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Abstract

Objective—To evaluate the effects of resveratrol on growth and function of granulosa cells.
Previously, we have demonstrated that resveratrol exerts profound pro-apoptotic effects on theca-
interstitial cells.

Design—/n vitro study.

Setting—Research laboratory.

Animal(s)—Immature Sprague-Dawley female rats.

Intervention(s)—Granulosa cells were cultured in the absence or presence of resveratrol.

Main Outcome Measure(s)—DNA synthesis was determined by thymidine incorporation
assay; apoptosis by activity of caspases 3/7, cell morphology by immunocytochemistry,
steroidogenesis by mass spectrometry, anti-Millerian hormone (AMH) and vascular endothelial
growth factor (VEGF) expression by PCR and Western blots.

Result(s)—Resveratrol induced a biphasic effect on DNA synthesis, whereby a lower
concentration stimulated thymidine incorporation, and higher concentrations inhibited it.
Additionally, resveratrol slightly increased the cell number and modestly decreased the activity of
caspases 3/7 with no effect on cell morphology or progesterone production. However, resveratrol
decreased aromatization and VEGF expression, whereas AMH expression remained unaltered.

Conclusion(s)—Resveratrol, by exerting cytostatic but not cytotoxic effects together with
antiangiogenic actions mediated by decreased VEGF in granulosa cells, may alter the ratio of
theca-to-granulosa cells and decrease vascular permeability, and hence be of potential therapeutic
use in conditions associated with highly vascularized theca-interstitial hyperplasia and abnormal
angiogenesis, such as those seen in women with PCOS.
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INTRODUCTION

Resveratrol (3,5,4’-trihydroxystilbene) is a natural polyphenol synthesized by several plants
as a phytoalexin when under attack by pathogens such as bacteria or fungi. This
bioflavonoid is naturally found in mulberries, peanuts, several species of medicinal plants
and is present in the skin of grapes and thus in red wine (1). Resveratrol possesses a broad
spectrum of pharmacological and therapeutic properties such as anti-carcinogenic, anti-
oxidant and anti-inflammatory, as well as cardioprotective and neuroprotective effects (2-5).
In several cancer cell lines and primary cell culture systems, resveratrol has been shown to
exert anti-proliferative and pro-apoptotic properties (6, 7). However, little is known
regarding the role of resveratrol in such vital biological functions as reproduction and
ovarian function.

Recently, we have demonstrated that resveratrol inhibits ovarian theca-interstitial cell
growth by decreasing DNA synthesis and inducing pro-apoptotic effects as evidenced by an
increase in activity of executioner caspases 3 and 7, DNA fragmentation and the presence of
morphological changes consistent with apoptosis (7). Furthermore, we have shown that a
resveratrol-induced suppressive effect on theca cell proliferation was partly abrogated by the
addition of mevalonic acid, farnesyl pyrophosphate and geranylgeranyl pyrophosphate,
indicating a role of the mevalonate pathway in resveratrol-induced inhibition of theca-
interstitial cell growth (8). These effects may be relevant to potential use of this compound
in treatment of clinically important conditions associated with ovarian theca-interstitial
hyperplasia such as polycystic ovary syndrome (PCOS).

PCOS is the most common endocrine disorder in women of reproductive age, affecting 6.6—
8% of women in this age group (9). It is characterized by enlarged ovaries, highly
vascularized stroma, leading to increased androgen production and disrupted
folliculogenesis contributing to infertility (10). Granulosa cells are involved in key
physiological processes such as follicle growth, steroidogenesis and angiogenesis (11).
Previously, it has been shown that granulosa cells from subjects with PCOS are
characterized by reduced apoptotic activity and increased cell proliferation (12).
Additionally, granulosa cells from women with PCOS respond to FSH stimulation by
producing more estradiol than normal granulosa cells, indicating that the inherent capacity
of these cells to respond to FSH is retained (13). In polycystic ovaries, an increase in anti-
Muillerian hormone (AMH) output by granulosa cells from preantral and small antral
follicles has been reported, and this observation may be due to aberrant activity of the
granulosa cells in PCOS patients (14-16). Finally, increased serum levels and expression of
vascular endothelial growth factor (VEGF) in polycystic ovaries has been associated with
increased ovarian stromal blood flow and may contribute to the loss of intraovarian
autoregulatory mechanisms (10).

Therefore, the aim of the present study was to evaluate the biological effects of resveratrol
on granulosa cells, in comparison to our previous work on theca cells. To this end, we
studied actions of resveratrol on granulosa cell proliferation, apoptosis, steroidogenesis and
expression of AMH and VEGF.
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MATERIALS AND METHODS

Cell Culture and Reagents

The collection and purification of ovarian granulosa cells were performed as described
previously (17). The cells were counted, and viability, as assessed by the trypan blue
exclusion test, was routinely in the 40%-45% range, comparable to findings of others (18,
19). The granulosa cells were cultured on fibronectin-coated plates for up to 48 h at 37°C in
an atmosphere of 5% CO5 in humidified air in serum-free McCoy’s 5A culture medium
supplemented with 1% antibiotic/antimycotic mix, 0.1% BSA and 2mM L-glutamine. The
cells were incubated without (control) or with resveratrol (10-50 M) and supplemented
with FSH (30 ng/ml). In the experiments evaluating steroidogenesis, testosterone (0.5 M)
was added to serve as a substrate for aromatase. The doses of resveratrol were selected
based on our previous studies evaluating rat theca-interstitial cell proliferation (7, 8). All
chemicals were purchased from Sigma Chemical Co. (St. Louis, MO) except for ovine FSH,
which was obtained from the National Hormone & Pituitary Program at the Harbor-UCLA
Medical Center (Torrance, CA). All treatments and procedures were carried out in
accordance with accepted standards of human animal care as outlined in the National
Institutes of Health Guide for the Care and Use of Laboratory Animals and a protocol
approved by the Institutional Animal Care and Use Committee at the University of
California, Davis.

Cell proliferation assays

Cells were incubated for 24 and 48 h in 96-well fibronectin-coated plates at a density of
35,000 cells/well. DNA synthesis was determined through a thymidine incorporation assay.
Radiolabeled [3H] thymidine (1 .Ci/well) was added to the cells 24 h before the culture was
stopped. Subsequently, the cells were harvested with a multiwell cell harvester (PHD
Harvester; Cambridge Technology, Inc., Watertown, MA) and radioactivity was measured
in a liquid scintillation counter, Wallac 1409 (PerkinElmer, Shelton, CT).

Cell viability assays

The total number of viable cells was estimated using a CellTiter-Blue® Cell Viability Assay
(Promega, Madison, WI) two hours before the end of the culture period. Cells were
incubated for 24 and 48 h in 96-well fibronectin-coated plates at a density of 35,000 cells/
well. Fluorescence was determined with the use of a microplate reader (Fluostar Omega,
BMG, Durham, NC). To validate the assay, a standard curve with a known number of cells
was generated and a linear correlation was verified (r2 = 0.99, P<0.001).

Caspase-3/7 activity assay

The measurement of apoptosis in granulosa cells was performed using the Apo-ONE®
Homogeneous Caspase-3/7 Assay kit (Promega, Madison, WI1), following the
manufacturer’s instructions. Cells were incubated in 96-well fibronectin-coated plates at a
density of 20,000 cells/well at different time points (3, 6, 12, 24 and 48 h). Caspase-3/7
activity was measured using a microplate reader (Fluostar Omega, BMG Lab Technologies,
Durham, NC) at excitation wavelength 485 nm and emission wavelength 520 nm.
Caspase-3/7 activity was expressed per number of total viable cells.

DAPI nuclear and F-actin staining

Approximately 16,000 granulosa cells/well were seeded in duplicate in 8-well culture slides
(BD Biosciences, Bedford, MA) at different time points (24—-48 h) and then subjected to
DAPI and F-actin staining as previously described (20). Slides were examined under an
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Olympus BX61 fluorescent microscope at 40 X magnification (Olympus America, Melville,
NY).

Total RNA isolation and quantitative real-time PCR

Cells were seeded in 24-well fibronectin-coated plates at a density of 400,000 cells/well and
incubated for 24-48 h. RNA was isolated using the MagMAX-96 Total RNA Isolation kit
(Applied Biosystems, Foster City, CA) and the KingFisher robot (Thermo Scientific,
Vantaa, Finland). Reverse transcription of total RNA to cDNA was performed using High
Capacity cDNA Reverse Transcription kit for rt-PCR (Applied Biosystems, CA). PCR
reactions were set up in 28-pl volumes, consisting of 5 .l cDNA, 4.5 pl forward and 4.5 pl
reverse 900 nM primers and 14 pl of 2X SYBR Green PCR Master Mix (Applied
Biosystems).

Quantitative real-time PCR reactions were performed in triplicate using the ABI 7300 Real-
time PCR System (Applied Biosystems). Data were analyzed using SDS 1.4 software
(Applied Biosystems). The relative amount of target MRNA was expressed as a ratio
normalized to hypoxanthine phosphoribosyltransferase (HPRT). The primer sequences were
as follows: rat CYP19 forward (5-ACC ATC ATG GTC CCG GAA A-3’) and reverse (5’-
AGG CCC ATG ATC AGC AGA AG-3’); rat AMH forward (5'-GCT GCT GCT AGC
GAC TAT G-3”) and reverse (5'-AGA TGT AGG CTA GCA ACT G-3'); rat VEGF
forward (5"-ACA GAA GGG GAG CAG AAA GCC CAT-3") and reverse (5"-CGC TCT
GAC CAA GGC TCA CAG T-3'); rat HPRT forward (5’-TTG TTG GAT ATG CCC TTG
ACT-3") and reverse (5'-CCG CTG TCT TTT AGG CTT TG-3"). Since SYBR Green
detects double stranded DNA including primer dimers, contaminating DNA, and PCR
product from misannealed primer, a dissociation curve was run. By viewing a dissociation
curve, we ensured that the desired amplicon was detected.

Mass Spectrometry

Quantitation of steroids was performed using a novel Turbulent Flow Chromatography
(TFC) HPLC-MS/MS method that allowed the simultaneous detection of progesterone and
estradiol. The method has been described in detail previously (21). Briefly, quantitation was
done using selective reaction monitoring (SRM) mode to monitor protonated precursor —
product ion transition of m/z 315.2 — 97.1 for progesterone, 255.2 — 158.6 for estradiol.
The limits of detection (LOD) and quantification (LOQ) for progesterone were 50 and 125
pg/mL and estradiol 100 and 250 pg/mL.

Intra-assay accuracy and precision were determined at concentrations of 400 and 800 pg/
mL. Accuracy of the progesterone and estradiol analysis were within 5.3 + 0.9% and 7.5 £
1.1%, respectively, and precision was within 103 + 2.5% and 101 + 1.0% of the nominal
value.

Western blot analysis

Cells were cultured for 48 h and at the end of treatments, cell lysates were prepared as
previously described (22). Protein concentrations in the supernatant were determined using
Bio-Rad Protein Assay (Bio-Rad). For immunoblot analysis, 50 g of protein was resolved
in 12% sodium dodecyl sulfate-polyacrylamide gels and transferred to a nitrocellulose
membrane by electroblotting. Blots were blocked using blocking buffer (LI-COR
Biosciences), incubated with primary antibodies to AMH (1:250; Santa Cruz
Biotechnology), VEGF (1:200; Santa Cruz Biotechnology) and B-actin (1:40,000; Sigma
Aldrich), washed and incubated with the secondary antibodies: donkey anti-goat (1:5,000;
LI-COR Biosciences) and donkey anti-mouse (1:40,000; LI-COR Biosciences). Target
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proteins were detected with the Odyssey Infrared Imaging System (LI-COR Biosciences)
and band intensities normalized to B-actin.

Activity of 3-hydroxy-3-methylglutaryl coenzyme A reductase

The assay evaluating activity of 3-hydroxy-3-methylglutaryl coenzyme A reductase
(HMGCR) was performed as described previously (8). Briefly, the microsomal fraction of
granulosa cells was isolated and the conversion of [3-14C]-HMG-CoA to [14C]-mevalonic
acid and lactone was determined.

Statistical analysis

Statistical analysis was performed using JMP 9.0 software (SAS, Cary, NC). Data are
presented as the mean +SEM. Means were compared by analysis of variance followed by
post-hoc testing using Tukey’s HSD Test or Dunnet Test. When appropriate, data were
logarithmically transformed. A value of P<0.05 was considered statistically significant.

RESULTS

Effects of resveratrol on DNA synthesis

To determine whether resveratrol affects DNA synthesis, rat granulosa cells were cultured
for 24 and 48 h in the absence or presence of increasing doses of resveratrol (10-50 pM). As
shown in Figure 1A, exposure to resveratrol ranging from 30-50 wM induced a significant
inhibitory effect on DNA synthesis at 24 h, by up to 55 % (P <0.001) at the highest
concentration. However, at 48 h, resveratrol displayed a biphasic action, whereby a lower
concentration of resveratrol (10 M) stimulated thymidine incorporation by 54% (P <0.01),
whereas higher concentrations (30 and 50 M) decreased it, respectively, by 49% (P <0.05)
and 44% (P <0.05).

Effects of resveratrol on cell viability

To investigate the effect of resveratrol on cell viability, the MTS assay was performed after
treatment of granulosa cells with or without various concentrations of resveratrol (10-50
M) for 24 and 48 h. As presented in Figure 1B, resveratrol had no significant effect on the
number of viable cells at either time point, except for a modest increase by 19% (P <0.04)
induced by 10 wM resveratrol at 24 h.

Effects of resveratrol on caspase activation

To determine whether apoptosis has any role in the inhibitory effect of resveratrol on the
growth of granulosa cells, caspases 3/7 activity was measured in the absence or in the
presence of resveratrol (10-50 M) at various time points (3, 6, 12, 24 and 48 h). These
experiments included early time points to account for possible early actions of resveratrol
that may have cumulative long-term effects on ultimate end-points such as the number of
viable cells. As can be seen in Figure 1C, resveratrol at the lower concentration (10 M)
modestly protected granulosa cells from caspases 3/7 activation at the time points of 3 and
12 h, respectively, by 14% (P< 0.05) and 11% (P< 0.01). The caspases inhibition was no
longer evident after 24 or 48 h of exposure to resveratrol.

Effects of resveratrol on cell morphology

The effects of resveratrol on the nuclear morphology and cytoskeleton of granulosa cells are
presented in Figure 2. In the apoptotic process, the cell undergoes disassembly, which is
characterized by cell shrinkage, chromatin condensation, membrane blebbing, and lack of
preservation of organelle ultrastructural integrity (23, 24). As illustrated in Figure 2, after 24
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and 48-h exposure to increasing doses of resveratrol (10-50 M), the shape of the granulosa
cells appeared unaltered, with large oval-shaped nuclei and well organized F-actin fibers.

Effects of resveratrol on steroidogenesis

To determine the effect of resveratrol on steroid production, granulosa cells were cultured
for 24 and 48 h in the absence and the presence of resveratrol (10-30 M). To account for
resveratrol-related effects on the cell number, the production of steroids was expressed as
percentage control per unit of protein content in individual cultures. As presented in Figure
3A, resveratrol had no significant effect on progesterone levels at any of the tested
concentrations and time points. However, resveratrol induced a dose-dependent decrease in
estradiol levels at both time points: resveratrol (10-30 M) induced a significant inhibitory
effect on estradiol production, respectively, by 38% (P <0.001) and 62% (P <0.001) at 24 h
and by 33% (P <0.05) and 63 % (P <0.001) at 48 h (Fig. 3B).

To evaluate the effect of resveratrol on aromatase mMRNA expression in the same set of
experiments, quantitative rt-PCR reactions were performed. Aromatase cytochrome P450
(encoded by the CYP19 gene) is the key enzyme required for the biosynthesis of estrogens
from C19-steroid precursors and is expressed in granulosa cells (25). As shown in Figure
3C, resveratrol induced a concentration-dependent decrease in CYP19 mRNA expression.
After 48 h incubation, resveratrol at both tested concentrations significantly decreased
CYP19 transcripts, respectively, by 20% (P <0.05) and 45% (P <0.001).

Effects of resveratrol on AMH mRNA and protein expression

Because AMH plays a significant role in controlling the gonadotropin-independent stages of
ovarian follicle development, further experiments were carried out in order to determine
whether resveratrol (10-30 M) exerts any effect on AMH mRNA expression by granulosa
cells at 24 and 48 h. As shown in Figure 4A, resveratrol had no significant effect on AMH
MRNA levels at any of the tested concentrations.

To examine whether the absence of changes in AMH mRNA expression induced by
resveratrol was reflected at the protein level, the cells were treated without (control) or with
resveratrol (10-30 M) for 48 h. As presented in Figure 4B, no changes in AMH protein
expression were observed after resveratrol treatment.

Effects of resveratrol on VEGF mRNA and protein expression

Since vascular VEGF is a key pro-angiogenic factor involved in the regulation of follicle
growth and development of ovarian hyperstimulation syndrome (OHSS), quantitative rt-
PCR reactions were performed to evaluate whether resveratrol (10-30 M) has any effect
on VEGF mRNA expression after 24 and 48 h incubation. As shown in Fig 4C, resveratrol
30 uM significantly decreased VEGF mRNA expression at 24 and 48 h, respectively, by
42% (P <0.001) and 18% (P <0.05).

To evaluate whether the resveratrol-induced decrease in VEGF mRNA levels correlates with
a reduction in protein expression, the cells were cultured with or without resveratrol (10-30
M) for 48 h. As presented in Fig 4D, Western blot analysis showed that resveratrol 30 .M
decreased VEGF protein expression by 49% (P <0.03) compared to control.

Effects of resveratrol on HMGCR activity

In a previous study on theca cells, we observed that resveratrol inhibited HMGCR activity

(8). Since HMGCR may affect growth and function of cells, we studied HMGCR activity in
granulosa cells in the absence (control) or in the presence of resveratrol at 30 and 50 .M or
simvastatin (1 wM; positive control). Simvastatin significantly reduced HMGCR activity by

Fertil Steril. Author manuscript; available in PMC 2013 December 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Page 7

41% (P<0.001); however, resveratrol had no effect (HMGCR activity being at 110+3 and
100+1% of control, respectively, for resveratrol at 30 and 50 pM).

DISCUSSION

In the present study we have demonstrated that in cultures of granulosa cells, resveratrol
exerts effects greatly differing from its pro-apoptotic actions on theca-interstitial cells (7).
Specifically, in granulosa cells resveratrol: a) induces a biphasic effect on DNA synthesis,
whereby a lower concentration stimulates thymidine incorporation and higher concentrations
decrease it; b) slightly increases the number of viable cells; ¢) modestly decreases early
caspase activation, and does not affect cell morphology; d) does not alter progesterone levels
but decreases estrogen production and aromatase MRNA expression in a concentration-
dependent fashion; e) has no effect on AMH expression; f) decreases VEGF mRNA and
protein expression; and g) does not affect HMGCR activity.

Over the past decade, resveratrol has emerged as a prominent chemopreventive agent that
interferes with signaling pathways regulating cell proliferation and survival (26). Indeed,
this bioflavonoid has been shown to inhibit cell growth of different primary (7, 27, 28) and
human cancer cell lines (29-31). The underlying mechanisms of resveratrol-induced
inhibition of cell proliferation may be due to its ability to inhibit both ribonucleotide
reductase and DNA polymerase activities (32, 33), two key enzymes involved in DNA
synthesis, leading to cell growth inhibition at the S/G2 phase transition of the cell cycle (34,
35). However, the effects of resveratrol on cell growth are not universally inhibitory and
vary depending on the concentration, duration of the treatment and the cell type. In the
present study, resveratrol exerted an inhibitory effect on granulosa cell DNA synthesis at 24
h, however, when treatment exposure was extended to 48 h, we observed a biphasic effect of
resveratrol on DNA synthesis: at 10 M resveratrol increased thymidine incorporation but
reduced it at higher concentrations. A comparable biphasic effect of resveratrol on cell
proliferation has been previously reported in LNCaP cells (36), whereby low concentrations
of resveratrol (5-10 pM) stimulated and high concentrations (15-30 wM) inhibited DNA
synthesis. It has been suggested that this late increase in thymidine incorporation may be due
to the cells entering the S phase of the cell cycle involving signaling pathways that act over
several hours (36). This resveratrol-induced biphasic effect on rat granulosa cell growth
contrasts with our previous observations in rat theca-interstitial cells, whereby resveratrol
showed a potent dose-dependent inhibitory effect on cell growth after 48 h (7). Moreover, in
the same study, resveratrol also decreased the number of viable theca cells, in contrast with
the modest increase in granulosa cell viability observed in the present work. Taken together,
these findings suggest that resveratrol has distinctly different effects on proliferation of cells
in the theca and granulosa compartments.

Apoptosis or programmed cell death occurs in several physiological and pathological
situations (37). Typical apoptosis consists of four events at the execution stage: caspase
activation, internucleosomal DNA cleavage, chromatin condensation, and apoptotic
formation (38). In the present study, we observed a modest decrease in caspase-3/7 activity
and an absence of morphological changes consistent with apoptosis, suggesting that
resveratrol not only does not induce apoptosis but may even protect rat granulosa cells from
apoptosis. Previous studies have reported contradictory results regarding the role of
resveratrol in apoptosis: resveratrol has been shown to prevent apoptosis in several cell
types, including rat embryonic cells and human erythroleukemia K562 cells (39, 40),
whereas a pro-apoptotic effect of resveratrol has been demonstrated in both primary and
cancer cell lines (7, 41, 42). Interestingly, divergent effects of resveratrol on apoptosis may
occur in different cell types within the same organ. In the ovary, our previous /i vitro study
demonstrated that resveratrol increases the activity of executioner caspases 3 and 7,
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increases DNA fragmentation and induces progressive concentration- and time-dependent
morphological changes in rat theca-interstitial cells (7). In contrast, the present study shows
that resveratrol has a minimal effect on granulosa cell apoptosis. Since resveratrol exerts
different effects on apoptosis in two cellular compartments of the follicle, it is likely that it
may alter the balance between the relative number of theca and granulosa cells.

Proper regulation of apoptosis and proliferation is essential to sustain tissue homeostasis. In
light of the present findings, one may speculate that the overall anti-proliferative effect of
resveratrol on granulosa cells is not related to its pro-apoptotic properties, suggesting that
resveratrol affects granulosa cell growth by exerting mainly cytostatic, but not cytotoxic
effects. This observation may be of relevance to ovarian folliculogenesis, whereby the
bidirectional crosstalk between the oocyte and its surrounding granulosa cells (both cumulus
and mural) is crucial for normal follicle development (43-45).

According to the two-cell-two-gonadotropin theory, FSH is responsible for estrogen
production in granulosa cells by aromatization of androgens synthesized in theca cells (46).
In the present study, resveratrol had no effect on progesterone levels and induced a
concentration-dependent decrease in estradiol production and aromatase MRNA expression
in granulosa cells. This finding is in agreement with previous studies, whereby resveratrol
induced an inhibitory effect on aromatase gene expression and activity in placental cells
(47), breast cancer cells (48) and in human granulosa-luteal cells (49). Although the
underlying mechanisms of resveratrol-induced inhibition of aromatase is still poorly
understood, it has been suggested that both binding to estrogen receptors and/or a
modulation of cell signaling pathways may be involved (50). This resveratrol-induced
inhibitory effect on aromatization is in sharp contrast with a previous study, whereby
stimulation of steroidogenesis by a hydroxylated resveratrol analog was shown in a swine
granulosa cell model (51). These marked discrepancies on granulosa cell steroidogenesis
between the parent compound and the hydroxylated resveratrol analog may be due to the
fact that the hydroxyl group could act at a proximal point of the steroid biosynthetic
pathway, thus stimulating both progesterone and estradiol production.

AMH, a member of the transforming growth factor-p (TGF-g) family, was identified as a
factor that causes regression of the Millerian ducts during male fetal development (52). In
females, AMH is produced by granulosa cells of ovarian follicles and acts as a marker of
granulosa cell differentiation. AMH mRNA expression has been detected in granulosa cells
of primary follicles immediately after their formation in neonatal rats and mice, as well as in
granulosa cells of all secondary preantral stage follicles and small antral follicles. AMH
starts to diminish during further folliculogenesis from the small antral follicle stage onwards
(53). In the present study, resveratrol had no effect on either AMH mRNA or protein
expression in granulosa cells, suggesting that it did not induce differentiation/maturation of
these cells.

VEGF, a potent angiogenic mitogen, is an important mediator during the normal ovarian
cycle and has been shown to increase the permeability of blood vessels (54). In addition,
VEGF has been shown to play a prominent role in the pathophysiology of ovarian
hyperstimulation syndrome (OHSS), a condition frequently associated with polycystic
ovaries, whereby VEGF mediates increased vascular permeability and endothelial migration
at least partly through modulation of vascular endothelial (VE)-cadherin function (55). In
the present study, resveratrol decreased both VEGF mRNA and protein expression in
granulosa cells. Similarly, a resveratrol-induced decrease in VEGF expression has been
demonstrated in several human cancer cell lines (56-58). Additionally, Basini et al.
demonstrated that the treatment of swine granulosa cells with two resveratrol analogs,
hydroxylated and methylated forms, also decreased VEGF output (51). These observations
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may be relevant to the treatment of several gynecological disorders, as abnormalities in
ovarian angiogenesis contribute to OHSS seen in women with PCOS, to disorders of
ovulation, to subfertility and to endometriosis.

The most interesting findings of this study pertain to the inhibitory effects of resveratrol on
production of estrogen and VEGF by isolated granulosa cells. An important next logical step
will be to evaluate actions of resveratrol /7 vivo, in particular on steroidogenesis, as well as
to study effects of resveratrol on animal models of OHSS. One may hypothesize that
administration of resveratrol /n vivo may reduce aromatization and improve OHSS.
However, it is also possible that resveratrol may have adverse effects on folliculogenesis;
hence, an enthusiasm for potential therapeutic value of resveratrol needs to be tempered
until /n vivo studies are completed.

Keeping in mind the above cautionary comments, it is possible that the present findings may
have clinical relevance to conditions associated with highly vascularized ovaries, with thecal
hyperplasia, and altered growth and function of granulosa cells, such as seen in PCOS.
Previously, an increase of granulosa cell proliferation has been shown in early-growing
follicles in both anovulatory and ovulatory PCOS patients (12, 59). In addition, differences
in the rate of cell death and proliferation in granulosa cell populations have been reported in
PCOS (12). Thus, we speculate that resveratrol may alter the ratio of theca-to-granulosa-
cells, by inducing anti-proliferative and pro-apoptotic actions on theca cells and exerting a
cytostatic, but not cytotoxic effect, on granulosa cells. On the other hand, an over-expression
of VEGF has been shown in the dense hyperthecotic stroma of polycystic ovaries, which is
associated with increased ovarian stromal blood flow (54). Thus, the resveratrol-induced
suppressive effect on VEGF expression may be of potential relevance in treating disorders
related to increased vascular permeability and simultaneous over-expression of VEGF, such
as seen in OHSS.

In conclusion, the present study suggests that resveratrol exerts a cytostatic, but not
cytotoxic effect on rat granulosa cells. The present study also shows that resveratrol inhibits
granulosa cell aromatization and decreases VEGF expression in granulosa cells. These
actions may be of clinical relevance to conditions associated with highly vascularized theca-
interstitial hyperplasia and abnormal angiogenesis, such as those seen in women with PCOS.
Furthermore, these effects on granulosa cells also provide a rationale for new therapeutic
approaches to prevent and/or treat OHSS and other gynecologic conditions with excessive
VEGF expression and/or activity.
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Fig. 1.

(A) Effect of resveratrol (10-50 M) on proliferation. Granulosa cells were cultured in
chemically defined media supplemented with FSH (30 ng/ml) for 24 and 48 h in the absence
(control) or in the presence of resveratrol. Proliferation was evaluated by determination of
DNA synthesis (by thymidine incorporation). Results are presented as a percentage of
control. Each bar represents mean + SEM from two independent experiments (each with
N=8). Means with no superscripts in common are significantly different (P <0.05).

(B) Effect of resveratrol (10-50 M) on cell viability. Granulosa cells were cultured in
chemically defined media supplemented with FSH (30 ng/ml) for 24 and 48 h in the absence
(control) or in the presence of resveratrol. Cell viability was evaluated by estimation of the
number of viable cells using MTS assay. Results are presented as a percentage of control.
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Each bar represents mean = SEM from two independent experiments (each with N=8).
Means with no superscripts in common are significantly different (P <0.05).

(C) Effect of resveratrol (10-50 M) on activity of executioner caspases 3 and 7. Granulosa
cells were cultured in chemically defined media supplemented with FSH (30 ng/ml) for 3, 6,
12, 24 and 48 h in the absence (control) or in the presence of resveratrol. Caspase-3/7
activity was determined using Apo-ONE Homogeneous Caspase-3/7 Assay. Caspase
activity was calculated per number of viable cells (determined by MTS assay). Results are
presented as a percentage of control. Each bar represents mean + SEM from three
independent experiments (each with N=8); * denotes means significantly different from
control (P <0.05).
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Fig 2.

Effect of resveratrol (10-50 M) on cell morphology. Granulosa cells were cultured for 24 h
(A) and 48 h (B) in the absence (control) or in the presence of resveratrol, then fixed, stained
and visualized under a fluorescent microscope (40x magnification) as described in Material
and Methods. Nuclear staining with 4”,6-diamidino-2-phenylindole and F-actin was used to
observe morphological changes. Control (a), Resveratrol 10 uM (b), Resveratrol 30 .M (c),
Resveratrol 50 uM (d).
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(A, B) Effect of resveratrol (10-30 M) on progesterone (A) and estradiol (B) production.
Granulosa cells were cultured for 24 and 48 h in chemically defined media supplemented
with FSH (30 ng/ml) and testosterone (0.5 M) in the absence (control) or in the presence of
resveratrol. Progesterone and estrogen levels were determined using liquid chromatography-
mass spectrometry. Results are presented as a percentage of control. Each bar represents
mean + SEM from three independent experiments (each with N=4). Means with no
superscripts in common are significantly different (P <0.05).

(C) Effect of resveratrol on CYP19 mRNA expression. Granulosa cells were cultured for 24
and 48 h in chemically defined media supplemented with FSH (30 ng/ml) and testosterone
(0.5 M) in the absence (control) or in the presence of resveratrol. Total cellular RNA was
isolated, and mRNA expression was determined using quantitative real-time PCR reactions
and normalized to HPRT mRNA levels. Results are presented as a percentage of control.
Each bar represents mean + SEM from three independent experiments (each with N=4).
Means with no superscripts in common are significantly different (P <0.05).
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(A) Effect of resveratrol (10-30 pM) on AMH mRNA expression. Granulosa cells were
cultured for 24 and 48 h in chemically defined media supplemented with FSH (30 ng/ml)
and testosterone (0.5 M) in the absence (control) or in the presence of resveratrol. Total
cellular RNA was isolated, and mRNA expression was determined using quantitative real-
time PCR reactions and normalized to HPRT mRNA levels. Results are presented as a
percentage of control. Each bar represents mean + SEM from three independent experiments
(each with N=4). Means with no superscripts in common are significantly different (P
<0.05).

(B) Effect of resveratrol (10-30 M) on AMH protein expression. Granulosa cells were
cultured for 48 h in chemically defined media supplemented with FSH (30 ng/ml) and
testosterone (0.5 wM) in the absence (control) or in the presence of resveratrol. AMH
protein level was determined by Western blot analysis and normalized to B-actin. One of
three representative blots is shown. Results are presented as a percentage of control. Each
bar represents mean £ SEM from three independent experiments (each with N=1). Means
with no superscripts in common are significantly different (P <0.05).

(C) Effect of resveratrol (10-30 M) on VEGF mRNA expression. Granulosa cells were
cultured for 24 and 48 h in chemically defined media supplemented with FSH (30 ng/ml)
and testosterone (0.5 M) in the absence (control) or in the presence of resveratrol. Total
cellular RNA was isolated, and mRNA expression was determined using quantitative real-
time PCR reactions and normalized to HPRT mRNA levels. Results are presented as a
percentage of control. Each bar represents mean + SEM from three independent experiments
(each with N=4). Means with no superscripts in common are significantly different (P
<0.05).

(D) Effect of resveratrol (10-30 M) on VEGF protein expression. Granulosa cells were
cultured for 48 h in chemically defined media supplemented with FSH (30 ng/ml) and
testosterone (0.5 wM) in the absence (control) or in the presence of resveratrol. VEGF
protein level was determined by Western blot analysis and normalized to B-actin. One of
three representative blots is shown. Results are presented as a percentage of control. Each
bar represents mean £ SEM from three independent experiments (each with N=1). Means
with no superscripts in common are significantly different (P <0.05).
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