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Food-borne trematodiases represent major neglected parasitic diseases. Trematodes of the family
Opisthorchiidae including Opisthorchis felineus, Opisthorchis viverrini and Clonorchis sinensis are ranked
eight on the global list of the 24 most prevalent food-borne parasites. Chronic O. felineus infection symp-
toms include precancerous lesions with the potential for malignancy. In recent decades, liver flukes of the
family Opisthorchiidae have been extensively scientifically explored, however despite this the molecular
mechanisms of O. felineus pathogenicity and its carcinogenic potential have not been studied. Opisthorchis
felineus glutathione-dependent prostaglandin synthase (GST r) is the major component of the excretory–
secretory product of this liver fluke. We hypothesised that the activity of this enzyme is involved in the
infection pathogenesis, including the formation of precancerous lesions. To test this hypothesis and to
gain insights into the mechanisms of precancerous lesion formation, we (i) investigated whether excre-
tory parasitic GST r retains its enzymatic activity, (ii) tested resveratrol (RSV) as a possible inhibitor of
this enzyme, and (iii) assessed biliary neoplasia and oxidative DNA damage as well as the expression of
neoplasia and fibrogenesis marker genes after prolonged administration of RSV in a hamster model. RSV
was found to inhibit GST r enzymatic activity in a dose-dependent manner (R = 0.85, P < 0.001; half-
maximal effective dose (ED50) = 48.6 lM). Prolonged administration of RSV significantly suppressed
high-grade biliary neoplasia (P = 0.008), attenuated upregulation of hyperplasia and fibrogenesis-
related genes (Tgfb, a-SMA and CK7), and decreased the elevated oxidative DNA damage. Taking into
account that RSV can influence a wide range of pathways, further research is needed to confirm the role
of GST r in O. felineus pathogenicity. Nevertheless, the chemopreventive effect of RSV targeting biliary
neoplasia formation might be useful for improving the outcomes in infected populations and represents
a compelling rationale for RSV testing in combination chemotherapy of opisthorchiasis.

� 2019 Australian Society for Parasitology. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The fish-borne liver fluke Opisthorchis felineus (Rivolta, 1884) is
the causative agent of opisthorchiasis felinea across a vast territory
that spans regions of Eurasia (Armignacco et al., 2013;
Pakharukova and Mordvinov, 2016). Trematodes of the family
Opisthorchiidae are ranked eighth on the global list of 24 most
prevalent food-borne parasites (WHO, 2014). Two species, the
liver flukes Opisthorchis viverrini (Poirier, 1886) and Clonorchis
sinensis (Loos, 1907) (Sripa et al., 2007) were classified as Group
1 biological carcinogens and a major risk factor of cholangiocarci-
noma (CCA) in endemic areas (Sripa et al., 2007).

Recently, we presented findings that support the inclusion of O.
felineus in Group 1 of biological carcinogens (Gouveia et al., 2017;
Maksimova et al., 2017; Pakharukova et al., 2019a). The histologi-
cal manifestations of chronic infection with these liver flukes
(Sripa et al., 2007; Maksimova et al., 2017) include inflammation
with dysplasia; gallbladder dysfunction; severe fibrosis; biliary
intraepithelial neoplasia of grades I, II, and III; and other precancer-
ous lesions able to progress to malignancy (Gouveia et al., 2017).
Although the biology and host–parasite relationship of this trema-
tode are similar to those of other carcinogenic flukes (O. viverrini
and C. sinensis), the molecular mechanisms of O. felineus
pathogenicity and the carcinogenic potential have not been well
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studied (Pakharukova and Mordvinov, 2016; Pakharukova et al.,
2019a), and hypotheses are based only on the data obtained from
other species, in particular O. viverrini and C. sinensis. It is believed
that O. felineus infection–associated tumorigenesis is based on cel-
lular DNA damage and chronic inflammation (Sripa et al., 2012,
2018; Yongvanit et al., 2012). In addition, the carcinogenic poten-
tial is attributed to the effects of proteins and metabolites secreted
by liver flukes (Sripa et al., 2012; Correia da Costa et al., 2014;
Chaiyadet et al., 2015).

The major component of the O. felineus excretory–secretory
product is glutathione-dependent prostaglandin synthase (also
known as glutathione S-transferase (GST) r) (Lvova et al., 2014).
This parasitic enzyme may participate in chronic inflammation
by contributing to the production of prostanoids (Sommer et al.,
2003) as shown for the extracellular GST1 of Onchocerca volvulus
(Sommer et al., 2003). The GST-r gene in adult worms is among
the 10 most abundant genes (GenBank accession no:
GBJA01007477.1) (Pomaznoy et al., 2016; Ershov et al., 2019). Nev-
ertheless, the role of this enzyme (produced in large amounts and
secreted into the surrounding space (Lvova et al., 2014)) in the
mechanisms of the host–parasite relationship is unknown. We
hypothesised that GST-r may contribute to oxidative stress and
the pathogenicity of O. felineus. To test this idea, it was necessary
to find an effective GST inhibitor acting in vivo. We supposed that
resveratrol (RSV) could be such an inhibitor.

RSV is a stilbene polyphenol present in various plant species
including berries, grapes, and peanuts (Baur and Sinclair, 2006).
It has antioxidant and cardioprotective properties and therapeutic
effects on atherosclerosis, diabetes, muscular dystrophy (Baur and
Sinclair, 2006), and cancer (Jang et al., 1997). RSV reduces the for-
mation of mutagenic oxysterols and oestrogen–DNA adducts
(Cavalieri and Rogan, 2010).

Thus, to elucidate the carcinogenic potential of trematodes and
to gain first insights into the mechanisms of precancerous lesion
formation associated with O. felineus infection, the objectives of
this study were (i) to investigate whether secreted parasitic GST-
r retains its enzymatic activity; (ii) to test RSV as a possible inhi-
bitor of this enzyme; (iii) to assess biliary neoplasia and oxidative
DNA damage as well as the expression of hyperplasia and fibroge-
nesis marker genes after prolonged administration of RSV in a
hamster model of opisthorchiasis felinea.
2. Materials and methods

2.1. Ethics statement

All the procedures were in compliance with European Union
Directive 2010/63/EU for animal experiments. The animals were
kept and treated according to the protocols approved by the Com-
mittee on the Ethics of Animal Experiments at the Institute of
Cytology and Genetics, the Siberian Branch of the Russian Academy
of Sciences, Russia (ICG SB RAS; Permit Number: 42 of 25.05.2018).
2.2. Animals and infection

Syrian hamsters (Mesocricetus auratus) were purchased from
the Animal Facility of the ICG SB RAS. Euthanasia was implemented
via carbon dioxide inhalation, and every effort was made to min-
imise the suffering of the hamsters. Opisthorchis felineus metacer-
cariae were collected from naturally infected fish (Leuciscus idus)
caught in the Ob River near Novosibirsk (Western Siberia) and
were extracted as described previously (Pakharukova et al., 2018,
2019b,c). Briefly, the fish tissue was immersed in a digestion solu-
tion (0.9% NaCl in distilled water with 1% pepsin and 1% HCl, pH
2.0) for 2 h at 37 �C followed by filtration. After several washes
with normal saline, the metacercariae were collected and identi-
fied under a light microscope.

To assess the influence of oral RSV (Sigma–Aldrich, USA)
administration (for 1 or 3 months) on progression of
opisthorchiasis-associated pathologies, 37 2-month-old male
hamsters (M. auratus) were randomly subdivided into four groups:
I, uninfected; II, RSV alone (1 mg/kg of RSV administered (with
food)); III, OF (infected with 75 metacercariae of O. felineus; and
IV, OF + RSV (infected with 75 metacercariae of O. felineus and
1 mg/kg of RSV administered (with food)). The hamsters were
housed, one per cage, under conventional conditions and were
provided with standard rodent feed (PK-120–1; Laboratorsnab,
Ltd., Moscow, Russia) and water ad libitum. RSV was dissolved in
ethanol (Sigma–Aldrich, USA) to prepare an 88 mg/mL solution.
Before oral administration, it was diluted with PBS (pH 6.11) to a
final concentration of 5 mg/mL.

The hamsters of groups III and IV were infected with 75 metac-
ercariae per os via oral gavage. The dose of RSV was selected
according to previously published data (Girbovan and
Plamondon, 2015). Groups I and III (which did not receive RSV)
consumed the control diet with the addition of dried bread slices,
and the other groups consumed the same diet supplemented with
RSV (1 mg/kg of body weight) on the dried bread slices. Each ham-
ster in the treatment group received RSV daily. The animals
received RSV starting from the first day of infection. The total dura-
tion of the experiment was 3 months. Four hamsters from the
uninfected group and 4–7 hamsters from each of the other groups
were euthanised and necropsied at 1 and 3 months p.i.

2.3. Sample collection and histopathological analysis

Hamsters were euthanised using carbon dioxide, after which
blood was collected by cardiac puncture. Blood was centrifuged
at 3000g for 20 min at 4 �C to obtain serum. Urine was collected
by bladder puncture. The serum and urine samples were aliquoted
and stored at �80 �C. The liver was carefully dissected and placed
in 10% buffered formalin (Biovitrum, Russia). After fixation for
3 days, the specimens were dehydrated in a graded series of etha-
nol solutions and then absolute ethanol, cleared in xylene, and
soaked in melted paraffin. After that, we embedded the specimens
in paraffin using Microm (Microm, UK). Four-lm-thick sections
were prepared by means of a microtome.

For histopathological analysis, the tissue sections were stained
with H&E or Van Gieson’s stain (Supplementary Fig. S1) by stan-
dard methods and examined under a light microscope (Axioskop
2 Plus; Zeiss, Germany). Histological features of liver including
inflammatory cell infiltration, cholangiocyte hyperplasia, bile duct
dysplasia, periductal fibrosis, and bile duct cell proliferation were
manually scored by two independent investigators and a senior
pathologist confirmed the score. A scoring method of type Ratio
(morphometry) of data measurements was applied (Gibson-
Corley et al., 2013; Maksimova et al., 2017). This method is based
on counting several fields of tissue (e.g. 10 random 400� fields)
for each animal, each field is scored and a mean score assigned
for the whole tissue of that animal (Gibson-Corley et al., 2013).
This method is a good alternative for a grading system based on
severity for the feature or disorder of interest to overcome low
reproducibility of such grading and staging systems (Klopfleisch,
2013). Briefly, histological changes were assessed in two lobes of
the liver of each animal. Each section of a lobe was analysed in
all fields of view (20–30 fields). Each field of view was divided into
100 squares in Morphometry software. Inflammatory cell infiltra-
tion, cholangiocyte hyperplasia, bile duct dysplasia, periductal
fibrosis, and bile duct cell proliferation were assessed by means
of a percentage of the area (the number of squares occupied).
Metaplasia of the epithelium was assessed via the number of
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metaplastic cells in a field of view. Detailed data are presented in
Supplementary Table S1. The data were expressed as a percentage
of the maximum possible score and presented as a heat map using
the heatmap.2 (v.2.38) R package. For immunohistochemistry
4 lm thick sections were prepared by means of a microtome.
Staining was performed using the rabbit antiserum against recom-
binant O. felineus GST sigma (1:20) (Razumov et al., 2016), followed
by probing with the secondary horseradish peroxidase–conjugated
antibodies (Abcam, USA). The sections were coverslipped with
Fluoro-shield mounting medium containing DAPI (cat. # F6057,
Sigma-Aldrich, USA) and visualised under an AxioImager A1 micro-
scope (Zeiss) with camera AxioCam MRc (Zeiss).
2.4. Serum biochemistry

Aspartate aminotransferase (AST), alanine aminotransferase
(ALT), total bilirubin, total cholesterol, creatinine, and urea were
quantified in blood serum samples with the corresponding kits
(Vector-Best, Russia).
2.5. 8-Hydroxy-20-deoxyguanosine (8OH-dG) level

Urinary 8-hydroxy-20-deoxyguanosine (8OH-dG) concentration
was measured using the 8OH-dG ELISA kit (cat. # ab201734,
Abcam).
2.6. Primer design

Sequences for all primers and probes can be found in Supple-
mentary Table S2 (Synthol, Russia).
2.7. Total-RNA extraction, cDNA synthesis, and real-time PCR

Total RNA for real-time PCR was isolated from flukes using the
Aurum total RNA extraction kit (Bio-Rad, USA). Concentrations of
RNA were determined on a NanoDrop spectrophotometer
(ND1000, NanoDrop Technologies, USA). First-strand cDNA synthe-
sis was performed with the RevertAid Kit (Fermentas, European
Union). Expression levels of the genes were measured by real-
time PCR involving the EVA Green Reagent Mix (Synthol, Russia)
on a CFX96 real-time PCR system (Bio-Rad, USA). As an endoge-
nous internal control for normalisation, we chose Gapdh (between
Gapdh and Hprt1) because this gene has a lower M-value (M < 1.0;
Bio-Rad). Various investigators have defined M < 1.0 as an
acceptable criterion for selection of reference genes for reverse-
transcription PCR (RT-PCR) (Strube et al., 2008). Triplicate
real-time PCRs were performed on each sample. The fold-change
in target gene expression (that was normalised to the control)
was calculated from threshold cycle values (Ct; CFX96 software).
2.8. Western blotting

Immunoblotting was performed as described elsewhere (Xiao
et al., 2016; Petrenko et al., 2017). Antibodies and dilutions used
in this study include anti-b-actin (1:2000; cat. # ab8226, Abcam),
anti-smooth muscle actin a (1:2000; cat. # ab7817, Abcam),
anti-cytokeratin 7 (1:2000; cat. # ab9021, Abcam), anti-E-
cadherin (1:2000; cat. # ab76055, Abcam), and anti-PCNA
(1:2000; cat. # 2139540, Sony) antibodies. Quantitative densito-
metric analyses were performed on digitised images of immuno-
blots in the Quantity One software (Bio-Rad, USA).
2.9. Preparation of the incubation medium and worm lysates, and a
GST r activity assay

For preparation of the incubation medium, adult worms were
recovered from the livers of hamsters infected 1 and 3 months ear-
lier, and then the worms were thoroughly washed with sterile sal-
ine (0.9% NaCl). The worms were incubated at 37 �C for 24 h in the
RPMI 1640 medium (Life Technologies, USA) supplemented with
100 U/ml of penicillin, 0.1 mg/ml of streptomycin, 0.25 lg/ml of
amphotericin B (Sigma–Aldrich, USA), and 1% of glucose in a CO2

incubator (Mordvinov et al., 2017; Pakharukova et al., 2018,
2019b). After 24 h of incubation, the worms were removed from
the medium and were subjected to lysate preparation. A protease
inhibitor cocktail (Amresco, USA) was added to the worm incuba-
tion medium. The incubation medium from each group was cen-
trifuged (for 20 min at 12,000g and 4 �C), aliquoted, and stored at
�80 �C.

For lysate preparation, 5 mg of worm tissue were dissected,
placed in tubes, and homogenised in 0.3 mL of cold lysis buffer
(150 mM NaCl, 1.0% of NP-40, 50 mM Tris-HCl pH 8.0, and
0.2 mM phenylmethylsulfonyl fluoride). Constant agitation of sam-
ples was maintained for 2 h at 4 �C. Then, the samples were cen-
trifuged (for 20 min at 12,000g and 4 �C), and the supernatant
was aspirated and placed in a fresh tube kept on ice. The protease
inhibitor cocktail (Amresco) was added to the samples. The lysates
were aliquoted and stored at �80 �C. The protein concentration
was determined with a Bicinchoninic Acid Assay (BCA) Kit (Thermo
Fisher Scientific, USA).

The GST assay was conducted in 1 cm cuvettes as described pre-
viously (Mazari et al., 2015) using adult worm lysates and worm
incubation media. The reaction mixture consisted of 1.0 mmol of
1-fluoro-2,4-dinitrobenzene (Sigma, USA), 1.0 mmol of glutathione
(GSH, Sigma, USA), and 5–25 ml of a worm lysate or worm incuba-
tion medium (1–10 mg of protein) in a final volume of 0.5 ml. The
reaction was initiated with glutathione addition, vortexing, and
15 s equilibration prior to recording of absorbance changes. Forma-
tion of the dinitrobenzene–glutathione conjugate via nucleophilic
displacement of fluor with GSH-thiol was monitored spectrophoto-
metrically at 340 nm for 5.0 min (kinetic mode, three scans/min)
on an Eppendorf spectrophotometer; time–response curves were
built. Dinitrobenzene–glutathione conjugate concentration was
calculated via an extinction coefficient of 9.6 mM�1 cm�1 (Mazari
et al., 2015). The lysate preparations and worm incubation medium
samples were assayed in triplicate. Control reactions (without the
enzyme) were included to determine non-enzymatic conjugation.
Ethacrynic acid (EA; 6–200 lM) served as an inhibitor of GST r.
The concentration-dependent inhibitory activity of RSV and EA
were derived from the set of time–response curves (combined data
from lysate and medium). Four parameter logistic regression was
used to calculate the half-maximal effective dose (ED50) and stan-
dard error values for RSV and EA (‘drc’ R 3.6.0 package, P < 0.05).
2.10. In vitro chemotherapy

Adult worms were recovered from the livers of untreated ham-
sters, pooled and thoroughly washed with sterile saline (0.9%
NaCl). The worms were incubated at 37 �C for 24 h (Mordvinov
et al., 2017; Pakharukova et al., 2018, 2019b). Praziquantel
(Sigma–Aldrich, USA) and RSV were dissolved in dimethyl sulfox-
ide (DMSO) (Sigma–Aldrich) to obtain 1 mM stock solutions. For
calculation of the half-maximal inhibitory concentration (IC50),
we tested the following concentrations of compounds: 0.01, 0.1,
1, 10, 100, and 500 mM. Four to five adult worms per well of a
12-well culture plate were analysed. The solvent (DMSO) concen-
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tration across different compound concentrations was 0.5% v/v. As
control groups, we used flukes incubated in the medium with 0.5%
DMSO. The experiments were repeated three times. Next, after
24 h of treatment with one of the drugs, viability of the worms
was evaluated under an inverted microscope (Axiovert 40CFL)
equipped with a camera (Axiocam ICC3, Zeiss) (magnification
10–50�). The motility of viable worms was assessed by motility
tests (Mordvinov et al., 2017; Pakharukova et al., 2018, 2019b).
The IC50 and IC95 values, defined as the concentration of a drug
required to the decrease the mean worm’s motility to 50% and
95% at the 24 h time point, was expressed using CompuSyn soft-
ware (version 1.0) (Chou, 2010).
2.11. Statistics

The data were subjected to statistical analysis in the Statistica
6.0 software (Statsoft, USA). The F-test with the Newman–Keuls
post hoc analysis was applied to significant main effects and inter-
actions to assess the differences in some means (western blot, RT-
PCR data and 8OH-dG levels).

Significance of the differences between the groups of hamsters
was evaluated by the Mann–Whitney test (cut-off P < 0.05) in Sta-
tistica 6.0 (histopathology and serum biochemical data). The dose–
effect relation of RSV in GSTr activity measurements was assessed
by linear regression analysis.
3. Results

3.1. Opisthorchis felineus GST-r was found in the epithelium of bile
ducts of experimental animals

Using specific antiserum against O. felineus GST r, we found
that this parasitic protein was present in the cells of the bile ducts
of infected animals at 1 (Fig. 1) and 3 months p.i. (data not shown),
whereas no immunoreactivity with the antibodies was observed in
the cells of the bile ducts of uninfected animals. Thus, the parasitic
protein was secreted into bile ducts and persisted in the epithe-
lium of bile ducts.
Fig. 1. Parasitic glutathione-dependent prostaglandin synthase (GST r) in the epitheliu
stained with the antiserum against recombinant Opisthorchis felineus GST r. BD, bile du
felineus.
3.2. Activity of O. felineus GST r

To evaluate the enzymatic activity of O. felineus GST r, the
worm incubation medium and the worm lysates were analysed,
extracted from animals at 1 month and 3 months p.i. EA was
chosen as an inhibitor. Enzymatic activity was detected both in
the helminth lysates and in the worm incubation medium (Supple-
mentary Table S3). RSV was found to suppress the enzymatic activ-
ity in a dose-dependent manner (linear regression: R = 0.85,
degrees of freedom [df] = 1, F = 33.02, P = 0.00009, Supplementary
Table S3). The ED50 values for RSV and ethacrynic acid were quite
similar: 48.6 ± 5.4 and 32.9 ± 3.1 lM, respectively (Fig. 2).

Because parasitic GST r was found in the bile ducts of the
experimental hamsters, this enzyme might contribute to the
pathogenesis of opisthorchiasis. Accordingly, we decided to evalu-
ate the influence of parasitic enzyme inhibitor RSV on the progres-
sion of precancerous lesions and the expression of neoplasia
markers in the experimental opisthorchiasis.
3.3. Liver histopathology

Bile ducts of the liver from the hamsters infected for 1 and
3 months (Fig. 3) were found to be lined by an epithelium with
enlarged nuclei, showing a loss of polarity and mitotic figures
(Fig. 3C and E). Cholangiocyte atypia was noticed. A transition from
the normal duct epithelium (Fig. 3A and B) to an atypical lesion
was observed (Fig. 3C and E). According to the conclusions of the
international interobserver agreement study on the diagnosis of
biliary epithelium dysplasia (Zen et al., 2007), biliary intraepithe-
lial neoplasia (BilIN) is classified into three categories based on
the degree of atypia: BilIN-1, BilIN-2, and BilIN-3, which reflect a
multistep sequence with an increasing neoplastic potential (Zen
et al., 2007). We noted BilIN-1 at 1 month p.i. and BilIN-2 at
3 months p.i. (Fig. 3C and E).

Granulomatous inflammation and mononuclear cell and eosi-
nophilic infiltration of the portal area in the periductal tissue and
in liver parenchyma were also evident (Fig. 3C–E). Additionally,
in the duct lumens of the hamsters infected for 3 months, we
detected polyps that were infiltrated by inflammatory cells, the
m of bile ducts in infected hamsters. Cell nuclei are stained blue by DAPI, GST r is
ct; BV, blood vessel; E, epithelial cells of the bile duct; OF_1m: 1 month p.i. with O.
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parasite’s eggs, and a dark pigment (egg granuloma was not noted).
The major histological changes observed in the gallbladder and
extrahepatic bile ducts comprised epithelial hyperplasia and
chronic inflammation (Fig. 3C and E). Van Gieson’s stain uncovered
massive periportal fibrosis (Supplementary Fig. S1).

The liver histopathology in the infected hamsters treated with
RSV also showed the signs of epithelial hyperplasia, periductal
fibrosis, and chronic inflammation (Fig. 3D and F, Supplementary
Fig. S1(A–F)). Nonetheless, the degree of histopathological lesions
in the liver was lower, in particular, quantitative analysis of these
parameters detected a significant reduction in mononuclear cell
and eosinophilic infiltration (a twofold decrease at 3 months p.i.:
P = 0.005, n = 7, Supplementary Table S1; Fig. 4A) in the periductal
and liver parenchyma as well as egg granuloma (a twofold
decrease at 3 months p.i.: P = 0.04, n = 7, Supplementary
Table S1; Fig. 4A). Hyperplasia of cholangiocytes was also attenu-
ated (a 2.2-fold decrease at 1 month p.i.: P = 0.04, n = 5; a 1.5-
fold decrease at 3 months p.i.: P = 0.009, n = 7, Supplementary
Table S1). One of the conspicuous results was significant downreg-
ulation of biliary intraepithelial neoplasia (a 1.8-fold decrease,
P = 0.008, n = 7, Supplementary Table S1; Fig. 4A) and metaplasia
(a 10-fold decrease, P = 0.008, n = 7, Supplementary Table S1;
Fig. 4A).

It was reported that infection with liver flukes can induce
oxidative DNA damage (Yongvanit et al., 2012). This observation
prompted us to test whether experimental opisthorchiasis leads
to 8-hydroxy-20-deoxyguanosine (8OH-dG) formation. Indeed, the
level of 8OH-dG in urine increased in the hamsters with
opisthorchiasis at 1 month p.i. (a 6.7-fold increase; P = 0.0015)
and at 3 months p.i. (a 3.2-fold increase; P = 0.039; Fig. 4B). RSV
significantly attenuated the elevation of 8OH-dG concentration at
3 months p.i. (a 3.8-fold decrease; P = 0.04; Fig. 4B).
3.4. In vitro chemotherapy

To demonstrate that reduction of inflammation and neoplasia
by RSV was not caused by its anthelmintic effect, we tested its
anthelmintic activity in vitro on adult worms. Testing revealed that
the anthelmintic activity of RSV (IC50 = 259 lM; IC95 = 2890 lM)
was almost negligible, in particular 500-fold weaker than that of
praziquantel (IC50 = 0.47 lM; IC95 = 2.64 lM). Thus, it is unlikely
that resveratrol could have a significant anthelmintic effect
in vivo in the absence of it occurring in vitro.

3.5. Expression of the genes involved in hyperplasia and fibrogenesis

3.5.1. mRNA expression
The relative expression levels of cytokeratin 7 (Ck7 as a marker

of cholangiocyte hyperplasia were low in the uninfected animals.
There was strong upregulation of Ck7 mRNA at 1 month p.i.
(P = 0.01, a 17-fold increase) and 3 months p.i. (P = 0.01, a 19-fold
increase, Fig. 5A), which was consistent with the data on hyper-
plasia obtained from liver histopathology (Fig. 4A). To evaluate
fibrogenesis, we evaluated the expression levels of smooth muscle
actin alpha (a-SMA, Acta2 gene) and transforming growth factor
beta (Tgfb). In the uninfected groups, Acta2 and Tgfb expression
was low (Fig. 5B and C). The greatest Acta2 expression was
observed in the O. felineus–infected groups at 1 month p.i. (a six-
fold increase; P = 0.008) and 3 months p.i. (a 16-fold increase;
P = 0.03). The elevated Tgfb expression was also demonstrated in
O. felineus–infected groups at 1 and 3 months p.i. (a 2.8- and four-
fold increase, respectively; Fig. 5C).

RSV significantly attenuated the Ck7 mRNA upregulation as a
marker of cholangiocyte hyperplasia (an 8.5- and 4-fold decrease,
respectively). Moreover, RSV decreased the elevated mRNA expres-
sion of Acta2 (a 2.9-fold decrease, P = 0.009 at 1 month p.i.; a 16-
fold decrease, P = 0.037 at 3 months p.i.; Fig. 5B). The influence of
RSV on Tgfb expression was non-significant (Fig. 5C).

3.5.2. Protein expression
To assess fibrogenesis at the protein expression level, we mea-

sured the protein level of a-SMA (Fig. 6A and B). The highest a-
SMA content was observed in the O. felineus–infected groups at
1 month p.i. (P = 0.0008) and 3 months p.i. (P = 0.006) as depicted
in Fig. 6B.

A high protein level was also demonstrated for cholangiocyte
hyperplasia marker CK7 in the liver of O. felineus-infected animals,
in line with the data on the mRNA expression of this gene. The CK7
protein amount increased in a time-dependent manner (5- and 14-
fold higher at 1 and 3 months p.i., respectively). These data were in
agreement with liver histopathology findings showing substantial
hyperplasia (Fig. 4A, Supplementary Table S1). In addition to that,
proliferating cell nuclear antigen (PCNA) content was also signifi-
cantly higher in O. felineus-infected animals (7- and 15-fold higher
at 1 and 3 months p.i., respectively, Fig. 6D) compared with the
uninfected ones, which apparently indicates there are active prolif-
erative processes in the tissue. A change in the expression of E-
cadherin as the prototypical epithelial cell marker plays a key role
in cellular adhesion; the loss of this function has been associated
with tumour metastasis (Padthaisong et al., 2017). Nevertheless,
no significant differences in the amount of E-cadherin were
detected (Fig. 6A and E).

In agreement with the results on mRNA expression, RSV signif-
icantly decreased elevated amounts of the a-SMA protein at
1 month p.i. (a 1.5-fold decrease; P = 0.045) and 3 months p.i. (a
2.9-fold decrease; P = 0.045; Fig. 6A and B). RSV attenuated the
upregulation of CK7 (a 2.9-fold decrease; P = 0.0001) and PCNA (a
2.1-fold decrease; P = 0.002) in O. felineus–infected animals
(Fig. 6A, C, and D) at 3 months p.i.



Fig. 3. Biliary histological features observed in the liver biopsies from uninfected and infected hamsters (H&E staining). (A) Uninfected; (B) Resveratrol (RSV) at 1 month p.i.;
(C) Opisthorchis felineus (OF)-infected; (D) OF + RSV at 1 month p.i.; (E) OF-infected at 3 months p.i.; (F) OF + RSV at 3 months p.i. BD, bile duct; PF, periductal fibrosis; BV,
blood vessel; E, epithelial cells of bile duct; Inf, inflammatory cell infiltration.
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3.6. Serum biochemistry

More than twofold increases in ALT and AST activities are usu-
ally used to detect liver damage and/or to help diagnose liver dys-
function (Bakshtanovskaia and Stepanova, 2005). The activity of
ALT in the infected animals increased dramatically at 1 and
3 months p.i. (6.8- and 10-fold elevation, respectively, Fig. 7A;
Supplementary Table S4). At this time point, RSV significantly
downregulated ALT (a 1.6-fold decrease at 3 months p.i.; Mann–
Whitney test: U = 0, P = 0.004; Fig. 7A; Supplementary Table S4),
but the level was still 6-fold higher compared with uninfected ani-
mals. RSV did not significantly change ALT at 1 month p.i. At
1 month p.i., AST activity showed a tendency to increase, and at
3 months p.i., AST activity was twofold higher (Mann–Whitney
test: U = 0, P = 0.02) in the infected hamsters than in the uninfected
hamsters (Fig. 7B; Supplementary Table S4). RSV significantly
reduced AST activity in the infected animals at 3 months p.i. (a
1.6-fold decrease; Mann–Whitney test: U = 0, P = 0.02; Fig. 7B;
Supplementary Table S4).

Abnormalities of cholesterol metabolism and pronounced
upregulation of serum bilirubin are associated with cholestasis
and biliary injury (Longo et al., 2001). These increases in the levels
of bilirubin, ALT, and cholesterol are registered in patients with
chronic opisthorchiasis (Bakshtanovskaia and Stepanova, 2005).
We showed that bilirubin was significantly upregulated at 1 and
3 months p.i. compared with uninfected animals (3.4-fold and 3-
fold, respectively; Fig. 7C; Supplementary Table S4). The choles-
terol level was also elevated at 1 and 3 months p.i. (a 1.8- and
1.8-fold increase, respectively, Fig. 7D; Supplementary Table S4).
RSV significantly reduced the level of bilirubin at 1 month p.i. (a
twofold decrease; Mann–Whitney test: U = 0, P = 0.02; Fig. 7C;
Supplementary Table S4), attenuated the increase in the choles-
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terol level (a 1.5-fold decrease; Mann–Whitney test: U = 0,
P = 0.033; Fig. 7D) at 3 months p.i, and did not significantly change
the cholesterol level at 1 month p.i.
4. Discussion

Opishthorchis felineus–associated chronic inflammation
increases oxidative stress, which can overwhelm antioxidant sys-
tem homeostasis to dampen reactive oxygen species production
and consequent oxidative modification of host biomolecules,
including DNA (Gouveia et al., 2017; Pakharukova et al., 2019c).
The chronic inflammation facilitates myofibroblast activation,
high-grade cholangiocyte neoplasia, and periductal fibrosis
(Maksimova et al., 2017; Yazdani et al., 2017). Myofibroblasts
(the key players in extracellular matrix remodelling) are charac-
terised by a-SMA expression and an ability to secrete a wide range
of mediators including TGF-b, cytokines, growth factors, proinflam-
matory chemokines, and other factors, which either directly affect
tissues (extracellular matrix remodelling) or act on other cells in a
paracrine fashion (Yazdani et al., 2017). This action has a number
of effects such as epithelial cell activation and dedifferentiation
(high-grade biliary neoplasia), immune activation, fibrosis, and ele-
vated Tgfb, a-SMA, CK7, and PCNA expression.
Chronic inflammation associated with liver fluke infection
might be provoked and exacerbated by (i) the mechanical damage
to cells by the flukes, (ii) the reactive oxygen species generated by
host cells at the site of inflammation, and (iii) the effects of pro-
teins and metabolites secreted by liver flukes (Chaiyadet et al.,
2015; Gouveia et al., 2017; Petrenko et al., 2017). Excretory–secre-
tory product proteins can interact with the epithelium and accu-
mulate inside the cells (Fig. 1). Other damaging agents that can
contribute to chronic inflammation are parasitic oxysterol-like
metabolites (Correia da Costa et al., 2014; Gouveia et al., 2017),
which possess genotoxic and pro-oxidative properties (Cavalieri
and Rogan, 2010). Oxysterols might be generated by a non-
enzymatic reaction with oxidative free radical-like oxygen and
nitrogen species. They could also originate as products of
enzymatic activity of the parasites (Pakharukova et al., 2012,
2015). Associations between oxysterols and the initiation and pro-
gression of colon, lung, breast, and bile duct cancers have been sug-
gested (Jaworski et al., 2001; Cavalieri and Rogan, 2010; Kuver,
2012; Correia da Costa et al., 2014). These processes cause damage
to the genetic material, malignant transformation of cells, and CCA
progression (Sripa et al., 2012, 2018; Yongvanit et al., 2012;
Chaiyadet et al., 2015).

To understand the mechanisms that underlie precancerous
lesion formation in the liver, in particular high-grade epithelial
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neoplasia, we investigated the impact of RSV as a natural antioxi-
dant and an inhibitor of an extracellular parasitic prostaglandin
synthase on the progression of epithelial neoplasia and the func-
tional state of the liver in acute and chronic opisthorchiasis. An
additional factor in favour of the choice of RSV was its ability to
reduce the formation of oxysterols and oestrogen–DNA adducts
(Cavalieri and Rogan, 2010).

ExtracellularparasiticGSTrmayparticipate in themodulationof
host immunity by contributing to the production of prostanoids, as
demonstrated for the extracellular GST1 from O. volvulus (Sommer
et al., 2003). The physiological importance of prostanoid synthesis
by O. felineus GST-r for the pathogenesis of liver fluke infection is
not clear. Nevertheless, because prostaglandins contribute to the
induction and progression of excessive and chronic inflammatory
responses, it is possible that the inhibitory action of RSV on parasitic
excretory prostaglandin synthase contributed to its anti-
inflammatory effect and to the attenuation of cholangiocyte
neoplasia.

We demonstrated significant alleviation of high-grade neo-
plasia of cholangiocytes in the experimental model of opisthorchi-
asis felinea. Reductions in the mRNA and protein expression of Ck7
after RSV treatment support the histopathological findings. Addi-
tionally, downregulation of PCNA indicates inhibition of cell prolif-
eration in the liver of the hamsters.

Furthermore, another explanation of the neoplasia suppression
by RSV might be the inhibition of cell signalling pathways. RSV is a
natural activator of Sirt1. Protein deacetylase SIRT1 (Fourcade et al.,
2015; Xiao et al., 2016) participates in many cellular processes
such as cell cycle regulation and a cellular stress response (Xiao
et al., 2016) by activating or deactivating transcription factors
and regulatory proteins (Widlund et al., 2013; Fourcade et al.,
2015). In particular, RSV can inhibit tissue injury and chronic
inflammation via inactivation of the TGF-b pathway and the inter-
action of proteins in the mTOR cascade, thus suppressing mTOR
mitogenic signalling (Widlund et al., 2013). Furthermore, RSV
might reduce inflammation by inhibiting the phosphorylation
and nuclear translocation of NF-jB p65, thereby suppressing the
NF-jB signalling pathway (Kang et al., 2018).

Another way to alleviate inflammation might be to reverse
mitochondrial dysfunction, which might be caused by a chronic
redox imbalance and oxidative lesions (Fourcade et al., 2015). Via
SIRT1, RSV activates mitochondrial biogenesis by activating
PGC-1 and thus normalises mitochondrial content and redox
homeostasis, and alleviates inflammation (Fourcade et al., 2015).

Which pathway is suppressed by RSV in chronic opisthorchiasis
and underlies the neoplasia suppression by RSV is the subject of
future research. Our present data provide first insights into the
mechanism by which O. felineus infection causes liver injuries,
and we present the results on myofibroblast activation and the
expression of hyperplasia- and fibrogenesis-related proteins. RSV
inhibited the extracellular parasitic GST-r and reduced epithelial
neoplasia and oxidative DNA lesions. The objective of this project
was to explore new research ideas, and all our hypotheses require
further investigation and experimental validation. RSV can
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influence a wide range of pathways; therefore, the supposition that
RSV helps to reduce damage only via GST r inhibition is a big
assumption. Future experiments are needed to confirm the role
of GST r in O. felineus pathogenicity, e.g., RNA interference or
CRISPR/Cas9 knockout experiments for reducing the expression
of GST r, as was clearly demonstrated for O. viverrini granulin 1
(Arunsan et al., 2019). The results of CRISPR/Cas9 genome editing
of O. viverrini granulin-1 proved the hypothesis about its involve-
ment in the hepatobiliary morbidity of liver fluke infection
(Arunsan et al., 2019).

Although the specific mechanisms of action of RSV remain
unclear, our results from the hamstermodel represent a compelling
argument for the testing of RSV in combination chemotherapy of
opisthorchiasis. The chemopreventive effect of RSV targeting GST
r activity might be useful for improving the outcomes in infected
populations and for prevention of the infection-related CCA.
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