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Abstract

Resveratrol (RVT), a polyphenolic component in grapes and red wine, has been known for its
cytoprotective actions against several diseases. However, beneficial effects of RVT against early
exposure to endocrine disrupting chemicals (EDCs) have not been understood. EDCs are linked to
several ovarian diseases such as premature ovarian failure, polycystic ovary syndrome, early
menopause and infertility in women. Hexavalent chromium (CrVI) is a heavy metal EDC, and
widely used in >50 industries. Environmental contamination with CrVI in the US is rapidly
increasing, predisposing the human to several illnesses including cancers and still birth. Our lab
has been involved in determining the molecular mechanism of CrVI-induced female infertility and
intervention strategies to mitigate CrV| effects. Lactating mother rats were exposed to CrVI (50
ppm potassium dichromate) from postpartum days 1-21 through drinking water with or without
RVT (10 mg/kg body wt., through oral gavage daily). During this time, F1 females received
respective treatments through mother’s milk. On postnatal day (PND) 25, blood and the ovary,
kidney and liver were collected from the F1 females for analyses. CrVI increased atresia of
follicles by increasing cytochrome C and cleaved caspase-3; decreasing antiapoptotic proteins;
decreasing estradiol (E,) biosynthesis and enhancing metabolic clearance of E,, increasing
oxidative stress and decreasing endogenous antioxidants. RVT mitigated the effects of CrVI by
upregulating cell survival proteins and AOXs; and restored E; levels by inhibiting hydroxylation,
glucuronidation and sulphation of E,. This is the first study to report the protective effects of RVT
against any toxicant in the ovary.
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1. Introduction

Resveratrol (RVT) (3,4’, 5-trihydroxystilbene), a polyphenolic component in grapes, has
been known for its cytoprotective actions against neurodegeneration, cardiovascular disease,
cancer, diabetes, and obesity-related disorders (Baur and Sinclair, 2006), and for extending
the lifespan of organisms (Howitz et al., 2003). It also plays several roles in anti-aging
(Agarwal and Baur, 2011) and anti-inflammatory pathways (Yu et al., 2012), and
ameliorating metabolic syndrome (Beaudeux et al., 2010). The diversified biological effects
of RVT might be explained in part by RVT’s antioxidant (AOX) properties, including
increases in catalase and superoxide dismutase (SOD) activities (Rubiolo et al., 2008). The
AOX effect of RVT has been shown to be due to the presence of the phenolic hydroxyl
groups in it’s chemical structure (Leonard et al., 2003). RVT effectively scavenges
hydroxyls and superoxides and protects against lipid peroxidation in cell membranes and
DNA damage caused by reactive oxygen species (ROS) (Leonard et al., 2003). RVT acts
through specific cell signaling pathways that lead to activation of the defensive and
cytoprotective systems (Shin et al., 2009).

RVT is known to have differential (and even opposite) effects based on varying
physiological, pathological and pharmacological conditions in various biological systems. In
cancer cells, RVT induced apoptotic cell death, and therefore is used as a chemotherapeutic
agent (Garvin et al., 2006). In contrast, RVT also inhibited apoptotic cell death in certain
tumor cells and other non-cancerous cell types (Manna et al., 2000; Ahmed et al., 2003).
RVT attenuated apoptosis of cardiomyocytes in the heart, following ischaemia/reperfusion
(Imamura et al., 2002). In rat theca interstitial cells, RVT inhibits conversion of progesterone
into androgens by inhibiting steroidogenic enzymes, mainly cypl17al (Ortega et al., 2012a).
On the other hand, RVT increased progesterone secretion as well as mRNA levels of Sirt1,
LH receptor, steroidogenic acute regulatory protein StARand Cyp19in cultured rat
granulosa cells (Morita et al., 2012b). Thus, based on the available literature, the effects of
RVT seem to be specific to the cell type and physiological conditions.

Chromium (Cr) compounds are used in many industries such as leather tanning, metal
plating, and other metallurgical procedures (Banu, 2013). The increased usage and
inadequate disposal of Cr wastes have contributed to their increased environmental levels
above safety limits. The safety level of Cr in the drinking water according to standards of the
US Environmental Protection Agency (EPA) is 0.1 ppm (100 ppb) (USEPA, 2009). Whereas
the drinking water or the ground water levels of Cr in some of the worst pollution incidents
in the US and developing countries have been over 50-500 times the EPA limit (e.g.,
Midland, TX, the US (5.28 ppm) (Malott, 2015), Hinkley, CA (5.0 ppm)
(ContaminatedRealty, 2015), Leon, Mexico (50 ppm) (Armienta-Hernandez and Rodriguez-
Castillo, 1995), China (Zhang and Li, 1987) and India (31-50 ppm) (Dubey et al., 2001; Rao
etal., 2011). Occupational exposure to Cr is found among approximately half a million
industrial workers in the US and several millions worldwide. Significant contamination with
CrVI has been found in approximately 30% of the drinking water sources in California
(McNeill et al., 2012). The deposition of CrVI wastes in landfills and waterways by
chromate industries affects millions of people drinking Cr-containing water and residing in
the vicinity of dangerously polluted sites (Blacksmith-Institute, 2015). Cr can leach as deep
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as 160 ft in the soil and can contaminate the ground water (Gordon, 2003; Webster, 2012).
Women working in Cr industries and living around Cr contaminated areas experience
abnormal menses, postnatal hemorrhage and birth complications with high levels of Cr in
blood and urine (Shmitova, 1980), and premature abortions (Hemminki et al., 1980;
Hemminki et al., 1983).

CrVI rapidly crosses the cell membranes through anionic sulphate-ion transporters. Once
inside the cells, CrV1 is readily converted into Crlll by AOXs such as ascorbate, glutathione
(GSH), and cysteine. Crlll was initially thought to be relatively non-toxic, however, it was
found to be more damaging than CrVI in causing genotoxicity in cell free systems (Fang et
al., 2014). Crlll interacts with DNA and induces DNA strand breaks, DNA-protein
crosslinks and oxidative DNA base modifications (Nickens et al., 2010; Fang et al., 2014).
Oxidation of DNA can result in damage to all four bases of deoxyribose.

Our previous findings reported oxidative stress, activation of p53 and mitochondria-
mediated intrinsic apoptosis as major pathways of CrVI to cause follicle atresia (Banu et al.,
2011; Stanley et al., 2013). CrVI also caused POF in F1 offspring by disrupting POF marker
protein X-prolyl aminopeptidase-2 in a rat model (Banu et al., 2015). A recent study by Lim
et al. reports that increased ovarian oxidative stress in young Gc/m knock-out mice suffer
from ovarian failure due to an accelerated decline in ovarian follicles mediated by increased
recruitment of follicles into the growing pool, followed by apoptosis at later stages of
follicular development (Lim et al., 2015). We have recently shown that AOXs, vitamin C and
edaravone mitigated CrVI-induced ovarian toxicity (Banu et al., 2008; Stanley et al., 2011;
Stanley et al., 2013; Stanley et al., 2014). In the current study, we determined the protective
effects of RVT on CrVI-induced ovarian toxicity, and estradiol turnover. The objectives of
the study were to evaluate the protective effects of RVT on cell death and survival pathways,
atresia of primordial, primary, secondary and antral follicles, ROS production and AOX
enzymes. We also evaluated for the first time the effects of CrVI on the metabolic clearance
of E, and mitigative effects of RVT.

2. Materials and methods

2.1. Materials

The reagents used in this study were purchased from the following suppliers: potassium
dichromate (K,Cr,07, Cat. No. P2588) and resveratrol (3,4" ,5-trihydroxy- trans-stilbene,
Cat. No. R5010) (Sigma-Aldrich, St. Louis, MO). The other chemicals used were molecular
biologic grade purchased from Fisher Scientific (Pittsburgh, PA) or Sigma-Aldrich (St.
Louis, MO). Details of sources of antibodies, catalog numbers, dilutions, host species,
immunogens, and homologies with rat/mouse are given in Table 1.

2.2. Animals

Timed pregnant Sprague-Dawley rats were purchased from Charles River Laboratories and
maintained in AAALAC-approved animal facilities with a 12 h light/12 h dark regime at 23—
25 °C, and provided with Teklad 6% mouse/rat diet and water ad /ibitum. Animal Use
Protocols were performed in accordance with the NIH Guidelines for the Care and Use of
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Laboratory Animals, and were in accordance with the standards established by Guiding
Principles in the Use of Animals in Toxicology and specific guidelines and standards of the
Society for the Study of Reproduction, and approved by the Animal Care and Use
Committee (IACUC) of Texas A&M University.

2.3. In vivo dosing and experimental design

The /n vivo CrV1 dosing used in this investigation was chosen based on Cr levels in drinking
water in highly polluted regions in developing countries that range from 19 to 50 ppm
(Zhang and Li, 1987; Armienta-Hernandez and Rodriguez-Castillo, 1995; Dubey et al.,
2001; Dominik et al., 2007; Rao et al., 2011). The RVT dose was chosen based on doses and
dose-response studies reported in literature using rodent models (Juan et al., 2005;
Macarulla et al., 2009; Johnson et al., 2011; Asadi et al., 2015). Lactating rats were divided
into the following groups: (1) Control (n = 10): rats received regular drinking water; (2)
CrVI treatment (n = 10): rats received potassium dichromate (CrVI, 50 ppm) dissolved in
drinking water. (3) CrVI + Resveratrol (RVT) treatment (n = 10): rats received 50 ppm CrVI
with RVT (10 mg/kg body wt., through oral gavage daily). On the day of birth, male pups
were removed and the litters were culled to 4 female pups per mother rat, thus each
treatment group consisted of 10 mothers (F0) and 10 litters for each group. In cases where
fewer than 4 female pups were delivered, additional pups were fostered from other litters. In
all experimental groups, the lactating mother rats received CrVI treatment in drinking water
from the day of parturition to day 21 postpartum. During this period, the F1 offspring
received respective treatments through the mother’s milk. On postnatal day (PND) 25,
female pups from each group were euthanized under CO, anesthesia followed by cervical
dislocation, and blood and ovaries, kidney and liver were collected for further analyses.
Ovaries from 10 litters (F1 pups) per group were separately assigned and analyzed as follow:
(i) twenty ovaries from 5 litters (4 ovaries from each litter) were fixed in 4%
paraformaldehyde for TUNEL apoptotic assay and IHC; (ii) forty ovaries from 5 litters (8
ovaries were pooled for each sample) were homogenized and used for the assay of LPO and
H,0,; and (iii) twenty ovaries from 5 litters (8 ovaries were pooled for each sample) were
used for RNA isolation and RT-PCR.

2.4. Histology and evaluation of follicular atresia

Ovaries were collected and fixed in 4% buffered paraformaldehyde for 24 h and transferred
to 70% ethanol. Histological processing of the ovary was performed by the Histology core
lab facility, College of Veterinary Medicine & Biomedical Sciences, Texas A&M University,
based on the standard protocols for paraffin-embedded sections that were cut at 5 um
thickness and stained with hematoxylin and eosin (H&E). Every 12th section was used to
count atretic follicle numbers (Devine et al., 2002). Atresia of primordial, primary,
secondary and antral follicles was counted separately from both the ovaries and expressed in
percentage of total follicles. The criteria to identify atretic follicles were according to Osman
(Osman, 1985) and Borgeest et al., (Borgeest et al., 2002) as follows: degenerative changes
in the GC wall which shows cell shrinkage, pyknosis, and karyorrhexis (rupture of nucleus
with disintegration of chromatin into granules); and/or degenerative changes in the oocyte
such as the breakdown of the nuclear membrane with oocyte fragmentation. Antral follicles
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were considered atretic if they contained disorganized GC with at least 20 apoptotic bodies
in the GC layer(s).

2.5. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay

Paraffin-embedded tissue sections were deparaffinized and TUNEL assay was performed as
previously described (Sivakumar et al., 2014; Stanley et al., 2015). The apoptotic index (Al)
was calculated as the average percentage of TUNEL-positive oocytes and granulosa cells
from the ovaries at 400x magnification.

2.6. Immunohistochemistry

Paraffin-embedded tissue sections were deparaffinized and IHC was performed as previously
described (Stanley et al., 2014; Banu et al., 2015). The intensity of staining for each protein
was quantified using Image-ProPlus 6.3 image processing and analysis software according
to the manufacturer’s instructions (Media Cybernetics, Inc.; Bethesda, MD). In brief: six
images of the ovary at 400x magnification were captured randomly without bias in each
tissue section per animal. Integrated Optical Density (I0D) of immunostaining was
quantified in the RGB mode. Numerical data were expressed as least square mean + SEM.
This technique is more quantitative than conventional blind scoring systems and the validity
of the quantification was reported previously by our group (Lee et al., 2012).

2.7. Measurement of steroid hormones

Serum levels of progesterone (P4), testosterone (T) and estradiol (E,) were estimated in F1
female pups on PND 25 using ELISA kits (DRG Diagnostics) according to the
manufacturer’s instructions. The sensitivities of the assays for P4, T and E, were 0.04 ng/ml,
0.06 ng/ml and 9.0 pg/ml respectively. The intra-assay and inter-assay coefficients of
variation ranged from 4.0% to 7.3%.

2.8. Measurement of oxidative damage in the ovary

Oxidative damage was measured by estimating the levels of hydrogen peroxide (H,05,) and
lipid peroxide (LPO) in the ovary and serum as described (Stanley et al., 2013). Briefly,
ovaries were dissected out and homogenized in 50 mM Tris-HCI buffer, pH 7.5, and
centrifuged at 10,000 xg for 15 min. The supernatants were used for the assay. LPO and
H»0, production was measured spectrophotometrically using a commercial kit (Cayman
Chemical).

2.9. Real-time reverse transcription (RT)-polymerase chain reaction (PCR)

Total RNA was isolated from the ovary, kidney and the liver using RNeasy Mini Kit (Cat.
No. 74104, Qiagen, USA) according to manufacturer’s instructions. The purity and
concentration of RNA was determined spectrophotometrically by measuring the absorbance
at 260/280 nm and a purity of 1.8-2.0 was considered acceptable for the real time RT-PCR
analysis. The first strand cDNA was synthesized using 100 ng total RNA by QuantiTect RT
kit (Cat. 205311, Qiagen, USA) according to manufacturer’s instructions. Real-time PCR
was performed using the Power SYBR®Green master mix (Cat. 4368577, Life
Technologies, USA) according to manufacturer’s instructions. cDNA (2 ul) was mixed with
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10 pl master mix (ANTP mix, AmpliTaq Gold® DNA polymerase, optimized buffer
components and SYBR®Green | dye), sense and anti-sense oligonucleotide primers for
respective genes and B-actin gene for internal control, with the total reaction volume made
up to 20 pl with RNase free water. The reaction cycles were as follows: PCR enzyme initial
activation at 95 °C for 15 min; initial denaturation at 94 °C for 15 s, annealing at 60 °C for
30 s and elongation at 72 °C for 30 s. All reactions were run in triplicate. The PCR
amplification of all transcripts was performed on the Step-One Plus real-time PCR machine
(Life Technologies, Carlsbad, CA). The fold differences were calculated by normalizing the
relative expression of gene of interest with B-actin and the results were expressed as fold
changes. Details of the sense and anti-sense oligonucleotide primer sequences used for the
real-time PCR analysis were given in Table 2. Relative gene expression was presented by
comparative CT (also referred to as the AACT) method (Schmittgen and Livak, 2008).

2.10. Statistical analyses

3. Results

All the numerical data were subjected to one-way ANOVA to detect the effects of treatment
and dose interactions. The Tukey-Kramer HSD test was used to adjust for multiple pair-wise
comparisons of means. We take into account the nested structure in the design. Mixed
models analysis was used to account for any correlation between the results of pups from the
same dam. Mixed models were used to model both fixed effects (in this case treatment) and
random effects (in this case dams and pups) (Kratzer and Littell, 2006; Littell et al., 2006).
Statistical analyses were performed using general linear models of Statistical Analysis
System (SAS, Cary, NC) and £ < 0.05 was considered significant.

3.1. Effects of resveratrol on CrVI-induced follicle atresia and apoptosis of oocytes and
granulosa cells

Primordial, primary, secondary and antral follicle numbers were counted in serial sections of
the ovary. Control ovaries had several healthy follicles (Fig. 1A, D and G). Lactational
exposure to CrVI1 significantly increased atresia of primordial, primary, secondary and antral
follicles (Fig. 1B, E and H; J-M). Supplementation with RVT mitigated CrVI-induced
increase in follicle atresia (Fig. 1C, F, I; J-M). Results from the TUNEL in situ apoptotic
assay revealed that CrVI significantly increased apoptosis of oocytes and granulosa cells in
the primordial, primary, secondary and antral follicles (Fig. 2B, E and H;J-M). RVT
significantly rescued both the oocytes and granulosa cells from CrVI-induced increase in
apoptosis (Fig. 2C, F and I;,J-M).

3.2. Effects of resveratrol on CrVI-induced cell death and cell survival pathways

In order to understand the mechanism behind CrVI-induced increase in follicle atresia, we
determined proteins involved in cell death and cell survival. CrVI significantly (P< 0.01)
upregulated cytochrome C and cleaved caspase-3 compared to control, and RVT mitigated
the adverse effects of CrVI (Fig. 3A—H). Cell survival proteins Bcl-2, Bcl-XL and Hypoxia-
inducible factor 1-alpha (HIF1a) were significantly decreased by CrVI. However, RVT
effectively inhibited the CrVI effects on Bcl-2 and HIF1a, but not on Bel-XL (Fig. 31-T).
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3.3. Effects of resveratrol on CrVI-induced oxidative stress and antioxidant enzymes

Lactational exposure to CrVI significantly increased the activities of oxidative stress markers
LPO and H,05 in the plasma and the ovary. However, RVT mitigated the effects of CrVI on
LPO and H,05, activities (Fig. 4A-D).

Further, we determined the effects of RVT on the expression of cytosolic AOX enzymes
glutathione peroxidase (GPx) 1, superoxide dismutase (SOD) 1 and catalase. GPx1 was
highly expressed in oocytes and granulosa cells of the antral follicles in control ovaries.
CrVI significantly decreased the expression of GPx1. Supplementation with RVT inhibited
the effects of CrVI on the ovary, and enhanced GPx1 in the oocytes more than the control
group (Figs. 5A-D). Catalase was highly expressed in granulosa cells and oocytes in control
ovaries. CrVI downregulated catalase. Supplementation with RVT highly upregulated
catalase expression in granulosa cells, and the expression levels were higher than both the
control and CrVI groups (Fig. 5E-H). In contrast, CrVI upregulated SOD1 compared to
control; and RVT supplementation to CrVI-treated rats further increased SOD1 expression
in the ovary compared to control and CrVI groups (Fig. 51-L). We also measured the
expression of mitochondrial AOX enzymes SOD2, peroxiredoxin (PRDX) 3 and thioredoxin
(TXN) 2. SOD2 showed a similar response to CrVI and CrVI + RVT as that of SOD1 (Fig.
5M-P). Control ovaries highly expressed PRDX3 and TXN2, and CrVI downregulated both
the enzymes. Supplementation with RVT mitigated the adverse effects of CrVVI on PRDX3
and TXN2 (Fig. 5Q-X).

3.4. Effects of resveratrol on CrVI-induced changes in the biosynthesis of E»

Lactational exposure to CrVI significantly decreased P4, T and E; levels in the serum. RVT
significantly mitigated the effects of CrVI (Fig. 6). In order to understand the mechanism by
which levels of steroids were reduced, we measured the abundance of StAR, 3beta-
hydroxysteroid dehydrogenase (3gHSD) and aromatase (Cyp19) proteins in the ovary. CrVI
downregulated StAR, 3BHSD and p450 aromatase proteins. RVT mitigated the effects of
CrVI on the expression of StAR and aromatase, but not on 3gHSD (Fig. 7A-L).

3.5. Effects of resveratrol on CrVI-induced metabolic clearance of E»

Finally, we determined effects of RVT on catabolic pathways of E,. Estrogen is catabolized
through three major pathways, UDP-glucuronidation, sulfation and hydroxylation, mainly in
the liver and kidney. Conversion of E, into 2-hydroxyestradiol (OHE2) and/or 4-OHE; is
catalyzed by Cyplal and Cyplbl. CrVI significantly increased Cyplaland Cyplbl, which
was mitigated by RVT (Fig. 8A, B and C) in the ovary, kidney and liver. UDP-
glucuronosyltransferases (UGTSs), important phase 11 drug-metabolizing enzymes, convert
E, into 2/4-OHE; glucuronides (Raftogianis et al., 2000) (Fig. 9). CrVI upregulated Ugtial,
Ugtla3, and Ugtiag, which was mitigated by RVT. Sultlal converts E; or OHE, into Ep
sulphate or OHE,-OH-sulphate (Dawson, 2012). CrV1 upregulated Su/tlal in the ovary,
kidney and the liver, and RVT mitigated the effects of CrVI (Figs. 8A, B and C; 9).
NAD(P)H qui-none oxidoreductase 1 (Ngo1l) is implicated in the oxidation of estrogens to
quinones that react with DNA (Gaikwad et al., 2007). CrVI upregulated NgoZ and RVT
mitigated the effect of Ngol. Glutathione (GSH)-S-transferases (Gstm1, Gstm2, and Gsta4)
play key roles in the cellular detoxification of electrophilic compounds through GSH
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conjugation and in protection against lipid peroxidation (Townsend et al., 2003). CrVI
downregulated these enzymes, and RVT effectively mitigated the effects of CrVI (Fig. 8A, B
and C). Fig. 9 summarizes the key E, metabolic pathways that are enhanced by CrVI and
mitigated by RVT, resulting in the partial restoration of E, levels against CrV1 toxicity.

4. Discussion

Our previous studies have shown that vitamin C (ascorbate) and ROS scavenger edaravone
mitigated CrVI-induced toxicity in the ovaries (Banu et al., 2008; Stanley et al., 2013;
Stanley et al., 2014). Few studies are available on the effects of RVT on heavy-metal
toxicity. Notably, RVT protected mice from arsenic trioxide-induced cardiotoxicity both /n
vivoand in vitro (Zhao et al., 2008). In RAW 264.7 (mouse leukemic monocyte
macrophage) cell line, RVT efficiently scavenged -OH and O radicals; inhibited lipid
peroxidation induced by Crlll/H,05; inhibited DNA damage due to -OH radicals produced
by the Fenton reaction; and inhibited CrVI-induced NF-kB activation (Leonard et al., 2003).
RVT reduced oxidative damage to purified DNA by scavenging the -OH generated by
Crlll/H,05 (Burkhardt et al., 2001; Lopez-Burillo et al., 2003). While it is impossible to
completely eliminate Cr from the environment, there is a pressing need to identify and
validate various intervention strategies to mitigate or inhibit CrVI-induced toxicity. Data
from the current study demonstrate that lactational exposure to CrVI: (i) increased follicle
atresia and apoptosis of oocytes and granulosa cells by increasing cell death machinery and
inhibiting cell survival proteins; (ii) decreased steroid hormone biosynthesis and enhanced
catabolism of Ej, thus decreasing the circulating levels of Ej; (iii) increased oxidative stress,
and decreased cytoplasmic and mitochondrial AOX enzymes. Further, RVT reversed the
adverse effects of CrVI on each of the above endpoints. To the best of our knowledge, this is
the first study to demonstrate a protective effect of RVT on the ovary against any toxicant.

Lactational exposure to CrVI through mother’s milk increased atresia of primordial and
antral follicles by increasing oocyte/granulosa cell apoptosis. Interestingly, RVT protected
the ovary against CrVI-induced follicle atresia. In order to understand the mechanism, we
examined cell death and cell survival machinery in the ovary. Our data demonstrated that
CrVI increased follicle atresia by increasing the levels of cytochrome C and cleaved caspase
3, implicating the mitochondria-mediated intrinsic apoptosis. Further, results also showed a
marked decrease in cell survival/anti-apoptotic machinery such as Bcl-2, Bcl-XL and HIF1a
due to CrVI treatment. Whereas, RVT restored Bcl-2 and HIF1a. In support of these data, a
similar study showed that pretreatment of irradiated rats with RVT at different doses
significantly protected the ovarian follicle counts and markedly increased the AOX enzymes
(Simsek et al., 2012). RVT effectively protected the ovarian follicular reserve by inhibiting
follicular atresia in aging rats (Chen et al., 2010). In contrast RVT displayed an apoptotic
effect on theca interstitial cells. RVT also reduced androgen production of theca interna cells
by decreasing Cyp 17a1 and Akt/PKB phosphorylation (Ortega et al., 2012a; Ortega et al.,
2014). RVT showed a cardioprotective effect, displaying AOX, anti-apoptotic and
antiarrhythmic effects in mice (Das and Maulik, 2006; Zhang et al., 2006). Taken together,
RVT seems to display a concentration- and cell type-dependent induction of both pro- and
anti-apoptotic mechanisms (Clement et al., 1998; Lee et al., 2006; Ungvari et al., 2007).
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A recent report showed that RVT attenuated iron-induced oxidative stress in the sperm of
CD1" mice through the inhibition of mitochondrial impairment and ROS production
(Mojica-Villegas et al., 2014). RVT, being a natural polyphenolic compound and a potent
AOX, has the capacity to inhibit both mitochondrial ROS production and permeability
transition (Lin et al., 2014; Gibellini et al., 2015). RVT was able to scavenge -OH radicals
produced by JB6 cells exposed to CrVI1 (Leonard et al., 2003). Lipid peroxidation in cell
membranes caused by -OH radicals and DNA damage due to -OH radicals produced by the
Fenton reaction were inhibited by RVT (Leonard et al., 2003). In support of the above
reports, the current study showed that RVT protected the ovary against CrVI-induced
increase in oxidative stress by decreasing LPO and H,0 in the plasma and the ovary.

Cytoprotective effects of RVT results from scavenging of ROS as well as activation of
several specific signaling pathways that enable cells to promote AOX defense system. We
therefore determined the expression of cytoplasmic and mitochondrial AOX enzymes at the
protein level. RVT highly restored CrVI-induced decrease in cytoplasmic AOXs such as
GPx1 and catalase; and mitochondrial AOXs PRDX3 and TXN2. Interestingly, CrVI
upregulated SOD1 and SOD2 while decreasing other AOXs compared to control ovaries.
RVT did not reverse the effects of CrVI; rather, it enhanced SOD1 and 2 compared to
control and CrVI. RVT increased GSH synthesis (Kode et al., 2008) and activated catalase,
SOD, and NQOL1 (Rubiolo et al., 2008) in rat hepatocytes. Overall, we speculate that RVT
may have protected the follicles from CrVI-induced oxidative stress by increasing the
transcription, translation and/or activity of endogenous AOX enzymes.

We also evaluated the protective effects of RVT against CrVI-induced decrease in ovarian
steroidogenesis. Our data indicate that lactational exposure to CrVI through mother’s milk
decreased P4, T and E, whereas supplementation of RVT to CrVI-exposed rats restored P4,
T and E;, levels. Previous reports indicated several discrepancies on the effects of RVT on
steroid biosynthetic pathways (Supornsilchai et al., 2005; Svechnikov et al., 2009; Morita et
al., 2012b; Ortega et al., 2012b; Li et al., 2014; Ortega and Duleba, 2015). A majority of the
literature identifies inhibitory effects of RVT on steroidogenesis and/or aromatization of
androgens in rat adrenocortical cells (Supornsilchai et al., 2005), Leydig cells (Svechnikov
et al., 2009) and theca cells (Ortega et al., 2012b). In contrast, Morita et al. (Morita et al.,
2012b) reported that RVT increased mRNA levels of Sirt1, LH receptor, StAR, and P450
aromatase in rat granulosa cells. In the current study CrVI significantly decreased protein
levels of StAR, P450 aromatase and 3BHSD in the ovary, however, RVT restored CrVI-
induced decrease in StAR and P450 aromatase in the ovary, but not 3pHSD. A recent study
indicated that RVT inhibits LH-induced androgen production in immature rat Leydig cells
by inhibiting 3BHSD (Li et al., 2014). However, additional data on the other steroid
biosynthetic enzymes including 17BHSD as well as the role of RVT on the interaction
between granulosa and theca cells in steroid biosynthesis are needed in order to confirm the
specific role of RVT on steroid biosynthetic pathway. Future studies will focus on a
comprehensive analysis of RVT on the integrated role(s) of granulosa and theca cells-
specific steroidogenic pathways.

RVT was unable to mitigate the effects of CrVI on ERp protein levels. RVT showed a non-
specific binding with ERs in the brain (Shin et al., 2015) to protect the brains of estrogen-
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deficient females against ischemic insult. A vast majority of the research involving synthetic
or natural (phyto) estrogens are targeted on ER-signaling. Few studies have provided strong
evidence for the existence of ER-independent pathways leading to endocrine disruption
(Hanet et al., 2008). Since the mechanism of RVT in restoring E, levels remained unclear,
we attempted to evaluate the effects of RVT on metabolic clearance of E,. The metabolism
of estrogen takes place primarily in the liver through phase | (hydroxylation) and phase 11
(methylation, glucuronidation, and sulfation) pathways, with final excretion in the urine and
feces (Hall, 2001).

Cytochrome P450 enzymes mediate the hydroxylation of E, and estrone, which is the major
Phase | metabolic pathway for endogenous estrogens (Martucci and Fishman, 1993). This
takes place at the 2 carbon (C-2) position producing 2-hydroxyestradiol (2-OHE?2) or at the
16a carbon (C-16a) position or 4 carbon (C-4) position giving rise to 16a-OHE2 and 4-
OHE2, respectively (Martucci and Fishman, 1993). Conversion of E, into 2-OHEZ2 and/or 4-
OHE?2 is catalyzed by Cyplal and Cyplbl. Cyplbl is highly expressed in estrogen-
responsive tissues, such as mammary gland, uterus, and ovary (Hakkola et al., 1997),
suggesting that Cyp1b1 is important in the local control of estrogen metabolism. Our data
indicated that CrVI significantly increased Cyplaland Cyplbl mRNA expressions in the
ovary, liver and kidney. However, supplementation of RVT effectively inhibited the effects of
CrVI on these enzymes. A study in cultured human mammary epithelial cells showed that
RVT inhibited TCDD-induced expression of Cyplal and Cyplbl and catechol estrogen-
mediated oxidative DNA damage (Chen et al., 2004). Thus our study suggests that RVT may
provide a potential intervention against CrV1 toxicity through the suppression of CypIaland
Cyplbl.

We further determined the effects of RVT on phase Il metabolic pathways such as
glucuronidation and sulfation. UGTSs are important phase 11 drug-metabolizing enzymes
involved in the metabolism of endogenous compounds including E, (Raftogianis et al.,
2000). CrVI significantly increased Ugtlal, UgtiaZ, Ugtla3and Ugtia9 (but not Ugt2b7,
data not shown). Interestingly, RVT inhibited the effects of CrVI on UGTs in the ovary,
kidney and liver. Sultlal is responsible for estrogen and catecholestrogen sulphation (Huber
et al., 2010). Sultlal also catalyzes the sulfation of 2-methoxyestradiol, an endogenous,
potent antiestrogen (Spink et al., 2000). Our data indicate that CrVI upregulated Su/tial
mRNA, and RVT significantly inhibited the effects of CrVI on Su/tlal in the ovary, kidney
and liver.

CrVI is known to increase ROS (Banu, 2013). Cyplbl and NAD(P)H quinone
oxidoreductase 1 (Ngol) are implicated in the oxidation of estrogens to quinones that react
with DNA to form predominantly depurinating DNA adducts (Shimada et al., 1996; Talalay
et al., 2003). Ngol promotes p53 accumulation in an MDM2 and ubiquitin independent
manner, which reinforces the cellular senescence phenotype (Liu et al., 2015). Interestingly,
CrVI increased Ngol expression in the ovary, liver and kidney. RVT mitigated the effects of
CrVI in the ovary, inhibited CrVI1 effects in the kidney and the liver. Our previous findings
documented that CrV1 increased the expression, phosphorylation, mitochondrial
translocation, and stabilization of p53 in the ovary (Banu et al., 2011; Sivakumar et al.,
2014; Stanley et al., 2015). CrVI-induced increase in Ngol expression could be one of the
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possible mechanisms for the activation and stabilization of p53. GSTs catalyzes GSH
conjugation of Eo-semiquinones, enhances cellular detoxification of electrophilic
compounds and protects against lipid peroxidation (Raftogianis et al., 2000). CrVI down
regulated Gstm1, GstmZ, and Gsta4 which is restored by RVT.

Interestingly, RVT completely rescued the ovary from the CrVI-induced increase in ROS,
apoptosis, and steroid metabolic enzymes; as well as the decrease in AOXs and inhibition of
cell survival machinery. However, RVT partially rescued the ovary from the CrVI-induced
follicle atresia and steroidogenesis, rendering intervention selective to specific endpoints.
RVT is well absorbed, however, it undergoes an extensive sulfation and glucuronidation in
the duodenum and liver, rendering an average half-life of 1.5 h (Yu et al., 2002; Rocha-
Gonzalez et al., 2008). Thus, dosing the dams or pups every 12 h instead of 24 h may
increase its potential against follicle atresia and/or steroidogenesis. RVT directly modulates
MRNA levels of several genes such as Sirt1, LH receptor, StAR, and P450 aromatase in rat
granulosa cells (Morita et al., 2012a). Therefore, one of the reasons for the preferential
intervention may be the differential gene expression pattern, namely, the steroidogenesis
panel, steroid metabolic panel, cell survival and/or apoptotic panel in response to RVT.

As illustrated in Fig. 9, the collective data on E; metabolism in the current study show that:
(i) CrVI potentially increased E, hydroxylation, glucuronidation and sulphation as well as
formation of Eo-semiquinones by upregulating phase I/11 metabolic cytochrome P450
enzymes; (ii) RVT, as a potent AOX and a phytoestrogen, rendered a protective effect
against the CrV1 in restoring E; levels by means of inhibiting phase I/11 metabolic
cytochrome P450 enzymes in the ovary, kidney and the liver. (iii) In contrast, RVT was not
able to increase 3BHSD. Thus, apart from its AOX effects, RVT seems to have a direct effect
on regulating gene transcription of E, metabolic pathways. Ongoing and the future studies in
our lab will explore more on the effects of RVT against CrVI toxicity in terms of
steroidogenesis and granulosatheca cell interaction in steroidogenesis. Therefore, this is the
first study to address the protective effect of RVT against Cr toxicity in any biological
system.
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Fig. 1.
Mitigative effects of RVT on CrVI-induced follicular atresia. Lactating dams (n = 5)

received CrVI (50 ppm) in drinking water with or without RV'T, as described in materials
and methods. Suckling F1 female offspring (n = 20) received respective treatments through
dam’s milk during PND 1-21. On PND 25 ovaries were harvested, paraffin-embedded
sections were stained with H&E, and atretic primordial, primary, secondary and antral
follicle numbers were counted (J-M) in serial sections. Representative images of control
primordial (A), primary or secondary (D) and antral (G) follicle; CrVI-treated primordial
(B), primary or secondary (E) and antral (H) follicle; CrVI + RVT-treated primordial (C),
primary or secondary (F) and antral (I) follicle are shown. Arrowheads in Figures A, B and
C indicate primordial follicles. Arrowheads in Figures E and H indicate atretic secondary
and antral follicles, respectively. The width of field for each image is 220 or 350 um. PRM -
Primordial follicle; PR - Primary follicle; SF - Secondary follicle; AC - antrum; OC -
oocyte; GC -Granulosa cells; Tl — Theca interstitial cells. Data are presented as the mean +
SEM of 10 ovaries (2 ovaries/litter) from F1 rats. *Control vs CrVI; **CrVI vs CrVI + RVT,
P<0.05.
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Fig. 2.

M?tigative effects of RVT on CrVI-induced apoptosis. TUNEL assay was performed in
paraffin-embedded sections of the ovary. Intensity of TUNEL staining was measured in
oocytes (OC), and granulosa (GC) and theca (TI) cells as described. Representative images
of control primordial (A), primary or secondary (D) and antral (G) follicle; CrVI-treated
primordial (B), primary or secondary (E) and antral (H) follicle; CrVI + RV T-treated
primordial (C), primary or secondary (F) and antral (I) follicles are shown. Apoptotic indices
of primordial (J), primary (K), secondary (L) and antral (M) follicles are shown in
histogram. The width of field for each image is 220 or 350 pm. Arrows indicate germ cells
or oocytes; arrowheads indicate granulosa cells. Special arrows indicate apoptotic cells.
PRM - Primordial follicle; PR - Primary follicle; SF - Secondary follicle; AC - antrum; OC -
oocyte; GC - Granulosa cells; Tl — Theca interstitial cells. Data are presented as the mean +
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SEM of 10 ovaries (2 ovaries/litter) from F1 rats. *Control vs CrVI; **CrVI1 vs CrVI + RVT,
P<0.05.
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Fig. 3.

M?tigative effects of RVT on CrVI-induced changes in cell survival and cell death proteins.
Lactating dams (n = 5) received CrVI (50 ppm) in drinking water with or without RVT, as
described in materials and methods. Suckling F1 female offspring (n = 20) received
respective treatments through dam’s milk during PND 1-21. On PND 25, ovaries were
harvested from F1 rats and IHC was performed in paraffin-embedded tissue sections.
Average of staining intensity (Integrated Optical Density, IOD) in oocytes and granulosa and
theca cells was calculated. Representative images of cytochrome C: control (A), CrVI-50
ppm (B), CrVI + RVT (C), histogram of average 10D (D); caspase-3: control (E), CrVI-50
ppm (F), CrVI + RVT (G), histogram of average 10D (H); Bcl-2: control (1), CrVI-50 ppm
), CrVI + RVT (K), histogram of average 10D (L); Bcl-XL: control (M), CrVI-50 ppm
(N), CrVI + RVT (0O), histogram of average 10D (P); HIF1a.: control (Q), CrVI-50 ppm (R),
CrVI + RVT (S), histogram of average 10D (T) are shown. The width of field for each image
is 220 or 350 um. Data are presented as the mean + SEM of 10 ovaries (2 ovaries/litter) from
F1 rats. *Control vs CrVI; **CrVI vs CrVI + RVT, P< 0.05.
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Mitigative effects of RVT on CrVI-induced oxidative stress in the ovary and plasma.
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Lactating dams (n = 5) were exposed to CrVI (50 ppm) in drinking water with or without

RVT treatment. Suckling F1 female offspring (n = 20) received respective treatments

through dam’s milk during PND 1-21. On PND 25, ovaries were harvested and levels of
free radicals (LPO and H,0,) were estimated in the plasma (A & C) and homogenates (B &
D) of the whole ovaries. Data are presented as the mean + SEM of 10 ovaries (2 ovaries/
litter) from F1 rats. *Control vs CrVI; **CrVI vs CrVI + RVT, P<0.05.
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Mitigative effects of RVT on CrVI-induced changes in antioxidant proteins. Lactating dams
(n =5) received CrVI (50 ppm) in drinking water with or without RVT, as described in
materials and methods. Suckling F1 female offspring (n = 20) received respective treatments
through dam’s milk during PND 1-21. On PND 25, ovaries were harvested from F1 rats and
IHC was performed in paraffin-embedded tissue sections. Average of staining intensity
(Integrated Optical Density, I0OD) in oocytes and granulosa and theca cells was calculated.
Representative images of GPx1: control (A), CrVI-50 ppm (B), CrVI + RVT (C), histogram
of average 10D (D); catalase: control (E), CrVI-50 ppm (F), CrVI + RVT (G), histogram of
average 10D (H); SOD1: control (1), CrVI-50 ppm (J), CrVI + RVT (K), histogram of
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average 10D (L); SOD2: control (M), CrV1-50 ppm (N), CrVI + RVT (O), histogram of
average 10D (P); PRDX3: control (Q), CrVI-50 ppm (R), CrVI + RVT (S), histogram of
average 10D (T); TXN2: control (U), CrVI-50 ppm (V), CrVI + RVT (W), histogram of
average 10D (X) are shown. The width of field for each image is 220 or 350 um. Data are
presented as the mean + SEM of 10 ovaries (2 ovaries/litter) from F1 rats. *Control vs CrVI,
**CrVIvs CrVI + RVT, P< 0.05.
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Mitigative effects of RVT on CrVI-induced changes in progesterone (P4), testosterone (T),
and estradiol (E,). Lactating dams (n = 5) were exposed to CrVI (50 ppm) in drinking water
with or without RVT treatment. Suckling F1 female offspring (n = 20) received respective
treatments through dam’s milk during PND 1-21. On PND 25, F1 females were euthanized,
and P4 (A), T (B), and E5 (C) in the serum were estimated. Data are presented as the mean +
SEM of 10 F1 rats (2 rats/litter). *Control vs CrVI; **CrVI vs CrVI + RVT, £<0.05.
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Fig. 7.

M?tigative effects of RVT on CrVI-induced changes in StAR, 3BHSD and aromatase.
Lactating dams (n = 5) received CrVI (50 ppm) in drinking water with or without RVT, as
described in materials and methods. Suckling F1 female offspring (n = 20) received
respective treatments through dam’s milk during PND 1-21. On PND 25, ovaries were
harvested from F1 rats and IHC was performed in paraffin-embedded tissue sections.
Average of staining intensity (Integrated Optical Density, IOD) in oocytes and granulosa and
theca cells was calculated. Representative images of StAR: control (A), CrVI-50 ppm (B),
CrVI1 + RVT (C), histogram of average 10D (J); 3BHSD: control (D), CrVI-50 ppm (E),
CrVI1 + RVT (F), histogram of average 10D (K); aromatase: control (G), CrVI-50 ppm (H),
CrVI + RVT (1), histogram of average 10D (L) are shown. The width of field for each image
is 220 or 350 um. Data are presented as the mean + SEM of 10 ovaries (2 ovaries/litter) from
F1 rats. *Control vs CrVI; **CrVI vs CrVI + RVT, P< 0.05.
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Fig. 8.
Mitigative effects of RVT on CrVI-induced changes in the gene expression of E;

metabolism in the ovary, kidney and liver. Lactating dams (n = 5) received CrV1 (50 ppm) in
drinking water with or without RVT, as described in materials and methods. Suckling F1
female offspring (n = 20) received respective treatments through dam’s milk during PND 1-
21. On PND 25, ovaries, kidney and liver were harvested from F1 rats, mRNA isolated and
real-time PCR was performed as described in materials and methods. Expression of Cyplal,
Cyplbl, Ugtlial, Ugtiaz, Ugtla3, Ugtla9, Sultlal, Ngol, Gstml, GstmZ2and Gsta4in the
ovary (A), kidney (B) and the liver (C). Data are presented as the mean + SEM of 10 ovaries
or kidney or liver (2 samples/litter) from F1 rats. *Control vs CrVI or CrVI + RVT, P< 0.05.
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Fig. 9.

chhematic diagram of regulation of E, metabolism by RVT against CrVI-toxicity. (1)
Cyplal and Cyplbl catalyze the conversion of E, into 2-OHE». (2) Ugtlial, Ugtla3and
Ugtl1a9 catalyze the conversion of 2-OHE?2 into 2-OHEZ2 glucuronide. (3) 2-OHE2 is
converted by peroxidases into E»-2,3-semiquinone (E-2,3-semQ). (4) GSH-S-transferases
(GSTs) convert E»-2,3-semQ into GSH-E; conjugates. (5) Ngol catalyzes the conversion of
E»-2,3-semQ into 2-OHE,. (6) Cyp1b1 catalyzes the conversion of E, into 4-OHE,. (7)
Ugtla3and Ugtlad catalyze the conversion of 4-OHE; into 4-OHE; glucuronide. (8) 4-
OHE; is converted by peroxidases into E,-3,4-semiquinones (E»-3,4-semQ). (9) GSTs
convert E»-3,4-semQ into GSH-E, conjugates. (10) Ngol converts E»-3,4-semQ into 4-
OHEo,. (11) Sultlal converts 4-OHE; into 4-OHE; sulphate; and E, into Ep-sulphate. (12)
Ugtlal, Ugtia3and Ugtia9catalyze the conversion of E, into E,-glucuronide. CrVI
upregulated Cyplal, Cyplbl, Ugtlial, Ugtia3, Ugtlia9and Ngol which was mitigated by
RVT. CrVI down regulated Gstm1, Gstm2and Gsta4 which was mitigated by RVT. (13)
Taken together, CrVI increased the metabolic clearance of E; in the ovary, kidney and liver
and decreased E, levels in the blood; and RVT mitigated the effects of CrVI, delayed the
clearance of E; from the blood by modulating the transcription of genes involved in Ep
metabolism.
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Table 2

Oligonucleotide primers.

CYP1Al_Forward
CYP1A1_Reverse
CYP1B1_Forward
CYP1B1_Reverse
UGT1AL_Forward
UGT1Al_Reverse
UGT1A2_Forward
UGT1A2_Reverse
UGT1A3_Forward
UGT1A3_Reverse
UGT1A9_Forward
UGT1A9_Reverse
SULT1ALl_Forward
SULT1ALl_Reverse
NQOL1_Forward
NQO1_Reverse
GSTA4_Forward
GSTA4_Reverse
GSTM1_Forward
GSTM1_Reverse
GSTM2_Forward
GSTM2_Reverse
B-Actin_Forward

B-Actin_Reverse

5’-TAA TCA AAG AGC ACT ACA GGA C -3’
5’-TGG ATC TTT CTC TGT ATC CTA G -3’

5’- GCT CAT CCT CTT TAC CAG ATA C -3’

5’- ATC AAA GTC CTC TGG GTT AGA C -3’
5-CTG CTG TGT ACT TCT TGAATG C -3’

5’- GGG TAA TCT TTC ACA AAG TCG T -3’

5’- ATC TCT ACG CAA ATT CTT GTG C -3’

5'- GAG TAG GTT CGG AAT ATA AGA G -3’

5’- CAT ACA CCA AGG AAG AGT ACA G -3’
5’- TAT TCT TCA CTC TGT CTA GGA AGC -3’
5’- ATA CTC AAT TCC TTACAC TGT G -3’

5’- GTC TAG GAA CAT AAG AAG GAA G -3’
5’-GTC TTG AAA CTT TGG AAG AGA C -3
5’- CAT AGA AGA GAT AGA GAA CAG G -3’
5’- AGG CTC TGA AGA AGA AAG GAT G -3
5’-GTC TTC TTATTC TGG AAA GGA C -3’

5’- GAG CCT AGC TTT AGC AGT GAA GAG -3’
5’- AGA GCT CTA TCT TGC CTC TGG AAT G -3’
5’-CGC CTG CTC CTG GAA TAC ACA GA -3’
5’- CAG GAA CTC AGA GTA GAG CTT CAT C -3’
5’- GAC ACT GGG TTA CTG GGA CAT CCG -3’
5’- CTC AGG GAG ACC CTC TAA GTACTC -3’
5’- CAA CCT TCT TGC AGC TCC TC -3’

5’- TTC TGA CCC ATA CCC ACC AT -3’
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