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Resveratrol stimulates StAR expression and
progesterone production by GPER-mediated
downregulation of Snail expression in human
granulosa cells
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Abstract

Steroidogenic acute regulatory protein (StAR) plays a critical role in the regulation of progesterone (P4) production.
Resveratrol (RSV), a natural polyphenol, has beneficial effects on reproductive function. However, its effects on StAR
expression and P4 production in human granulosa cells remain undetermined. In this study, we showed that treatment
of RSV upregulated StAR expression in human granulosa cells. G protein-coupled estrogen receptor (GPER) and ERK1/2
signaling were involved in RSV-stimulated StAR expression and P4 production. In addition, the expression of a tran-
scriptional repressor, Snail, was downregulated by RSV, which contributed to the RSV-induced inductions of StAR
expression and P4 production.
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1. Introduction

S teroidogenesis is one of the pivotal functions of
the ovary. Progesterone (P4) is known as the

pregnancy hormone in females and also plays a
significant role during the normal menstruation
cycle. To ensure a normal pregnancy, P4 production
by the corpus luteum is required until the placenta
becomes competent to take over the role of P4
synthesis and production. Inadequate P4 production
can lead to luteal phase deficiency, which is one of
the major causes of female infertility [1]. Steroid
hormones are produced from cholesterol. Human
steroidogenic acute regulatory protein (StAR) is
synthesized as a 37-kDa preprotein in the cytoplasm
and then imported into mitochondria, where it is
processed to yield a 30-kDa mature protein by
cleavage of a N-terminal mitochondrial import

sequence. StAR-mediated transportation of choles-
terol from the outer to the inner membrane of the
mitochondria acts as a vital step for steroidogenesis
[2,3]. Granulosa cells, including cumulus cells and
mural granulosa cells, are located in the ovarian
follicles and are essential for normal oocyte devel-
opment and steroid hormone production. In the
ovary, the expression of StAR in granulosa cells is
primarily regulated by follicle-stimulating hormone
(FSH) and luteinizing hormone (LH) through the
cAMP-PKA signaling pathway [4].
Resveratrol (RSV), a stilbenoid natural poly-

phenol, exists in more than 70 types of plants but is
highly concentrated in the skin of red grapes. RSV
has been reported to have various health benefits,
especially in the prevention of chronic diseases, due
to its antioxidant and anti-inflammatory properties
[5]. Increasing evidence from both in vitro

Received 13 December 2022; accepted 22 March 2023.
Available online 15 June 2023

* Corresponding author at: Center for Reproductive Medicine, Henan Key Laboratory of Reproduction and Genetics, The First Affiliated Hospital of
Zhengzhou University, 40, Daxue Road, Zhengzhou, Henan, China.
** Corresponding author at: Center for Reproductive Medicine, Henan Key Laboratory of Reproduction and Genetics, The First Affiliated Hospital of
Zhengzhou University, 40, Daxue Road, Zhengzhou, Henan, China.
E-mail addresses: jungchien.cheng@gmail.com (J.-C. Cheng), fanglly@163.com (L. Fang).

https://doi.org/10.38212/2224-6614.3460
2224-6614/© 2023 Taiwan Food and Drug Administration. This is an open access article under the CC-BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

O
R
IG

IN
A
L
A
R
T
IC

L
E

mailto:jungchien.cheng@gmail.com
mailto:fanglly@163.com
https://doi.org/10.38212/2224-6614.3460
http://creativecommons.org/licenses/by-nc-nd/4.0/


experiments and in vivo studies using animals and
humans reveals the beneficial effects of RSV on both
male and female reproductive function [6,7]. How-
ever, because of its hormetic property and the uses
of different experimental models and conditions,
several controversial results regarding the biological
effects of RSV are observed [8]. RSV treatment in-
creases P4 production in bovine granulosa and
cumulus cells, as well as in cultured rabbit ovarian
fragments [9e11]. In pigs, P4 production is stimu-
lated by RSV in granulosa cells, but it is suppressed
by RSV in cultured ovarian follicles [12,13]. Notably,
regardless of the effects of RSV on P4 production,
thus far, the regulatory role of RSV in StAR
expression in human granulosa cells is unclear. We
have reported that epigallocatechin-3-gallate, a
green tea polyphenol, stimulates StAR expression
and P4 production in human granulosa cells [14].
Recent studies show that RSV protects human
granulosa cells from oxidative stress [15,16]. How-
ever, whether the StAR expression and P4 produc-
tion are affected by RSV in human granulosa cells
remains unknown.
The present study was designed to examine the

effect of RSV on StAR expression and P4 production
in human granulosa cells. To make the experiments
more technically feasible, especially for those gene
silencing and overexpression, we used KGN, a
human granulosa-like tumor cell line, as our major
in vitro model because this cell line retains many
normal physiological characteristics of granulosa
cells, including steroidogenesis [17]. In addition,
primary human granulosa-lutein (hGL) cells ob-
tained from patients undergoing in vitro fertilization
(IVF) were also used to investigate the effects and
related underlying molecular mechanisms of RSV
on StAR expression and P4 production in human
granulosa cells.

2. Methods

2.1. Antibodies and reagents

The p-ERK1/2 (#9106), ERK1/2 (#9102), p-AKT
(#9271), AKT (#9272), Snail (#3895), and Slug
(#9585) antibodies were purchased from Cell
Signaling Technology. The StAR (#sc-166821) and
a-tubulin (#sc-23948) antibodies were purchased
from Santa Cruz Biotechnology. The StAR anti-
body only detects the mature form of StAR (30-
kDa). The GPER (#ab154069) antibody was pur-
chased from Abcam. The resveratrol was obtained
from Sigma. The G-15 and U0126 were obtained
from Cayman.

2.2. Cell culture

The human granulosa cell tumor-derived cell line,
KGN [17], was kindly provided by Professor Aaron
Hsueh in the Department of Obstetrics and Gyne-
cology at Stanford University. The primary human
granulosa-lutein (hGL) cells were purified by density
centrifugation from follicular aspirates collected from
women undergoing oocyte retrieval, as previously
described [18]. The using of clinical samples received
approval and was carried out in accordance with the
approved guidelines from the Zhengzhou University
Research Ethics Board. Both KGN and primary hGL
cells were cultured in a humidified atmosphere con-
taining 5% CO2 and 95% air at 37 �C in Dulbecco's
Modified Eagle Medium/nutrient mixture F-12 Ham
medium (DMEM/F-12; Gibco) supplemented with
10% FBS (HyClone), 100 U/mL of penicillin and
100 mg/mL of streptomycin sulfate (Boster). Individual
primary cultures were composed of cells from one
individual patient. Each experiment was repeated at
least three times, and each time used cells derived
from different patients or different passages.

2.3. Reverse transcription quantitative real-time
PCR (RT-qPCR)

Total RNA was extracted with TRIzol (Invitrogen)
according to the manufacturer's instructions. RNA
(1 mg) was reverse-transcribed into first-strand
cDNA with the iScript Reverse Transcription Kit
(Bio-Rad Laboratories). Each 20 mL qPCR reaction
contained 1X SYBR Green PCR Master Mix
(Applied Biosystems), 60 ng of cDNA, and 250 nM of
each specific primer. The primers used were 50-AAA
CTT ACG TGG CTA CTC AGC ATC-30 (sense) and
50-GAC CTG GTT GAT GCT CTT G-30 (antisense)
for steroidogenic acute regulatory protein (StAR)
and 50-GAG TCA ACG GAT TTG GTC GT-30

(sense) and 50-GAC AAG CTT CCC GTT CTC AG-30

(antisense) for GAPDH. The qPCR was performed
on an Applied Biosystems QuantStudio 12K Flex
system equipped with 96-well optical reaction
plates. The specificity of each assay was validated by
melting curve analysis and agarose gel electropho-
resis of the PCR products. All of the RT-qPCR ex-
periments were run in triplicate, and a mean value
was used to determine the mRNA levels. RNase-
free water and mRNA without RT were used as
negative controls. Relative quantification of the
mRNA levels was performed using the comparative
Ct method with GAPDH as the reference gene and
using formula 2eDDCt.
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2.4. Western blot analysis

Cells were lysed in cell lysis buffer (Cell Signaling
Technology) supplemented with a protease inhibitor
cocktail (Sigma). The protein concentration was
measured by the BCA protein assay kit (Thermo
Scientific). Samples with an equal amount of protein
were separated by SDS-polyacrylamide gel electro-
phoresis and transferred to PVDF membranes (Bio-
Rad Laboratories). After 1 h blocking at room tem-
perature with 5% non-fat dry milk in Tris-buffered
saline (TBS), the membranes were incubated over-
night at 4 �C with primary antibodies diluted in 5%
non-fat milk/TBS. Following primary antibody in-
cubation, the membranes were washed with TBS and
subsequently incubated with appropriate HRP-con-
jugated secondary antibodies (Bio-Rad Laboratories).
The immunoreactive bands were detected with an
enhanced chemiluminescence kit and imaged with a
ChemiDoc MP Imager (Bio-Rad Laboratories).

2.5. Small interfering RNA (siRNA) transfection
and Snail overexpression

To knock down endogenous GPER, ERK1, ERK2,
or Snail, KGN cells were transfected with 50 nM
ON-TARGETplus SMARTpool siRNA targeting for
the specific gene (Dharmacon) using Lipofectamine
RNAiMAX (Invitrogen). The siCONTROL NON-
TARGETING pool siRNA (Dharmacon) was used as
the transfection control. To overexpress Snail, KGN
cells were transfected with 1 mg empty pCMV vector
or vector encoding a full-length of human Snail
gene (GeneChem) using Lipofectamine 3000
(Invitrogen).

2.6. ELISA assay for progesterone

Progesterone (P4) levels were measured using an
ELISA Kit (#582601, Cayman) as per the manufac-
turer's instructions. The interassay CV and intra-
assay CV for P4 ELISA were <10%. The analytical
sensitivity of P4 ELISA was 10 pg/mL. P4 levels in
culture media were normalized to protein concen-
trations from corresponding cell lysates.

2.7. MTT assay

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) (Sigma) assay was used to
determine cell viability. Cells were seeded in 24-well
plates (1 � 104 cells/well in 500 mL of medium) and
treated with vehicle control (DMSO) or resveratrol.
MTTwas added to afinal concentration of 0.5mg/mL,
the cells were incubated for 4 h, and themediumwas

removed. DMSO was added to each well, and ab-
sorbances were measured at 570 nm using a micro-
plate reader.

2.8. Statistical analysis

The results are presented as the mean ± SEM of at
least three independent experiments. All statistical
analyses were analyzed by the PRISM software.
Multiple comparisons were analyzed by one-way
ANOVA, followed by Tukey's multiple comparison
tests. For experiments involving only two groups,
data were analyzed by t test. A significant difference
was defined as p < 0.05. Values that are statistically
different from one another ( p < 0.05) are indicated
by different letters. The values with any common
letter are not significantly different.

3. Results

3.1. RSV upregulates StAR expression in both KGN
and hGL cells

To determine the effect of RSV on StAR expres-
sion, KGN cells were treated with 10 mM RSV for 12
and 24 h, and the mRNA levels of StAR were
analyzed by RT-qPCR. As shown in Fig. 1A, 12 h of
RSV treatment did not affect the mRNA levels of
StAR. However, the mRNA levels of StAR were
significantly upregulated after 24 h of RSV treat-
ment. Western blot analysis showed a similar effect
that 24 h of RSV treatment upregulated StAR pro-
tein levels in KGN cells (Fig. 1B). In mice and rats,
the peak concentrations of plasma levels of RSV
after RSV administration were 32 mM and 8.1 mM,
respectively [19,20]. In humans, after 1 h of a single
dose of oral ingestion of RSV (5 mg and 1 g), the
plasma RSV concentration could reach 0.6 mM and
137 mM, respectively [21]. Thus, next, we examined
the effect of different concentrations of RSV on StAR
expression in KGN cells. While treatment of 0.1 or
0.3 mM RSV had no significant effect, StAR mRNA
levels were significantly upregulated by exposure to
1, 3, or 10 mM RSV with a comparable effect
(Fig. 1C). A similar stimulatory effect of RSV on
StAR protein levels was observed by the Western
blot analysis (Fig. 1D). Therefore, 1 mM RSV was
used for the following experiments for KGN cells.
To further confirm the stimulatory effect of RSV on
StAR expression in human granulosa cells, primary
hGL cells purified from follicular aspirates of IVF
patients were used. As shown in Fig. 2A, treatment
with 10 mM RSV for 24 h upregulated protein levels
of StAR in primary hGL cells. Similar to the results
obtained from KGN cells, RSV stimulated StAR
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protein levels in a dose-dependent manner with a
significant effect observed by the treatment of 3 or
10 mM RSV (Fig. 2B). Therefore, 3 mM RSV was used
for the following experiments for primary hGL cells.

3.2. RSV upregulates StAR expression by acting
through GPER

RSV inhibits voltage-gated potassium channels by
binding to the G protein-coupled estrogen receptor
(GPER), which is also known as GPR30 [22]. To
examine whether GPER is involved in RSV-stimu-
lated StAR expression, a GPER selective antagonist
G-15 was used to block the function of GPER [23].
As shown in Fig. 3A, pretreatment with G-15
increased basal StAR protein levels, which may

be attributed to the off-target effect of the pharma-
cological inhibitor. Nevertheless, the stimulatory
effect of RSV on StAR protein levels in KGN cells
was attenuated by pretreatment with G-15. Simi-
larly, inhibition of GPER attenuated the stimulatory
effect of RSV on StAR protein levels in primary hGL
cells (Fig. 3B). To avoid the off-target effect from the
pharmacological inhibitor, the involvement of GPER
in RSV-induced upregulation of StAR expression
was further confirmed by using a siRNA-mediated
knockdown approach. As shown in Fig. 3C, trans-
fection with GPER-specific siRNA significantly
downregulated endogenous GPER protein levels.
The siRNA-mediated knockdown of GPER did not
affect the basal protein levels of StAR but attenuated
the RSV-upregulated StAR protein levels.

Fig. 1. RSV stimulates StAR expression inKGN cells. A and B, Cells were treatedwith 10mMRSV for 12 and 24 h. ThemRNA (A) and protein (B) levels of
StARwere examined by RT-qPCR andWestern blot, respectively. C andD, Cells were treatedwith 0.1, 0.3, 1, 3, or 10 mMRSV for 24 h. The StARmRNA
levels (C) and protein levels (D) were examined by RT-qPCR andWestern blot, respectively. The results are expressed as themean± SEMof at least three
independent experiments. Values that are statistically different from one another ( p < 0.05) are indicated by different letters.
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3.3. ERK1/2 signaling mediates RSV-upregulated
StAR expression

Activated GPER can lead to the activation of MEK/
ERK1/2 and PI3K/AKT signaling pathways [24]. To
examine whether RSV activates these signaling
pathways, KGN cells were treated with RSV for
10 min. As shown in Fig. 4A, RSV treatment acti-
vated ERK1/2 but not AKT signaling in KGN cells.
Cell lysates obtained from KGN cells treated with
amphiregulin, an epidermal growth factor receptor
(EGFR) ligand, were used as positive controls for the
activations of ERK1/2 and AKT signaling pathways
[25]. Similarly, treatment with RSV also activated
ERK1/2 in hGL cells (Fig. 4B). Next, we used a
specific MEK inhibitor, U0126, to determine
whether the ERK1/2 signaling pathway is required
for RSV-induced upregulation of StAR expression.
As shown in Fig. 4C and D, due to the off-target
effect, pretreatment with U0126 increased the basal
protein levels of StAR, which is consistent with our
previous study [26]. However, inhibition of ERK1/2
signaling blocked the RSV-induced upregulation of
StAR protein levels in both KGN and primary hGL
cells. To further confirm the involvement of ERK1/2
signaling in RSV-induced StAR expression and
prevent the off-target effect of the MEK inhibitor,
the expression of endogenous ERK1 and ERK2 were
knocked down by co-transfecting KGN cells with
ERK1 and ERK2 siRNAs. As shown in Fig. 4E, the
knockdown of ERK1/2 blocked the stimulatory effect

of RSV on StAR protein levels in KGN cells. Taken
together, these results indicate that the RSV-
induced upregulation of StAR expression is medi-
ated by the ERK1/2 signaling.

3.4. RSV stimulates StAR expression by suppressing
the expression of transcriptional repressor Snail

We have shown that transforming growth factor
beta-1 (TGF-b1) can inhibit StAR expression in
human granulosa cells [27]. In addition, RSV sup-
presses TGF-b1-induced epithelial-to-mesenchymal
transition (EMT) by inhibiting the expression of
transcriptional repressors, Snail and Slug [28]. Next,
we were interested in determining whether the
expression of Snail and Slug can be affected by RSV
and contributes to the RSV-stimulated StAR
expression in human granulosa cells. As shown in
Fig. 5A, treatment of KGN cells with RSV down-
regulated Snail protein levels without affecting the
protein levels of Slug. We noticed that the basal
protein levels of Snail were upregulated through the
increase in culture time. However, we do not know
the exact factor that caused this result. Nevertheless,
the inhibitory effect of RSV on Snail protein levels
was blocked by the inhibition of GPER and ERK1/2
signaling (Fig. 5B and C). To further confirm the role
of Snail in the regulation of StAR expression, gain-
and loss-of-function approaches were applied. As
shown in Fig. 5D, the siRNA-mediated knockdown
of Snail upregulated the protein levels of StAR in

Fig. 2. RSV stimulates StAR expression in primary hGL cells. A, Cells were treated with 10 mM RSV for 12 and 24 h. The protein levels of StAR were
examined by Western blot. B, Cells were treated with 0.1, 0.3, 1, 3, or 10 mM RSV for 24 h. The StAR protein levels were examined by Western blot.
The results are expressed as the mean ± SEM of at least three independent experiments. Values that are statistically different from one another
( p < 0.05) are indicated by different letters.
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KGN cells. In addition, the overexpression of Snail
blocked the stimulatory effect of RSV on StAR pro-
tein levels (Fig. 5E).

3.5. GPER/ERK1/2-mediated downregulation of
Snail contributes to the RSV-stimulated P4
production

Given the important role of StAR protein in the
regulation of P4 production, we next examined the
effect of RSVonP4production. ELISA results showed

that KGN cells stimulated with RSV increased the
production of P4. This stimulatory effect was blocked
by the inhibition of GPER and ERK1/2 signaling
(Fig. 6A). Similarly, the stimulatory effect of RSV on
P4 production was also observed in primary hGL
cells. Consistent with the results obtained from KGN
cells, activations of GPER and ERK1/2 signaling were
required for RSV-induced P4 production in primary
hGL cells (Fig. 6B). Moreover, in KGN cells, the RSV-
stimulated P4 production was attenuated by the
overexpression of Snail (Fig. 6C). Next, we usedMTT

Fig. 3. GPER mediates RSV-induced StAR expression. A and B, KGN (A) and primary hGL (B) cells were pretreated with vehicle control (DMSO) or
1 mMG-15 for 1 h, and then treated with RSV (1 mM for KGN cells and 3 mM for primary hGL cells) for 24 h. The StAR protein levels were examined
by Western blot. C, KGN cells were transfected with 50 nM control siRNA (si-Ctrl) or GPER siRNA (si-GPER) for 48 h, and then treated with 1 mM
RSV for 24 h. The StAR and GPER protein levels were examined by Western blot. The results are expressed as the mean ± SEM of at least three
independent experiments. Values that are statistically different from one another ( p < 0.05) are indicated by different letters.
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assay to determine whether the effect of RSV on P4
production could be influenced by changes in cell
viability. MTT assay showed that 24 h treatment of
RSVdid not significantly influence the cell viability in
both KGN and primary hGL cells (Fig. 6D).

4. Discussion

Increasing evidence from both in vitro and in vivo
studies suggests that dietary polyphenols,

including RSV, play an important role in the pre-
vention of chronic diseases and have beneficial
effects on reproductive health [29]. These benefits
can be attributed to the suppressive effects of RSV
in oxidative stress and inflammation. In a context-
dependent manner, RSV regulates physiological
functions through numerous signaling pathways.
However, only a few molecular mechanisms have
been delineated that mediate the function of RSV
in the ovary [30]. Although the differential effects

Fig. 4. Activation of ERK1/2 signaling is required for the RSV-induced StAR expression. A, KGN cells were treated with 1 mM RSV for 10 min. The
levels of phosphorylated and total forms of ERK1/2 and AKT were determined by Western blot. KGN cells treated with 10 ng/mL amphiregulin
(AREG) for 10 min were used as positive controls for the activations of ERK1/2 and AKT signaling pathways. B, Primary hGL cells were treated with
3 mMRSV for 10 min. The levels of phosphorylated and total forms of ERK1/2 were determined by Western blot. C and D, KGN (C) and primary hGL
(D) cells were pretreated with vehicle control (DMSO) or 1 mMU0126 for 1 h, and then treated with RSV (1 mM for KGN cells and 3 mM for primary
hGL cells) for 24 h. The StAR protein levels were examined by Western blot. E, KGN cells were transfected with 50 nM control siRNA (si-Ctrl) or
ERK1þERK2 siRNAs (si-ERK1/2) for 48 h, and then treated with 1 mMRSV for 24 h. The StAR and ERK1/2 protein levels were examined by Western
blot. The results are expressed as the mean ± SEM of at least three independent experiments. Values that are statistically different from one another
( p < 0.05) are indicated by different letters.
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of RSV on ovarian P4 production have been re-
ported in different animal models, whether RSV
affects P4 production in human granulosa cells
remains undefined. In KGN cells, some phytoes-
trogens, including RSV, can upregulate StAR
expression [31]. In the present study, we showed
that RSV upregulated StAR expression and P4
production in both KGN and primary hGL cells.
The stimulatory effects of RSV on StAR expression
and P4 production were mediated by GPER, ERK1/
2, and Snail signaling.

Because RSV has a chemical structure similar to
that of some estrogens, it is considered a natural
phytoestrogen [32]. It is known that GPER mediates
non-genomic estrogen signaling [33]. Some plant-
derived polyphenolic compounds, including RSV,
can bind to GPER [34]. Using a selective GPER
antagonist, G-15, and siRNA-mediated knockdown
approach, our results revealed that the action of
GPER was involved in RSV-induced StAR expres-
sion in human granulosa cells. Signaling through
GPER occurs via transactivation of the EGFR. This

Fig. 5. Downregulation of Snail is required for RSV-induced StAR expression. A, KGN cells were treated with 1 mM RSV for 3 and 6 h. The protein
levels of Snail and Slug were examined by Western blot. B and C, KGN cells were pretreated with vehicle control (DMSO), 1 mM G-15 (B) or 1 mM
U0126 (C) for 1 h, and then treated with 1 mM RSV for 6 h. The Snail protein levels were examined by Western blot. D, KGN cells were transfected
with 50 nM control siRNA (si-Ctrl) or Snail siRNA (si-Snail) for 48 h. The StAR and Snail protein levels were examined by Western blot. E, KGN
cells were transfected with 1 mg control vector (pCMV) or vector containing Snail (pCMV-Snail) for 48 h, and then treated with 1 mM RSV for 24 h.
The protein levels of StAR and Snail were examined by Western blot. The results are expressed as the mean ± SEM of at least three independent
experiments. Values that are statistically different from one another (p < 0.05) are indicated by different letters.
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effect can be achieved by activating metal-
loproteinases which cleave pro-heparin-binding-
epidermal growth factor (HB-EGF) and release free
HB-EGF. HB-EGF then binds and activates EGFR
leading to downstream activation of signaling mol-
ecules, such as ERK1/2 [35,36]. Our recent study
demonstrates that HB-EGF induces upregulation of
StAR expression and P4 production in both KGN
and primary hGL cells and these effects require the
EGFR-mediated activation of the ERK1/2 signaling
pathway [26]. In the present study, our results
showed that activation of ERK1/2 signaling was
involved in RSV-stimulated StAR expression and P4
production in both KGN and primary hGL cells.
Therefore, it is possible that transactivation of the
EGFR is also involved in the stimulatory effects of
RSV on StAR expression and P4 production in
human granulosa cells. Further investigation could
be conducted to test this hypothesis.

Snail and Slug are transcriptional repressors [37].
They play a critical role during the EMT by sup-
pressing E-cadherin expression through binding to
the E-boxes in its proximal promoter [38]. The
members of the TGF-b superfamily, such as TGF-b1,
activins, and growth differentiation factor-8, can
stimulate Snail and Slug expression [39e42].
Notably, our research group has shown that all
these factors can downregulate StAR expression in
human granulosa cells [27,43,44]. However, whether
Snail or Slug participates in the StAR expression is
unknown. In the present study, we showed that only
the expression of Snail but not that of Slug was
downregulated by RSV in human granulosa cells.
Using gain- and loss-of-function approaches, we
demonstrated that downregulation of Snail was
required for the RSV-induced StAR expression. We
do not know whether Snail can bind directly to the
StAR promoter. To date, many transcription factors

Fig. 6. GPER/ERK1/2-mediated downregulation of Snail contributes to the RSV-stimulated P4 production. A and B, KGN (A) and primary hGL (B)
cells were pretreated with vehicle control (DMSO), 1 mMG-15, or 1 mMU0126 for 1 h, and then treated with RSV (1 mM for KGN cells and 3 mM for
primary hGL cells) for 36 h. Progesterone levels in culture media were examined using ELISA. C, KGN cells were transfected with 1 mg control vector
(pCMV) or vector containing Snail (pCMV-Snail) for 48 h, and then treated with 1 mM RSV for 36 h. Progesterone levels in culture media were
examined using ELISA. D, KGN (left panel) and primary hGL (right panel) cells were treated with 1 mM and 3 mM RSV for 36 h, respectively. The
cell viability was examined by MTT assay. The results are expressed as the mean ± SEM of at least three independent experiments. Values that are
statistically different from one another ( p < 0.05) are indicated by different letters.
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have been identified to regulate the expression of
StAR in gonads [45]. Among them, steroidogenic
factor-1 (SF-1) is the most known transcription fac-
tor that mediates the expression of StAR [46]. E-box
has been identified in the SF-1 promoter and is
required for its expression [47]. Therefore, it is
possible that RSV reduces Snail expression, which
stimulates SF-1 expression and that contributes to
the upregulation of StAR expression. Thus, the
investigation of whether Snail can affect the
expression of SF-1 and subsequently contribute to
the regulation of StAR in human granulosa cells will
be of great interest.

5. Conclusions

In summary, the present study, for the first time,
reports that the StAR expression and P4 production
in human granulosa cells can be upregulated in
response to the RSV treatment. The stimulatory ef-
fects of RSV on StAR expression and P4 production
are mediated by GPER/ERK1/2 signaling. In addi-
tion, RSV-induced downregulation of the Snail
transcriptional repressor is required for RSV-
induced StAR expression and P4 production. This
study increases the understanding of the biological
function of RSV and provides a new mechanism for
the regulation of ovarian steroidogenesis, which
could help to develop therapeutic methods for dis-
orders of ovarian steroidogenesis.
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