nih.gov/pubmed/10473552
http://www.ncbi.nlm.nih.gov/pubmed/6336861
http://dx.doi.org/10.1038/nm.2758
http://dx.doi.org/10.1038/nm.2758
http://www.ncbi.nlm.nih.gov/pubmed/22610278
http://dx.doi.org/10.1371/journal.pntd.0002607
http://www.ncbi.nlm.nih.gov/pubmed/24416462
http://dx.doi.org/10.1371/journal.pntd.0001386
http://dx.doi.org/10.1371/journal.pntd.0001386
http://www.ncbi.nlm.nih.gov/pubmed/22206022
http://www.ncbi.nlm.nih.gov/pubmed/7510034
http://dx.doi.org/10.3892/ijo.2012.1325
http://dx.doi.org/10.3892/ijo.2012.1325
http://www.ncbi.nlm.nih.gov/pubmed/22218562
http://www.ncbi.nlm.nih.gov/pubmed/15748624
http://dx.doi.org/10.1002/iub.47
http://dx.doi.org/10.1002/iub.47
http://www.ncbi.nlm.nih.gov/pubmed/18421779
http://www.ncbi.nlm.nih.gov/pubmed/13679076
http://dx.doi.org/10.1016/j.bbrc.2007.12.138
http://www.ncbi.nlm.nih.gov/pubmed/18167310
http://dx.doi.org/10.1016/j.vetpar.2008.12.025
http://www.ncbi.nlm.nih.gov/pubmed/19246159
http://dx.doi.org/10.1089/ars.2013.5746
http://www.ncbi.nlm.nih.gov/pubmed/24359220
http://www.ncbi.nlm.nih.gov/pubmed/17923513
http://dx.doi.org/10.1007/s10495-014-0967-2
http://www.ncbi.nlm.nih.gov/pubmed/24415198
http://www.ncbi.nlm.nih.gov/pubmed/17975094

@’PLOS ‘ ONE

Resveratrol a Novel Amoebicide

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

Nandi N, Sen A, Banerjee R, Kumar S, Kumar V, Ghosh AN, et al. (2010) Hydrogen peroxide induces
apoptosis-like death in Entamoeba histolytica trophozoites. Microbiology 156: 1926—1941. doi: 10.
1099/mic.0.034066-0 PMID: 20299403

Ghosh AS, Dutta S, Raha S (2010) Hydrogen peroxide-induced apoptosis-like cell death in Entamoeba
histolytica. Parasitol Int 59: 166—172. doi: 10.1016/j.parint.2010.01.001 PMID: 20079879

Diamond LS, Harlow DR, Cunnick CC (1978) A new medium for the axenic cultivation of Entamoeba
histolytica and other Entamoeba. Trans R Soc Trop Med Hyg 72: 431-432. PMID: 212851

Sanchez L, Enea V, Eichinger D (1994) Identification of a developmentally regulated transcript
expressed during encystation of Entamoeba invadens. Mol Biochem Parasitol 67: 125-135. PMID:
7838173

Chavez-Munguia B, Cristobal-Ramos AR, Gonzalez-Robles A, Tsutsumi V, Martinez-Palomo A (2003)
Ultrastructural study of Entamoeba invadens encystation and excystation. J Submicrosc Cytol Pathol
35: 235-243. PMID: 14690171

Berridge MV, Herst PM, Tan AS (2005) Tetrazolium dyes as tools in cell biology: new insights into their
cellular reduction. Biotechnol Annu Rev 11: 127-152. PMID: 16216776

Reed LJ, Muench H (1938) A simple method of estimating fifty percent endpoints. The American Jour-
nal of Hygiene 27.

Cerbdn J, Flores J (1981) Phospholipid composition and turnover of pathogenic amebas. Comparative
Biochemistry and Physiology Part B: Comparative Biochemistry 69: 487—492.

Kohli V, Gao W, Camargo CA Jr., Clavien PA (1997) Calpain is a mediator of preservation-reperfusion
injury in rat liver transplantation. Proc Natl Acad Sci U S A 94: 9354-9359. PMID: 9256486

Garcia-Rivera G, Sanchez T, Orozco E, Guarneros G (1982) [Isolation of clones of E. histolytica defi-
cient in adhesion to human erythrocytes]. Arch Invest Med (Mex) 13 Suppl 3: 129-136.

Shibayama M, Campos-Rodriguez R, Ramirez-Rosales A, Flores-Romo L, Espinosa-Cantellano M,
Martinez-Palomo A, et al. (1998) Entamoeba histolytica: liver invasion and abscess production by intra-
peritoneal inoculation of trophozoites in hamsters, Mesocricetus auratus. Exp Parasitol 88: 20-27.
PMID: 9501845

Garcia-Rivera G, Rodriguez MA, Ocadiz R, Martinez-Lopez MC, Arroyo R, Gonzalez-Robles A, et al.
(1999) Entamoeba histolytica: a novel cysteine protease and an adhesin form the 112 kDa surface pro-
tein. Mol Microbiol 33: 556-568. PMID: 10417646

Beckman KB, Ames BN (1998) The free radical theory of aging matures. Physiol Rev 78: 547-581.
PMID: 9562038

Eruslanov E, Kusmartsev S (2010) Identification of ROS using oxidized DCFDA and flow-cytometry.
Methods Mol Biol 594: 57—72. doi: 10.1007/978-1-60761-411-1_4 PMID: 20072909

Elmore S (2007) Apoptosis: a review of programmed cell death. Toxicol Pathol 35: 495-516. PMID:
17562483

Orozco E, Guarneros G, Martinez-Palomo A, Sanchez T (1983) Entamoeba histolytica. Phagocytosis
as a virulence factor. J Exp Med 158: 1511-1521. PMID: 6313842

Eichinger D (2001) A role for a galactose lectin and its ligands during encystment of Entamoeba. J
Eukaryot Microbiol 48: 17-21. PMID: 11249188

Ocadiz R, Orozco E, Carrillo E, Quintas LI, Ortega-Lopez J, Garcia-Perez RM, et al. (2005) EhCP112 s
an Entamoeba histolytica secreted cysteine protease that may be involved in the parasite-virulence.
Cell Microbiol 7:221-232. PMID: 15659066

Mableson HE, Okello A, Picozzi K, Welburn SC (2014) Neglected zoonotic diseases-the long and wind-
ing road to advocacy. PLoS Negl Trop Dis 8: €2800. doi: 10.1371/journal.pntd.0002800 PMID:
24901769

Stanley SL Jr. (2003) Amoebiasis. Lancet 361: 1025-1034. PMID: 12660071

Stauffer W, Ravdin JI (2003) Entamoeba histolytica: an update. Curr Opin Infect Dis 16: 479-485.
PMID: 14502002

Wink M (2012) Medicinal plants: a source of anti-parasitic secondary metabolites. Molecules 17:
12771-12791. doi: 10.3390/molecules171112771 PMID: 23114614

Park EJ, Pezzuto JM (2015) The pharmacology of resveratrol in animals and humans. Biochim Biophys
Acta.

Lucas IK, Kolodziej H (2013) In vitro antileishmanial activity of resveratrol originates from its cytotoxic
potential against host cells. Planta Med 79: 20—-26. doi: 10.1055/s-0032-1328020 PMID: 23225365

Mallo N, Lamas J, Leiro JM (2013) Hydrogenosome metabolism is the key target for antiparasitic activ-
ity of resveratrol against Trichomonas vaginalis. Antimicrob Agents Chemother 57: 2476-2484. doi:
10.1128/AAC.00009-13 PMID: 23478970

PLOS ONE | DOI:10.1371/journal.pone.0146287 January 5, 2016 22/23


http://dx.doi.org/10.1099/mic.0.034066-0
http://dx.doi.org/10.1099/mic.0.034066-0
http://www.ncbi.nlm.nih.gov/pubmed/20299403
http://dx.doi.org/10.1016/j.parint.2010.01.001
http://www.ncbi.nlm.nih.gov/pubmed/20079879
http://www.ncbi.nlm.nih.gov/pubmed/212851
http://www.ncbi.nlm.nih.gov/pubmed/7838173
http://www.ncbi.nlm.nih.gov/pubmed/14690171
http://www.ncbi.nlm.nih.gov/pubmed/16216776
http://www.ncbi.nlm.nih.gov/pubmed/9256486
http://www.ncbi.nlm.nih.gov/pubmed/9501845
http://www.ncbi.nlm.nih.gov/pubmed/10417646
http://www.ncbi.nlm.nih.gov/pubmed/9562038
http://dx.doi.org/10.1007/978-1-60761-411-1_4
http://www.ncbi.nlm.nih.gov/pubmed/20072909
http://www.ncbi.nlm.nih.gov/pubmed/17562483
http://www.ncbi.nlm.nih.gov/pubmed/6313842
http://www.ncbi.nlm.nih.gov/pubmed/11249188
http://www.ncbi.nlm.nih.gov/pubmed/15659066
http://dx.doi.org/10.1371/journal.pntd.0002800
http://www.ncbi.nlm.nih.gov/pubmed/24901769
http://www.ncbi.nlm.nih.gov/pubmed/12660071
http://www.ncbi.nlm.nih.gov/pubmed/14502002
http://dx.doi.org/10.3390/molecules171112771
http://www.ncbi.nlm.nih.gov/pubmed/23114614
http://dx.doi.org/10.1055/s-0032-1328020
http://www.ncbi.nlm.nih.gov/pubmed/23225365
http://dx.doi.org/10.1128/AAC.00009-13
http://www.ncbi.nlm.nih.gov/pubmed/23478970

@’PLOS ‘ ONE

Resveratrol a Novel Amoebicide

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Ozkoc S, Tuncay S, Delibas SB, Akisu C (2009) In vitro effects of resveratrol on Trichinella spiralis.
Parasitol Res 105: 1139-1143. doi: 10.1007/s00436-009-1533-7 PMID: 19562377

Ageel Y, Igbal J, Siddiqui R, Gilani AH, Khan NA (2012) Anti-Acanthamoebic properties of resveratrol
and demethoxycurcumin. Exp Parasitol 132: 519-523. doi: 10.1016/j.exppara.2012.09.007 PMID:
23010569

Kalsoom H, Baig AM, Khan NA, Siddiqui R (2014) Laboratory testing of clinically approved drugs
against Balamuthia mandrillaris. World J Microbiol Biotechnol 30: 2337-2342. doi: 10.1007/s11274-
014-1658-4 PMID: 24875138

Budino B, Pata MP, Leiro J, Lamas J (2012) Differences in the in vitro susceptibility to resveratrol and
other chemical compounds among several Philasterides dicentrarchi isolates from turbot. Parasitol Res
110: 1573-1578. doi: 10.1007/s00436-011-2664-1 PMID: 21987103

Yaeger RG (1996) Protozoa: Structure, Classification, Growth, and Development. In: Baron S, editor.
Medical Microbiology. 4th ed. Galveston, TX: The University of Texas Medical Branch.

Dobrzynska MM (2013) Resveratrol as promising natural radioprotector. A review. Rocz Panstw Zakl
Hig 64: 255-262. PMID: 24693709

Morais P, Piazzon C, Lamas J, Mallo N, Leiro JM (2013) Effect of resveratrol on oxygen consumption
by Philasterides dicentrarchi, a scuticociliate parasite of turbot. Protist 164: 206—217. doi: 10.1016/j.
protis.2012.07.002 PMID: 22951214

Nyunt KS, Elkhateeb A, Tosa Y, Nabata K, Katakura K, Matsuura H (2012) Isolation of antitrypanoso-
mal compounds from Vitis repens, a medicinal plant of Myanmar. Nat Prod Commun 7: 609-610.
PMID: 22799088

Mi-ichi F, Makiuchi T, Furukawa A, Sato D, Nozaki T (2011) Sulfate activation in mitosomes plays an
important role in the proliferation of Entamoeba histolytica. PLoS Negl Trop Dis 5: €1263. doi: 10.1371/
journal.pntd.0001263 PMID: 21829746

Mi-ichi F, Abu Yousuf M, Nakada-Tsukui K, Nozaki T (2009) Mitosomes in Entamoeba histolytica con-
tain a sulfate activation pathway. Proc Natl Acad Sci U S A 106: 21731-21736. doi: 10.1073/pnas.
0907106106 PMID: 19995967

Rodriguez MA, Garcia-Perez RM, Mendoza L, Sanchez T, Guillen N, Orozco E (1998) The pyruvate:
ferredoxin oxidoreductase enzyme is located in the plasma membrane and in a cytoplasmic structure in
Entamoeba. Microb Pathog 25: 1—10. PMID: 9705244

Solis F, Orozco E, Cordova L, Rivera B, Luna-Arias JP, Gomez-Conde E, et al. (2002) Entamoeba his-
tolytica: DNA carrier vesicles in nuclei and kinetoplast-like organelles (EhkOs). Mol Genet Genomics
267: 622—628. PMID: 12172801

Leon-Avila G, Tovar J (2004) Mitosomes of Entamoeba histolytica are abundant mitochondrion-related
remnant organelles that lack a detectable organellar genome. Microbiology 150: 1245-1250. PMID:
15133087

Joachim J, Jiang M, McKnight NC, Howell M, Tooze SA (2015) High-throughput screening approaches
to identify regulators of mammalian autophagy. Methods 75C: 96—-104.

Williams RA, Woods KL, Juliano L, Mottram JC, Coombs GH (2009) Characterization of unusual fami-
lies of ATG8-like proteins and ATG12 in the protozoan parasite Leishmania major. Autophagy 5: 159—
172. PMID: 19066473

Proto WR, Coombs GH, Mottram JC (2013) Cell death in parasitic protozoa: regulated or incidental?
Nat Rev Microbiol 11: 58—66. doi: 10.1038/nrmicro2929 PMID: 23202528

Villalba-Magdaleno JD, Perez-Ishiwara G, Serrano-Luna J, Tsutsumi V, Shibayama M (2011) In vivo
programmed cell death of Entamoeba histolytica trophozoites in a hamster model of amoebic liver
abscess. Microbiology 157: 1489—-1499. doi: 10.1099/mic.0.047183-0 PMID: 21349978

Ogas T, Kondratyuk TP, Pezzuto JM (2013) Resveratrol analogs: promising chemopreventive agents.
AnnNY Acad Sci 1290: 21-29. doi: 10.1111/nyas.12196 PMID: 23855462

PLOS ONE | DOI:10.1371/journal.pone.0146287 January 5, 2016 23/23


http://dx.doi.org/10.1007/s00436-009-1533-7
http://www.ncbi.nlm.nih.gov/pubmed/19562377
http://dx.doi.org/10.1016/j.exppara.2012.09.007
http://www.ncbi.nlm.nih.gov/pubmed/23010569
http://dx.doi.org/10.1007/s11274-014-1658-4
http://dx.doi.org/10.1007/s11274-014-1658-4
http://www.ncbi.nlm.nih.gov/pubmed/24875138
http://dx.doi.org/10.1007/s00436-011-2664-1
http://www.ncbi.nlm.nih.gov/pubmed/21987103
http://www.ncbi.nlm.nih.gov/pubmed/24693709
http://dx.doi.org/10.1016/j.protis.2012.07.002
http://dx.doi.org/10.1016/j.protis.2012.07.002
http://www.ncbi.nlm.nih.gov/pubmed/22951214
http://www.ncbi.nlm.nih.gov/pubmed/22799088
http://dx.doi.org/10.1371/journal.pntd.0001263
http://dx.doi.org/10.1371/journal.pntd.0001263
http://www.ncbi.nlm.nih.gov/pubmed/21829746
http://dx.doi.org/10.1073/pnas.0907106106
http://dx.doi.org/10.1073/pnas.0907106106
http://www.ncbi.nlm.nih.gov/pubmed/19995967
http://www.ncbi.nlm.nih.gov/pubmed/9705244
http://www.ncbi.nlm.nih.gov/pubmed/12172801
http://www.ncbi.nlm.nih.gov/pubmed/15133087
http://www.ncbi.nlm.nih.gov/pubmed/19066473
http://dx.doi.org/10.1038/nrmicro2929
http://www.ncbi.nlm.nih.gov/pubmed/23202528
http://dx.doi.org/10.1099/mic.0.047183-0
http://www.ncbi.nlm.nih.gov/pubmed/21349978
http://dx.doi.org/10.1111/nyas.12196
http://www.ncbi.nlm.nih.gov/pubmed/23855462

