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Abstract

Chemotherapeutic platinum-containing drugs are widely used to treat a variety of cancer types; however, they cause ovarian
failure and infertility. The aim of this study is to investigate the molecular mechanism underlying the potential protective effect of
resveratrol against cisplatin-induced ovarian damage in a rat model. Female rats were given either cisplatin (6 mg/kg, i.p., once
per week for two consecutive weeks) and/or resveratrol (10 mg/kg, orally for 17 days). Follicular development, ovarian function
markers, as well as apoptotic and inflammatory markers were assessed 24 h after the last resveratrol dose. Resveratrol ameliorated
the marked follicular loss and the significant reduction in anti-Miillerian hormone (AMH) level triggered by cisplatin.
Mechanistically, cisplatin elicited a potent inflammatory response in ovarian tissue as evidenced by the elevated expression of
tumor necrosis factor, nuclear factor kappa-B, and proinflammatory enzymes. Co-treatment with resveratrol inhibited the eleva-
tion in inflammatory mediators induced by cisplatin. Further, cisplatin switched on the apoptotic machinery in ovarian tissues via
increasing the expression of both cytochrome c and caspase-3 which was reversed upon resveratrol co-treatment. Resveratrol also
counteracts the upregulating poly(ADP-ribose) polymerase expression which could attribute to the inflammatory and apoptotic
effects of cisplatin. Resveratrol protects the ovary from cisplatin-induced toxicity through preventing the loss of the AMH-
secreting granulosa cells, diminishing PARP-1 expression, and downregulating the inflammatory and apoptotic events implicated
in cisplatin toxicity.
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Introduction the ovarian reserve, represent probably the only pool available

for ovulation in the mammalian females during their entire

Chemotherapy has been reported to cause premature ovarian
failure (POF) and infertility by triggering exhaustion of the
primordial follicle stockpile in the ovaries of young female
cancer patients (Hansen et al. 2008). Such follicles, termed
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reproductive life. Subsequent depletion of the primordial fol-
licle pool in the ovary abolishes female reproductive fertility,
leading to menopause (Rossi et al. 2017). Cisplatin (cis-
diamminedichloroplatinum-II), a frequently employed
broad-spectrum anti-neoplastic agent, remains to be a pre-
ferred treatment modality for various solid tumors and gyne-
cologic malignancies (Kumar et al. 2017). However, cisplatin
is categorized as a member of the intermediate gonadal risk
group of drugs (Blumenfeld 2012). For women of reproduc-
tive age, cisplatin-induced gonadotoxicity results in depletion
of the ovarian reserve and induces POF (Tangir et al. 2003).
Thus, a better understanding of the molecular mechanisms
that regulate cisplatin-induced POF will be an important issue
in the development of agents that maintain or restore ovarian
functions after chemotherapy in many younger female cancer
SUrvivors.
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One of the key components of cisplatin toxicity is inflam-
mation followed by recruitment of immune cells, such as neu-
trophils and macrophages (Sahu et al. 2014). Cisplatin induces
a myriad of inflammatory cytokines and chemokines, includ-
ing translocation of the redox-sensitive transcription factor,
nuclear factor kappa B (NF-kB), from the cytosol to the nu-
cleus, which leads to production of tumor necrosis factor alpha
(TNF-w), a pro-inflammatory cytokine that is actively in-
volved in cisplatin-induced inflammation (Chowdhury et al.
2016). Subsequently, poly(ADP-ribose) polymerase 1 (PARP-
1) can be activated in response to DNA damage induced via
inflammatory injury. Hyper-activation of PARP1 depletes in-
tracellular NAD* and ATP levels, which eventually leads to
cell death (Luo et al. 2001). Previous in vitro study has report-
ed that PARP contributed to the pathogenesis of cisplatin-
mediated ovarian injury (Morgan et al. 2013). Further, cisplat-
in provokes cellular stress that could activate several down-
stream caspases and induce apoptosis in caspase-dependent
manner (Jiang et al. 2009). Thus, targeting of apoptotic path-
way may be a therapeutic strategy to protect the ovary against
cisplatin-induced injury.

To overcome these side effects, researchers have tried to
develop protective adjuvants, such as antioxidant reagents,
and elucidate their protective mechanisms (Altuner et al.
2013; Ozcan et al. 2016). Resveratrol is a trihydroxy deriva-
tive of stilbene that is present in grapes, berries, peanuts, and
red wine (Ndiaye et al. 2011). Resveratrol possesses antioxi-
dant, anti-aging, and anti-inflammatory properties (Pervaiz
and Holme 2009; Carter et al. 2014). Notably, we found that
resveratrol could alleviate radiation-induced ovarian failure
and preserve ovarian function through ameliorating inflamma-
tory cascades associated with radiotherapy (Said et al. 2016).
Recently, resveratrol ameliorates ovarian damage in a rat mod-
el of cisplatin gonadotoxicity through maintaining primordial
and primary follicle populations (Atli et al. 2017). However,
little is known about the mechanism by which resveratrol
preserves ovarian function during chemotherapy.

Owing to these effects of resveratrol, the aim of this study
is to explore the mechanistic pathways by which resveratrol
could preserve the ovarian reserve during chemotherapy use
via studying various inflammatory and apoptotic markers.

Materials and methods
Drugs and chemicals

Resveratrol (purity: 98%) was purchased from Shaanxi Huike
Biotechnology Co. (Ltd, China). Cisplatin was obtained as
Cisplatine (10 mg, Mylan, Italy). Dimethylsulfoxide
(DMSO) and bovine serum albumin were obtained from
Sigma Chemical Co. (St. Louis, MO, USA). Anti-Miillerian
hormone (AMH) ELISA assay kit was procured from Cusabio
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Biotech Co. (Wuhan, China). Estradiol ELISA kit was obtain-
ed from Monobind Inc. (Lake Forest, CA 92630, USA). Rat
TNF-oc ELISA kit was purchased from AssayPro Co.
(ERT2010-1, USA). Rat active caspase-3 ELISA kit was ob-
tained from MyBioSource Co. (San Diego, CA 92195-3308,
USA). All other commercially available chemicals and sol-
vents were of the highest grade.

Laboratory animals

This work was approved by the Ain Shams University,
Faculty of Pharmacy Ethical Review Committee (Project no.
38). A total of sixty female Sprague—Dawley rats (3 weeks
old, weighing 40-50 g) were obtained from Nile Co. for
Pharmaceuticals and Chemical Industries (Egypt). The rats
were housed in a controlled environment under an illumina-
tion schedule of 12 h light/12 h dark with controlled room
temperature (23 +3 °C). All rats had unrestricted access to
food and water.

Experimental design

Rats were randomly divided into four treatment groups,
with 15 rats each, and treated for 17 days as follows: con-
trol and cisplatin groups were given vehicle of 5% DMSO
in corn oil (5 ml/kg B.W., orally), once daily. In addition,
cisplatin group was given a single intraperitoneal (i.p.) in-
jection of cisplatin (6 mg/kg) on days 7 and 14. The third
group was given resveratrol (10 mg/kg B.W., orally), once
daily. The fourth group was given resveratrol (10 mg/kg
B.W., orally) once daily and a single i.p. injection of cis-
platin (6 mg/kg) on days 7 and 14, 1 h after resveratrol oral
administration. The cisplatin and resveratrol doses were
chosen according to previous studies (Li et al. 2013b;
Ozcan et al. 2015).

Ninety six hours following second cisplatin injection,
the animals were weighed and then the blood samples
were collected from the retro-orbital plexus and allowed
to clot. Serum was separated by centrifugation at
5000 rpm for 15 min and immediately stored at —80 °C
prior to analysis. Afterward, the rats were euthanized via
cervical dislocation; ovarian tissues were dissected,
weighed, and then washed with ice-cold phosphate-buff-
ered saline. Ovarian tissues were homogenized at a ratio of
1:10 (w/v) in ice-cold 0.1 M phosphate-buffered saline
(pH 7.4) with an Ultra Turrax homogenizer; after that,
the supernatant was obtained by centrifugation at
10,000 rpm for 15 min and stored at — 80 °C. In addition,
further ovarian tissues were immersed in appropriate
buffers for light microscopical, immunohistochemical,
and electron microscopical examination.
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Histological follicle assessment

Ovaries were immersed in 10% neutral-buffered paraformal-
dehyde, then fixed for 24 h, and embedded in paraffin. To
investigate the distribution of ovarian follicles in the ovaries,
serial sections of 4 um thick were deparaffinized with xylene
and then stained with hematoxylin and eosin (H&E) according
to standard protocols. Slides were examined and
photographed using an Olympus CX21 microscope
(Olympus, Japan) equipped with a camera AxioCam HRc
(Carl Zeiss, Jena, Germany). Follicles were manually marked
and counted by a certified pathologist who was blinded to the
treatment. Follicles were classified as primordial, pre-antral,
antral, and atretic as described previously (Braw and Tsafriri
1980; Britt et al. 2000). Then, the percentage of healthy and
atretic follicles was calculated from the following equation.
The % healthy follicles = [number of (primordial + pre-an-
tral + antral) follicles / total number of follicles] x 100. The
% atretic follicles = [number of atretic follicles / total number
of follicles] % 100.

Transmission electron microscopy

Ovarian specimens were immediately fixed in 2.5% phosphate-
buffered glutaraldehyde (pH 7.4) at 4 °C for 24 h, post-fixed in
1% osmium tetraoxide for 1 h, and then dehydrated by passing
them through an ethanol series. After immersion in propylene
oxide, the specimens were embedded in epoxy resin mixture,
and finally sectioned into semi-thin (1-um-thick) slices. The
sections were stained with toluidine blue and examined using
a light microscope. Afterward, the tissue blocks were
retrimmed, and ultrathin (80-90 nm thickness) sections were
prepared, collected on copper grids, and stained with uranyl
acetate for 15 min and lead citrate for 12 min, examined and
photographed using JEOL 1010 transmission electron micros-
copy at Regional Center for Mycology and Biotechnology, Al
Azhar University, Cairo, Egypt.

Biochemical analysis
Measurement of serum hormones

Both serum estradiol and AMH were assessed using commer-
cial ELISA kits Monobind Inc. (Lake Forest, CA 92630,
USA) and Cusabio Biotech Co. (Wuhan, China), respectively.
Quantitative determination of the hormone concentrations
was performed according to the manufacturer’s protocols.
For estradiol assessment, the intra- and inter-assay coefficients
of variation were found to be less than 8.2 and 9%, respec-
tively. The sensitivity of assay was 8.2 pg/ml. For assessment
of AMH, the intra- and inter-assay coefficients of variation
were found to be less than 15%. The minimum detectable
concentration of rat AMH was less than 0.375 ng/ml. The data

of intra- and inter-assay coefficients of variation of both hor-
mones were supplied by the manufacturer.

Determination of platinum concentration in ovarian tissues

Ovarian tissues taken from the different treatment groups were
dried at 85 °C in the oven overnight. Samples were digested
with nitric acid, perchloric acid, and hydrogen peroxide. Then,
platinum concentration was determined using prodigy high-
dispersion inductively coupled plasma optical emission spec-
trometric method (Mathé et al. 2014).

Determination of ovarian TNF-a level

TNF-« was determined in the ovarian supernatant using spe-
cific ELISA kits (AssayPro, USA) according to the manufac-
turer’s instructions. The intra-assay and inter-assay coeffi-
cients of variation were 5.1 and 7.1%, respectively. The
TNF-« levels were presented as ng/ml. The minimum detect-
able level of rat TNF-alpha was established to be 0.01 ng/ml.
Further, total ovarian protein levels were carried out using the
previous method (Lowry et al. 1951) using bovine serum al-
bumin (BSA; 1 mg/ml) as standard. The level of TNF-« in the
ovarian tissue was expressed as nanogram per milligram (ng/
mg) of total proteins.

Determination of ovarian active caspase-3 level

Active caspase-3 was determined in the ovarian supernatant
using specific ELISA kit (My Biosource Co., San Diego, CA
92195-3308, USA) according to the protocol recommended
by the manufacturer. The optical density value of each well
was measured with the ELISA microplate reader at 450 nm.
The concentration of each specimen was expressed as nano-
gram per milliliter (ng/ml).

Immunohistochemical detection of ovarian PARP-1,
NF-kB(p65), iNOS, COX-2, cytochrome ¢,
and caspase-3 expressions

Sections were stained using a fully automated immunohisto-
chemistry (IHC) device. Paraffin-embedded ovarian tissue
sections of 3 um thick were dehydrated first in xylene and
next in graded ethanol solutions. The slides were then blocked
with 5% BSA in Tris-buffered saline (TBS) for 2 h. Then, IHC
staining was performed by a standard streptavidin—biotin—per-
oxidase procedure. The sections were incubated with rabbit
polyclonal anti-PARP-1 antibody (Abcam, Cat. No. ab
194586), anti-NF-kB p65 antibody (Thermo Fisher
Scientific, Cat. No. RB-9034-P), anti-iNOS antibody
(Thermo Fisher Scientific, Cat. No. RB-9242-P), anti-COX-
2 antibody (Thermo Fisher Scientific, Cat. No. RB-9072-R7),
a mouse anti-cytochrome ¢ monoclonal antibody (Thermo
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Fisher Scientific, Cat. No. MS-1192-R7), or rabbit anti-active
caspase 3 polyclonal antibody (Abcam, Cat. No. ab 2302)
overnight at 4 °C. After rinsing with TBS, the sections were
incubated with a biotinylated goat anti-rabbit secondary anti-
body; after that, the horseradish—peroxidase-conjugated
streptavidin solution was added and incubated at room tem-
perature for 10—15 min. Finally, the sections were visualized
with 3,3'-diaminobenzidine containing 0.01% H,0O,. Counter
staining was performed using hematoxylin, and the slides
were visualized under a light microscope. The IHC quantifi-
cation was carried out by measuring optical density in 7 high-
power fields of at least five rat ovaries using image analysis
software (ImagelJ, 1.46a, NIH, USA).

Data analysis

Data are presented as mean + SD and were analyzed by one-
way analysis of variance (ANOVA) followed by Tukey—
Kramer as a post-hoc test. Moreover, ovarian follicle population
was compared using Kruskal-Wallis test followed by Dunn’s
multiple comparisons as a post-hoc test. The probability level
less than 0.05 was considered to indicate statistical significance.
All statistical analyses were performed using InStat version 3
software package. Graphs were sketched using GraphPad
Prism version 7 software (GraphPad Software Inc., USA).

Results

Effect of resveratrol on body and ovarian weights
in cisplatin-induced POF

Cisplatin significantly decreased the rat’s body and ovary
weights as compared to the control group, but it did not affect
the relative ovary weight (Table 1). Co-treatment of rats with
resveratrol significantly counteracted the effects of cisplatin
and maintained both ovary and body weights comparable to
that of the control group. Female rats treated with resveratrol
alone did not show any significant difference from the control
group (Table 1).

Protective effect of resveratrol
against cisplatin-induced ovarian damage

Control rats demonstrated normal ovarian histology
characterized by presence of all types of follicles in
the cortex (primordial, pre-antral, and antral) and the
presence of capillary vessels in the medullary part of
the ovaries (Fig. la). No abnormal histological alter-
ations were observed in ovarian sections obtained from
animals treated with resveratrol alone as compared to the
control group. On the other hand, cisplatin group re-
vealed a marked reduction in follicle numbers, impaired
follicular maturation, marked fibrosis, vascular conges-
tion, stromal hyperplasia, and severe hemorrhage (Fig.
la). In addition, degenerative changes were observed in
granulosa cells, which shrank and became evident as
pyknotic bodies. Severe follicular degeneration was ob-
served in different stages of development with decreased
or absent granulosa layer. Moreover, we found invasion
of the theca cells over the granulosa cells. Co-treatment
of intoxicated rats with resveratrol protected the ovarian
tissue and follicle morphology from the damaging ef-
fects of cisplatin (Fig. la).

The follicle counts of the groups are summarized in
Table 2. Histopathological examination revealed that the
percentage of healthy follicles was significantly affected
by cisplatin treatment, including significant reduction in
the number of primordial, pre-antral, and antral follicles,
by 42, 70, and 80%, respectively, compared with the con-
trol ovaries. In addition, the percentage of atretic follicles
was significantly increased following cisplatin treatment
by 56% compared to normal ovary which exhibited normal
ovarian histology with different stages of primordial folli-
cle and mature follicles. Co-treatment with resveratrol sig-
nificantly lessened the follicular impairment and effective-
ly prevented the cisplatin-induced follicular loss as shown
by increased percentage of healthy follicles by 65%, in
particular the primordial and pre-antral follicle count, and
decreased percentage of atretic follicle count by 40% as
compared to the cisplatin group.

Table 1 Effect of resveratrol (RSV) on body and ovarian weights in cisplatin-induced POF

Groups Initial body Final body Changes in total Ovary Relative ovary weight
weight (g) weight (g) body weight (g) weight (mg) (mg/100 g body weight)

Control 44.00 + 5.06 91.81 + 10.60 50.54 + 5.80 44.13 £ 7.05 50.06 + 8.31

Cisplatin 44.57 +£3.78 61.50 £ 8.69 ° 18.16 + 5.62 % 31.76 £ 6.54° 50.83 + 6.90

RSV 44.00 £ 4.00 84.50 =633 ° 44.57 12,08 ° 44.17 £5.76° 51.58 + 8.06

RSV/Cisplatin 45.54 + 4.89 7547 £11.17*° 30.86 + 9.96 ° 4293 +585° 54.68 + 5.72

Data expressed as mean + SD (N=12)

aor b, statistically significant from control or cisplatin group, respectively, at p < 0.05 using one-way ANOVA followed by Tukey—Kramer as a post-hoc

test
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Fig. 1 Ovarian follicle’s assembly and serum hormone level. a
Histological sections of the ovaries from control, cisplatin, resveratrol,
or resveratrol/cisplatin-treated rats stained with hematoxylin—eosin stain-
ing (H&E). Sections from control and resveratrol-treated ovaries showed
normal histological structure of different stages of follicle development.
Ovaries from cisplatin intoxicated-rats showed interstitial hyperplasia
with marked fibrosis (black circle). Besides, there are several reproduc-
tive abnormalities, including massive degeneration, apparent as very few
granulosa cells, detachment of the granulosa cells from the oocyte in

Effect of resveratrol on cisplatin-induced hormonal
alterations

As shown in Fig. 1b, no significant difference was observed in
serum estradiol levels between the study groups. To determine
the effects of resveratrol on follicle pool of cisplatin-treated
rats, serum AMH level was measured. Compared to the

Cisplatin

89 [ Control

Il Cisplatin
Ed RSV
RSV/cisplatin

Serum AMH Levels
{(ng/mi)
»

antral follicles, large accumulation of antral fluid, and development of
atretic follicles (AF). Ovaries from cisplatin rats co-treated with resvera-
trol show an apparent normal structure within the ovary, with numerous
healthy primary pre-antral (PF) and secondary antral follicles (SF). The
scale bars represent 50 um. b Effect of resveratrol on serum estradiol and
AMH levels in cisplatin-treated rats. Values are given as mean + SD (n =
10). a or b Statistically significant from control or cisplatin group, re-
spectively, at p <0.05 using one-way ANOVA followed by Tukey—
Kramer as a post-hoc test

control group, cisplatin injections significantly decreased se-
rum AMH levels reaching about 78% of their normal levels.
Resveratrol co-treatment of intoxicated rats significantly in-
creased the AMH levels by 26% as compared to the cisplatin
group (Fig. 1b). Resveratrol only-treated rats did not show any
significant difference in serum AMH levels as compared to
the control group.

Table 2 Effect of resveratrol (RSV) on ovarian follicle population in cisplatin-induced POF

Groups Primordial follicles Pre-antral follicles Antral follicles Atretic follicles % Healthy follicles % Atretic follicles
Control 27.83 +2.48 11.50 £ 1.20 450 £2.20 23.5 +3.87 60.14 + 9.62 39.86 + 9.62
Cisplatin 17.00 +2.36 * 350+ 1.60° 1.00 £0.89° 4033 +£0.58*  37.57+4.75° 6242 + 475 %
RSV 29.00 +0.82° 11.75 £ 0.89 ® 500+ 1.55° 26.66 + 2.89 6253 +£3.50° 36.17 £230°
RSV/Cisplatin ~ 28.50 = 1.73 ° 12.00 + 441 ° 3.67 +1.03 30.66 + 3.51 62.14 +3.48° 37.85+3.48°

Data expressed as mean + SD (N = 6)

a or b, statistically significant from control or cisplatin group, respectively, at p < 0.05 using Kruskal-Wallis test followed by Dunn’s multiple compar-

isons as a post-hoc test
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Effects of cisplatin and/or resveratrol treatment
on the ultrastructure of ovarian follicles

Oocyte of control ovarian follicles conserves their junctions
with the granulosa cells. Oocyte and granulosa cells have in-
tact cell membranes, normal and numerous mitochondrial
cristae, Golgi complexes, and clear nuclei. Moreover, zona
pellucida, located between the oocyte and granulosa cells,
had a uniform thickness and a homogeneous density with
visible oocyte cytoplasmic cilia-infiltrated zona pellucida
(Fig. 2a,b). Ultrathin section of ovaries of resveratrol-treated

rats showed that the oocyte and surrounding single layer of
flat-shaped follicular cells in primordial follicle, settled in the
cortex of ovary, were separated from ovarian stroma by a thin
basal lamina. Centrally located oocyte nucleus was observed
to be spherical-shaped and have euchromatic structure (Fig.
2c¢). Nucleus of surrounding granulosa cells distributed normal
chromatin condensation. In addition, granulosa cells of con-
trol and resveratrol-treated ovaries presented with gap junc-
tion between each other (Fig. 2b,d).

On the other hand, ovaries of cisplatin group showed ab-
sence of oocyte nucleus, Golgi apparatus, and mitochondria.

- T - S000x

Fig. 2 Electron micrographs of normal and altered ovarian follicles in
rats. a, b Control ovaries represent normal oocyte (Oo), granulosa cell
(GC) structure, numerous mitochondrial cristae (red arrow), and
consistent zona pellucida (Z) thickness. Oocyte cytoplasm contains
Golgi complexes (g) and rough endoplasmic reticulum (ER). Nucleus
(N) of granulosa cells distributed normal chromatin condensation with
gap junction in-between (red circle). ¢, d Ultrathin sections of ovaries of
resveratrol-treated rats showed normal primordial follicle oocyte (Oo)
and multiple granulosa cells (GC). e-h Ultrathin sections of ovaries of
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cisplatin-treated rats showed diminished zona pellucida (Z) thickness and
abnormal granulosa cell’s nucleus (N) with condensed and un-uniform
chromatin. Multiple lamellae presents as fibrous units (yellow arrow).
Fibroblast-like stromal cells (SC), autolysosomes (blue arrow),
autophagosomes (red rectangle), and collagen fibers are seen with
increased lipid droplets (black arrow). i-1 Ultrathin sections of ovaries
of resveratrol/cisplatin group showed normal follicle structure with
numerous elongated or spherical-shaped mitochondria (red arrow)
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Thickness of zona pellucida has been diminished. It was ob-
served that gaps developed between zona pellucida and gran-
ulosa cells were found to be absent in some areas (Fig. 2¢).
Granulosa cells showed severe degeneration revealed with
abnormal nucleus, irregular nuclear membrane with con-
densed and un-uniform chromatin, and absence of Golgi ap-
paratus (Fig. 2f,g). A frequent feature of granulosacells in the
cell death process with presence of a large quantity of lamel-
lae in the cytoplasm presents as fibrous units visible under
high magnification (Fig. 2h). Fibroblast-like stromal cells
and autophagy bodies, autolysosomes, and collagen fibers
in ovarian stroma are seen with increased lipid droplets in
cytoplasm of granulosa cells, which indicate ovarian fibrosis
(Fig. 2f,g). Moreover, granulosa cells infiltrated inside the
oocyte without gap junction in-between. The mitochondrial
membrane appeared impaired, and the mitochondrial cristae
were arranged in a chaotic manner. However, resveratrol
treatment protected the ovaries from cisplatin damage.
Oocyte was surrounded by multi-layered cubic-form granu-
losa cells (Fig. 21i,j). In spherical-shaped granulosa cell nu-
clei, chromatin granules were homogeneously dispersed
throughout the nuclei (Fig. 2j,k). Numerous elongated or
spherical-shaped mitochondria were widely seen in granulo-
sa cell cytoplasm, and a prominent Golgi complex was also
included. Zona pellucida, located between the oocyte and
granulosa cells, had a uniform thickness and a homogeneous
density (Fig. 21). Resveratrol co-treatment also showed ab-
sence of granulosa cell cytoplasm inside the oocyte, absence
of fibrous tissues, and absence of fatty droplets that appeared
in the cisplatin group.

Effect of resveratrol on ovarian platinum
concentration

Determination of platinum concentration revealed that plati-
num level was undetectable in the ovaries of the control and
resveratrol only-treated groups. In addition, co-treatment of
rats with resveratrol did not show any significant change in
ovarian platinum concentration in comparison to the cisplatin
group (Fig. 3a).

Resveratrol attenuates cisplatin-induced ovarian
pro-inflammatory status

To investigate the anti-inflammatory effects of resveratrol, we
assessed the ovarian level of TNF-«, as well as the protein
expressions of NF-kB p65, COX-2, and iNOS in the ovaries
of cisplatin-treated rats. Compared with those in the control
group, cisplatin treatment resulted in a statistically significant
increase in the TNF-o level by 78%. Resveratrol co-treatment
notably inhibited ovarian TNF-x production by 32% as com-
pared to the cisplatin group (Fig. 3b).

Furthermore, our results demonstrated that NF-kB was
expressed in all types of ovarian cells (oocyte, granulosa cells,
theca cells, and interstitial cells), and its expression level was
further increased in the granulosa cells of atretic follicles in
cisplatin-treated rats compared with the control ovaries.
Resveratrol co-treatment diminished this elevated NF-kB ex-
pression, and the optical density of NF-B p65 immuno-
positive cells was reduced by 29% compared to that of the
cisplatin group (Fig. 3¢,d). It is important to mention that NF-
KB expression in ovaries of rats treated with both cisplatin and
resveratrol was localized mainly in the oocyte and granulosa
cells of healthy follicles which may justify the role of inflam-
mation in ovarian folliculogenesis and ovulation (Boots and
Jungheim 2015).

To further elucidate the inflammatory signaling pathway,
we also determined the expression of the proinflammatory
enzymes in the ovaries of each group by IHC (Fig. 3c). The
results demonstrated that COX-2 and iNOS expression pattern
of cisplatin ovaries showed intense immunostaining detected
in the cytoplasm of oocyte and granulosa cells; however, their
expressions were decreased in the healthy follicles compared
with the atretic ones. On the other hand, resveratrol co-
treatment attenuated the elevated COX-2 and iNOS expres-
sions in the oocyte and granulosa cells induced by cisplatin.
Optical density analysis confirms a quantitative diminution of
both COX-2 and iNOS expressions in the ovaries of
resveratrol-co-treated group by 22%, as compared to the cis-
platin group (Fig. 3d).

Resveratrol mitigates exaggerated apoptosis
in cisplatin-induced ovarian follicle loss

The apoptotic pathway was assessed by measuring the protein
expression of PARP-1, cytochrome ¢, and caspase-3. The ap-
optosis of granulosa and interstitial cells in control rats
showed minimal immunostaining for cytochrome ¢ and
caspase-3 (Figs. 4a, 5a). Treatment of rats with resveratrol
alone showed cytochrome ¢ and caspase-3 expression levels
similar to the control group. Cisplatin treatment showed
marked increase in cytochrome ¢ and caspase-3 expressions
in ovarian granulosa and theca cells and interstitial cells,
which was evident from the intense brown staining. On the
other hand, co-treatment of rats with resveratrol markedly de-
creased the expressions of cytochrome ¢ and caspase-3, when
compared to the cisplatin group (Figs. 4a, 5a).

The expression of active caspase-3 was also assessed using
ELISA technique. The ovarian active caspase-3 level was sig-
nificantly higher in the ovaries of cisplatin-treated rats by 48%
as compared with the controls. Conversely, resveratrol treat-
ment significantly inhibited the elevation of active caspase-3
levels in cisplatin-treated rats and kept it close to that of the
controls (Fig. 5¢).
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Fig.3 Effect of resveratrol on ovarian platinum level and inflammation in
cisplatin-induced ovarian injury in rats. a Ovarian platinum level. b
Ovarian TNF-« level. Values are given as mean+SD (n=38). ¢
Immunolocalization of nuclear factor kappa B p65 (NF-kB p65) and
inflammatory enzymes in the rat ovary. Control and resveratrol groups
showed moderate NF-kB, COX-2, and iNOS immunoreactivity. Cisplatin
group showed markedly elevated expression of NF-kB p65 and iNOS in
follicle oocyte, granulosa cells, theca cells, and interstitial cells; COX-2
expressed mainly in the granulosa cells as shown by the intense brown

Moreover, IHC examination showed that PARP-1 was ex-
tensively localized in granulosa cells of the ovaries of cisplatin-
treated rats (Fig. 4b). In the apoptotic granulosa cells, immuno-
staining of PARP-1 was clearly observed, while in the intersti-
tial cells, the staining of PARP-1 was weak. In contrast, co-
treatment of rats with resveratrol resulted in a remarkable de-
crease in the ovarian PARP-1 expression as compared to the
ovaries of cisplatin-treated rats (Fig. 4b). The optical density of
cytochrome c, caspase-3, and PARP-1 immuno-positive cells in
the cisplatin ovaries treated with resveratrol was dramatically
decreased by 12, 27, and 14%, respectively, compared to that of
the cisplatin ovaries (Figs. 4c,d, 5b). The results of apoptotic
markers indicated that activation of caspase-3 leads to PARP-1
overexpression which is accompanied by follicular atresia.
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staining. Resveratrol/cisplatin group showed moderate NF-«B, COX-2,
and iINOS immunoreactivity. The scale bars represent 50 um. d
Quantification of ovarian NF-kB p65, COX-2, and iNOS staining
expressed as optical density (OD), averaged across seven fields for each
rat section. Each column represents the mean & SD of six rat ovaries. a or
b Statistically significant from the control or cisplatin group, respectively,
at pa <0.05 using one-way ANOVA followed by Tukey—Kramer as a
post-hoc test

Discussion

POF has been recognized as a serious sequel of cisplatin treat-
ment during childhood and adulthood (Yeh et al. 2008; Taskin
et al. 2015). In concern with these studies, cisplatin was re-
ported to have detrimental effects on both growing and pri-
mordial ovarian follicles, leading to permanent reductions in
ovarian reserve (Mark-Kappeler et al. 2011). Accordingly,
women are in need to identify best options to minimize ovar-
ian damage during cisplatin treatment. Resveratrol possesses a
wide range of pharmacological effects as a result of its anti-
inflammatory, antioxidant, and cytoprotective properties
(Malhotra et al. 2015). In our laboratory, resveratrol has been
proven to protect against ovarian failure induced by
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Fig. 4 Immunohistochemical localization of ovarian cytochrome ¢ and
PARP-1. a Cytochrome ¢ expression. b PARP-1 expression. Control and
resveratrol groups: ovarian sections showed moderate cytochrome ¢ and
PARP-1 immunoreactivity. Cisplatin group: showed markedly elevated
expression of cytochrome ¢ and PARP-1 proteins in follicle oocyte, gran-
ulosa cells, and interstitial stroma cells compared to the control group as
shown by the intense brown staining. Resveratrol/cisplatin group:
showed less intensive staining of cytochrome ¢ and PARP-1 in the

radiotherapy (Said et al. 2016). Furthermore, in very recent
study, it also protects against cisplatin-induced ovarian dam-
age. However, the mechanism by which resveratrol preserves
ovarian follicles during cisplatin treatment is still unclear.
Therefore, the present study aimed to determine the underly-
ing mechanisms by which resveratrol attenuates cisplatin-
induced ovarian toxicity.

POF is a condition that is characterized by amenorrhea,
hypoestrogenism, and hypergonadotropism (Li et al. 2013a).
Therefore, the effects of protective drugs against
chemotherapy-induced ovarian damage are evaluated by mea-
suring serum levels of hormones, such as estradiol and AMH

[ Control

—_ Il Cisplatin
8 041 = Ed RSV
- RSV/Cisplatin
o
['4
< 0.2
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0.0

ovarian cells than that in the ovaries of cisplatin-treated rats. The scale
bars represent 50 um. ¢ Quantification of ovarian cytochrome ¢ and
PARP-1 staining expressed as optical density (OD); averaged across 7
fields for each rat section. Each column represents the mean + SD of six
rat ovaries. a or b Statistically significant from control or cisplatin group,
respectively, at p <0.05 using one-way ANOVA followed by Tukey—
Kramer as a post-hoc test

(Fanchin et al. 2003; Muttukrishna et al. 2005). In the present
study, cisplatin induced a significant decrease in AMH with-
out any change in estradiol level as compared to the control
group. These results are in agreement with previous studies
(Terraciano et al. 2014). AMH is a glycoprotein hormone
belonging to transforming growth factor B superfamily
(Pepinsky et al. 1988). AMH is a more reliable indicator of
ovarian reserve than estradiol. It regulates the development of
early follicles in two ways; it inhibits recruitment of primor-
dial follicles into the growing pool, while at cyclic recruitment
AMH lowers the FSH-sensitivity of follicles (Gruijters et al.
2003), and serving to negatively modulate the FSH-dependent
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Fig. 5 Effect of resveratrol on ovarian caspase-3 expression in cisplatin-
induced ovarian injury in rats. a Immunohistochemical localization of
ovarian caspase-3. Control and resveratrol groups showed moderate
caspase-3 immunoreactivity. Cisplatin group showed markedly elevated
expression of caspase-3 proteins in follicle oocyte, granulosa cells, and
interstitial stroma cells as shown by the intense brown staining.
Resveratrol/cisplatin group showed less intensive staining of caspase-3

selection of the dominant follicles (Visser and Themmen
2005). Consequently, the decreased AMH may facilitate the
recruitment of the stable primordial follicles into the growing
pool more rapidly and accelerated the growth of the FSH-
sensitive follicles, which, subsequently resulted in more
chemotherapeutic-sensitive follicles and ovarian reserve dam-
ages (Rosendahl et al. 2010). In contrast, in the present study,
resveratrol co-treatment significantly increased serum AMH
levels suggesting that resveratrol could protect granulosa cells
of growing follicles. These results indicated that the possible
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in the ovarian cells. The scale bars represent 50 um. b Quantification of
ovarian caspase-3 staining expressed as optical density (OD), averaged
across seven fields for each rat section. Each column represents the mean

+ SD of six rat ovaries. ¢ Ovarian active caspase-3 levels. Values are given
as mean = SD (N =06). a or b Statistically significant from the control or
cisplatin group, respectively, at p<0.05 using one-way ANOVA
followed by Tukey—Kramer as a post-hoc test

mechanism by which resveratrol conserved ovarian reserve in
cisplatin-treated rats is via increasing AMH levels.

Since chemotherapy results in acceleration of ovarian fol-
licle loss, leading to infertility (Wallace et al. 2005), quantita-
tive measurement of follicles is the best way to evaluate the
state of fertility. In the present study, both quiescent primordial
and growing follicles were found to be affected by cisplatin
treatment leading to a more widespread ovarian damage. In
agreement with these results, a recent study also observed that
a single dose of 5 mg/kg cisplatin induced a significant
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decrease in the numbers of primordial, primary, and tertiary
follicles (Atli et al. 2017). Besides its deleterious effect on
different follicle types, cisplatin also greatly affects the gran-
ulosa cells that line and support the developing follicles, the
oocytes, and surrounding stroma and vascular structures
(Roness et al. 2014). As AMH is strongly correlated with
the antral follicle count (Hansen et al. 2011), co-treatment with
resveratrol almost preserves primordial and pre-antral folli-
cles’ population and prolongs the ovarian lifespan of
cisplatin-treated ovaries through prevention of the loss of the
AMH-secreting granulosa cells, and, subsequently, inhibiting
the transition of primordial to developing follicles. In agree-
ment with our results, previous studies showed that aged rats
treated with resveratrol had healthier follicles confirmed by
significant increase in the total number of oocytes and fewer
atretic follicles (Chen et al. 2010; Kong et al. 2011).

To date, the role of inflammation in POF, especially in the
case of cisplatin-induced POF, is not well understood. The
inflammatory changes play an important role in cisplatin tox-
icity, in particular the NF-kB pathway which is activated by
cisplatin then turning on the transcription machinery of vari-
ous inflammatory cytokines, such as TNF-a, and inflamma-
tory enzymes, such as COX-2 and iNOS (Vyas et al. 2014).
Remarkably, inflammation plays an important role in normal
reproductive processes, such as menstruation, ovulation, im-
plantation, and parturition. Even so, if inflammatory signals
are not tightly regulated and pushed, inflammation may be
exacerbated within the reproductive organs and negatively
impact on ovarian follicular dynamics leading to ovarian dam-
age (Jabbour et al. 2009). Therefore, inhibiting inflammatory
signaling not only sensitizes cancer cells to cisplatin but also
could protect the normal tissues from its toxicity.

In the present study, immunohistochemistry technique de-
tects the cellular localization of NF-kB (p65) in the ovary. In
unstimulated cells, nuclear localization signals present on p65
are masked by members of the IkB family of inhibitory pro-
teins. Subsequent to cell stimulation, IkB undergoes phos-
phorylation, ubiquitination, and degradation by a
proteosome-dependent pathway, allowing nuclear transloca-
tion of the active dimeric NF-kB transcription factor
(Deorukhkar and Krishnan 2010). We noticed increased ex-
pression of NF-xB p65 (the active form) in ovarian oocyte,
granulosa cells, and theca cells of the cisplatin group which
was downregulated after resveratrol treatment. Interestingly,
these results are consistent with the previous ones that report-
ed the upregulation of NF-kB expression on ovarian tissues
following cisplatin treatment (Kaygusuzoglu et al. 2018).
Consequently, cisplatin induced upregulation of COX-2 and
iNOS expression and TNF-« levels in the rat ovaries. The
upregulation of these inflammatory pathways was also ob-
served during cisplatin-induced nephrotoxicity (Meng et al.
2017). In this regard, it was reported that activation of NF-
kB plays crucial roles in pathogenesis of ovarian failure

associated with radiotherapy (Said et al. 2016). Furthermore,
COX-2 and iNOS negatively affect rat ovarian development
in both ischemic- and radiotherapy-induced ovarian injury
(Yapca et al. 2014; Said et al. 2016). Simultaneously, iNOS
acts in synergy with COX-2 to accelerate the inflammatory
response, and both of them were found to play a major role in
cisplatin-induced nephrotoxicity (Honma et al. 2013). In the
present study, it was found that resveratrol co-treatment atten-
uated the ovarian expression of all inflammatory mediators
induced by cisplatin, which is in consistent with our previous
study in the case of radiation-induced POF (Said et al. 2016).
Hence, increased proinflammatory signaling within the ovary
may be responsible for the cisplatin-induced depletion of the
ovarian follicle pool, while co-treatment with resveratrol
could serve as an anti-inflammatory agent against cisplatin-
induced POF.

Some reports indicated that transcriptional regulation by
NF-«kB did not require binding sites but instead required a
protein—protein interaction. As an important example,
overactivation of PARP-1 can drive the cell into energy crisis
and/or catalyze the activation of pro-inflammatory pathways
which are regulated by NF-«kB (Qin et al. 2016). To gain more
insight into the anti-inflammatory action of resveratrol, we
explored the role of PARP-1. IHC examination showed that
PARP-1 was extensively localized in granulosa cells of the
ovaries of cisplatin-treated rats. Indeed, overactivation of
PARP-1 is an important mechanism involved in the pathogen-
esis of ovarian failure (Makogon et al. 2010; Said et al. 2016).
A previous in vitro study has reported that PARP contributed
to the pathogenesis of cisplatin-mediated ovarian injury
(Morgan et al. 2013). The present study is the first in vivo
one demonstrating that cisplatin triggers ovarian PARP acti-
vation which is expressed in oocyte and granulosa cells of all
developmental stages of female rats, leading to triggering in-
flammatory response. Conversely, PARP-1 inhibition can ex-
ert multitude of cytoprotective and anti-inflammatory effects
via activating a pro-survival signaling cascade (Tapodi et al.
2005). In agreement with the above-mentioned hypothesis,
inhibition of PARP-1 by resveratrol treatment markedly atten-
uated the cisplatin-induced impaired ovarian function and re-
duced the inflammatory response. Therefore, one of the novel
therapeutic targets that could hinder cisplatin ovarian toxicity
and induction of inflammatory signaling is hampering PARP-
1 activation by resveratrol.

Furthermore, cisplatin-induced ovarian injury is a far more
complex situation where interplay of inflammation and cell
death is correlated. Cytotoxic chemotherapy and radiotherapy
regimens cause apoptosis in oocytes and in the surrounding
granulosa cells, leading to early exhaustion of the follicle
stockpile and POF (Morgan et al. 2012). Depletion of growing
follicles by apoptosis would stimulate primordial follicle over-
recruitment in an exaggerated way leading to a more preco-
cious exhaustion of the follicular pool (Chang et al. 2015). It
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has been reported that the intrinsic pathway of apoptosis plays
crucial roles in pathogenesis of POF. It starts with increased
permeability of mitochondrial membrane mainly due to
chemotherapy-induced oxidative stress resulting in release of
cytochrome ¢ from the mitochondria causing activation of
caspases which are a family of cell death proteases that play
an essential role in the execution phase of apoptosis (Codacci-
Pisanelli et al. 2017). Recently, a crosstalk between PARP-1
and apoptosis pathway has been described. An in vitro study
reported that cisplatin promotes apoptosis in ovarian stromal
cells by activation of PARP1 (Fabbri et al. 2016). The deter-
mination of cell fates by PARP-1 was stated to be dependent
upon the intensity of DNA damage; if the DNA damage is
mild, PARP-1 is activated to facilitate DNA repair, and the cell
survived. However, more severe stress may lead to irreparable
DNA damage and cleavage of PARP-1 by the caspase-
dependent apoptotic pathway (Nguewa et al. 2005). Thus,
overactivation of PARP-1 induces nuclear translocation of mi-
tochondrial apoptosis-inducing factor leading subsequently to
triggering chromatin condensation, DNA fragmentation, nu-
clear shrinkage, and apoptotic cell death. In consistent with
the aforementioned data, the assessment of apoptotic markers
in this study revealed that cisplatin significantly upregulated
the protein expressions of cytochrome c and caspase 3 enzyme
in ovarian oocyte, granulosa, and theca cells. Furthermore, by
TEM, we found that the ultramicrostructure accumulated a
significant amount of fat droplets, lysosomes, and
phagosomes which indirectly hints the decay of mitochondrial
function. Remarkably, several studies have reported that cis-
platin provokes upregulation of cytochrome ¢ expression in
several organs, including the ovary, which further augments
the mitochondrial-dependent apoptosis (Chang et al. 2014;
Rani et al. 2016). In contrast, resveratrol co-treatment has a
beneficial effect on cisplatin’s deteriorative effects through
inhibition of mitochondrial-dependent apoptotic cell death as
evidenced by the marked reduction in expression of both cy-
tochrome ¢ and caspase 3.

Interestingly, resveratrol has been previously reported to
have chemosensitizing and synergistic effects in combination
with cisplatin in different cancer cell lines (Engelke et al.
2016; Hu et al. 2016). Previous reports altogether with our
findings provide an evidence for the valuable role of resvera-
trol as an adjuvant therapy with cisplatin in augmenting its
anti-cancer efficacy besides impeding its deleterious effects
on normal tissues (Lee et al. 2016).

Conclusion

Resveratrol protects against cisplatin-induced POF through
increasing AMH secretion and inhibiting inflammatory and
apoptotic pathways. Resveratrol is represented as an inhibitor
of PARP-1 expression which attenuated cisplatin-induced
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upregulation of ovarian NF-KB, COX-2, iNOS expressions,
and TNF-« level. In addition, resveratrol diminishes ovarian
follicle atresia via decreasing cytochrome ¢ and caspase 3
expressions. Therefore, resveratrol may be a choice for fertil-
ity preservation and may have potential value in the treatment
of patients suffering from POF.
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