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Objective: This study investigates the role of the c-Fos/estrogen receptors (ERs)/
mMTOR pathway in lipid metabolism in human follicular granulosa cells of
individuals with polycystic ovary syndrome (PCOS). Specifically, we aim to
determine whether c-Fos targets estrogen receptors (ERo and ERp) to mediate
the mTOR pathway, influencing lipid metabolism, and to identify the key
molecular mechanisms involved.

Methods: A PCOS mouse model was established using dehydroepiandrosterone
(DHEA), and ovarian tissues were collected from both PCOS and control mice.
RT-gPCR and Western blotting were used to measure the expression levels of
c-Fos, ERa, ERB, and mTOR. Follicular fluids were obtained from patients with
PCOS and male factor infertility on the day of ovulation. Adenovirus-mediated
upregulation of c-Fos was performed in human follicular granulosa cells from
male infertility patients, followed by analysis of mMRNA and protein levels of c-Fos,
ERo, ERB, and mTOR. Additionally, granulosa cells’ triglyceride (TG) and total
cholesterol (TC) levels were assessed. Granulosa cells were cocultured with
various concentrations of 17B-estradiol to investigate the effects of estrogen on
the pathway.

Results: In ovarian tissues of PCOS mice, mRNA and protein levels of c-Fos were
significantly elevated compared to controls, while ERo. and ER[ expression was
notably reduced. No significant changes were observed in the p-mTOR/mTOR
protein ratio. In PCOS patients, c-Fos and p-mTOR/mTOR protein levels were
higher than in male factor infertility patients, while ERa levels were lower, with no
significant difference in ERB expression between the two groups. Upregulation of
c-Fos in human granulosa cells led to a significant reduction in ERo. and ERf
levels, while p-mTOR/mTOR protein levels increased. TG content was elevated
in the c-Fos-upregulated group compared to controls, but no significant
changes were observed in TC levels. Co-culture of granulosa cells with
increasing concentrations of 17B-estradiol resulted in significantly higher ERa
and ERP expression, decreased p-mTOR/MmTOR levels, and a reduction in TG
content, while TC levels remained unchanged.
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Conclusions: These findings suggest that c-Fos may target ERo and ERP to
mediate the mTOR signaling pathway, thereby influencing lipid metabolism in
granulosa cells. This novel mechanism provides insights into potential
therapeutic strategies for managing PCOS-related metabolic dysfunction.

polycystic ovary syndrome, lipid metabolism, c-Fos, estrogen receptor,

mTOR, triglycerides

1 Introduction

Polycystic ovary syndrome (PCOS) is a common, lifelong
endocrine and metabolic disorder with a highly heterogeneous
phenotype. Clinically, PCOS is characterized by ovulatory
dysfunction, hyperandrogenism, and polycystic ovaries, often
accompanied by insulin resistance and dyslipidemia (1). Obesity
has been shown to impair meiotic spindle formation in oocytes and
preimplantation embryos, while dyslipidemia significantly affects
the onset and progression of PCOS.

Studies indicate that follicular fluid in PCOS patients contains
elevated levels of specific fatty acids, including increased total
cholesterol (hyper TC), triglycerides (hyper TG), and decreased
high-density lipoprotein (low HDL). These lipid abnormalities not
only elevate the risk of cardiovascular disease and non-alcoholic
fatty liver disease in PCOS patient (2, 3), but they also contribute to
ovulatory dysfunction and metabolic disturbances by impacting
gonadotropin secretion within the hypothalamic-pituitary-gonadal
axis, which may have toxic effects on reproduction. Although
assisted reproductive technologies (ART) offer solutions for
infertility in PCOS patients, poor oocyte quality remains a
significant challenge during in vitro fertilization (4).

The formation of follicular fluid, which contributes to the
ovarian microenvironment, is influenced by serum components
through osmosis and secretion by follicular membranes and
granulosa cells. This fluid contains various metabolites, amino
acids, hormones, growth factors, and lipids, any of which may
affect oocyte developmental capacity when disrupted (5-7). Li et al.
found that PCOS patients have abnormal free fatty acids in their
follicular fluid, including palmitic acid, arachidonic acid, and stearic
acid. The metabolic pathways involved are linked to glycolipid and
glycerophospholipid metabolism (8, 9). Additionally, alterations in
glycerolipid and glycerophospholipid metabolism in follicular fluid
are associated with PCOS (10). In our RNA sequencing analysis of
granulosa cells from non-obese PCOS patients and those with tubal
factor infertility, differentially expressed genes (DEGs) were
primarily related to lipid metabolism, suggesting that abnormal
gene expression may impact lipid metabolism in the follicular
fluid (11).

Estrogen receptors (ERs), namely ERo and ERP, expressed on
granulosa cells, bind to estradiol (E2) and initiate downstream signaling
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pathways essential for the normal function of these cells, including the
regulation of oocyte maturation (12). These receptors are also closely
linked to lipid metabolism (13). ERo has been implicated as a
candidate gene for obesity; knockout of ERo. in female mice leads to
increased fat cell size, number, and elevated cholesterol levels (14).
Polymorphisms in ERP are associated with higher body mass index,
elevated serum triglycerides, and increased levels of apolipoprotein B
(15). Estrogen receptors ERot and ERP play distinct but complementary
roles in ovarian granulosa cells. ERot is primarily involved in promoting
granulosa cell proliferation and modulating the release of pituitary
gonadotropins, thereby supporting follicular development and
ovulation. Its activity is enhanced by exogenous gonadotropin
stimulation, which helps alleviate anovulation. In contrast, ERB acts
as a crucial transcriptional regulator, maintaining granulosa cell
differentiation, follicular homeostasis, and ovulatory function. It also
participates in steroidogenic gene regulation via phosphorylation-
dependent mechanisms and influences ovarian responsiveness to
gonadotropins, including modulation of FOXL2 expression (16).
Previous studies have shown that expression of ERo. and ERP is
significantly downregulated in granulosa cells of PCOS patients (17),
yet the relationship between the abnormal expression of these receptors
and lipid metabolism in follicular fluid remains unclear.

c-Fos, a key component of the Activator Protein 1 (AP-1)
complex, plays a critical role in regulating cell proliferation,
differentiation, and apoptosis, and is closely related to reproductive
function. ERot can promote the expression of insulin-like growth
factor-1, choline acetyltransferase, and collagenase by interacting
with AP-1 binding sites (18). Gonadotropins stimulate c-Fos
expression in ovarian tissues (19), and c-Fos has been shown to
inhibit the transcription of estrogen receptors in breast and cervical
cancers (20). Knockdown of c-Fos reduces the expression of all
estrogen-regulated genes (21), but the role of c-Fos in regulating
ERo and ER in granulosa cells remains unexplored.

The mammalian target of rapamycin (mTOR) is a conserved
serine/threonine kinase that functions as an anabolic signal
activated by various stimuli. mTOR exists in two complexes:
mTORCI1 and mTORC2 (22). mTORCI, in particular, is involved
in lipid and cholesterol metabolism by activating sterol regulatory
element-binding protein 1C (SREBP-1C) and peroxisome
proliferator-activated receptor o (PPARc), which regulate lipid
homeostasis and elevate triglyceride levels. Rapamycin, an mTOR
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inhibitor, has been shown to prevent or treat anovulatory PCOS by
promoting protein synthesis and regulating luteinizing hormone
(LH) secretion (23). Furthermore, ERo is associated with mTOR
signaling in breast cancer cells, making it a potential therapeutic
target (24). However, no studies have examined whether the
abnormal expression of ERs in PCOS granulosa cells regulates
mTOR and affects lipid metabolism.

PCOS is a multifactorial endocrine-metabolic disorder with a
complex pathogenesis that remains incompletely understood. Few
studies have focused on the critical role of lipid dysregulation in
granulosa cells in the development of PCOS. Therefore, the present
study aims to explore whether c-Fos targets ERat/B to regulate lipid
metabolism in granulosa cells by mediating the mTOR pathway.
Using ovarian tissues from PCOS mice and granulosa cells from
PCOS patients, we will investigate the interaction sites and
mechanisms between c-Fos, ERo/f, and mTOR, thereby
providing a theoretical basis for the early prevention and
treatment of PCOS and improving patient outcomes.

2 Materials and methods

2.1 Human follicular granulosa cells

The study subjects were female patients who underwent in vitro
fertilization (IVF) treatment at the First Affiliated Hospital of
Zhengzhou University between January 2022 and December 2022.
Informed consent was obtained from each patient prior to sample
collection. Discarded follicular fluid collected during the egg
retrieval procedure was used for research purposes on the same day.

2.1.1 Inclusion criteria: PCOS group

Women diagnosed with polycystic ovary syndrome (PCOS)
according to the Rotterdam criteria, which require at least two of the
following three criteria: 1) Oligo- or anovulation, 2) Clinical and/or
biochemical signs of hyperandrogenism, or 3) 1. Polycystic ovaries,
with exclusion of other etiologies such as congenital adrenal
hyperplasia, androgen-secreting tumors, and Cushing’s syndrome.
Control group: Women who meet the following criteria: 1)
Infertility due to male factors, 2) Regular menstrual cycle, and 3)
Normal ovarian morphology on ultrasound. Human follicular
granulosa cells that met the criteria of this group were used for
comparison with the PCOS group and subsequent adenovirus
overexpression and 17f-estradiol co-culture experiments.

2.1.2 Exclusion criteria

1) Age > 35 years, 2) BMI < 18.5 kg/m” or BMI = 24 kg/m?, 3)
Dyslipidemia, 4) Other androgen-related hyperplasia and endocrine
disorders, 5) Chromosomal abnormalities, and 6) History of
endometriosis or ovarian surgery.

Follicular fluid from patients with PCOS treated with the
GnRH-ant protocol was used, specifically on days 2 or 3 of the
menstrual cycle, when patients were administered recombinant
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FSH (112.5-300 IU, Puregon, Organon, Netherlands).
Adjustments to gonadotropin doses and the addition of FSH and
exogenous LH were based on estrogen levels in the follicles. Human
chorionic gonadotropin (hCG) (2000 IU, Livzon, China) and
recombinant hCG (250 pg, Merck, Italy) were administered when
the following criteria were met: one dominant follicle with a
diameter > 20 mm, two follicles with a diameter > 18 mm, or
three follicles with a diameter > 17 mm. For patients with male-
factor infertility, we also use the GnRH antagonist protocol;
however, in certain cases, we may adjust to the GnRH agonist
long protocol based on the patient’s specific condition. This
protocol selection is based on the patient’s ovarian reserve
function, previous response to ovarian stimulation, etc., to
optimize treatment outcomes and reduce complications.

2.2 Experimental animals

Three-week-old female SPF-grade C57BL/6N mice, obtained
from Beijing Charles River Experimental Animal Technology Co.,
Ltd., weighing 8-11 grams, were used in this study.

2.3 PCOS mouse model construction

The mice were randomly divided into two groups: a control
group and a PCOS group, with 12 mice in each group. After
acclimatization to the experimental environment, a PCOS model
was induced by subcutaneous injection of dehydroepiandrosterone
(DHEA) (Macklin, China) at the nape of the neck. Each mouse in
the PCOS group was administered 6 mg of DHEA per 100 grams of
body weight daily for 21 consecutive days. The control group
received an equal volume of soybean oil daily.

After the treatment period, serum samples were collected by
eyeball removal, and serum sex hormones were measured using
ELISA Kkits (Elabscience, China) according to the manufacturer’s
instructions. Luteinizing hormone (LH) was measured using a
double antibody sandwich method, while testosterone levels were
assessed via a competitive binding assay. Anesthesia was induced
via intraperitoneal injection at a dose of 40 mg/kg using a 0.7%
sodium pentobarbital solution. Following euthanasia by cervical
dislocation, ovaries were excised, processed, and embedded in
paraffin wax using a tissue embedding machine. Paraffin tissue
sections were dewaxed and sealed with a sealing agent.

2.4 Isolation and extraction of human
follicular granulosa cells

Following the inclusion and exclusion criteria for the study,
discarded follicular fluid from patients on the day of egg retrieval
was collected into sterile culture bottles and transferred into 50 mL
centrifuge tubes. The samples were centrifuged at 4°C, 2000 g for 10
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minutes. After centrifugation, 10 mL of sterile PBS buffer was added
to the pellet and mixed well. The granulocyte suspension was
carefully layered into 10 mL of lymphocyte isolation solution for
centrifugation at 4°C, 2500 g for 20 minutes. After centrifugation,
the contents were separated into four layers: 1) PBS buffer (top
layer), 2) A thin buffy coat lymphocyte layer,3) A cloudy granulosa
cell layer, and 4) A bottom erythrocyte layer.

The granulosa cell layer was carefully pipetted into a new
centrifuge tube, and a final centrifugation step was performed at
4°C, 1500 g for 10 minutes. After discarding the supernatant, 10 mL
of PBS buffer was added, mixed well, and centrifuged again. The
resulting pellet contained granulosa cells, which were either used for
cell culture or processed for RNA and protein extraction, depending
on the requirements of the subsequent experiments.

2.5 Adenovirus infection experiments

Granulosa cells were resuspended at a concentration of 1 x 10°
cells/mL in complete medium and seeded into 6-well plates, with
each well containing cells from the experimental and control
groups. Each group was performed in triplicate (three
parallel replicates).

In the experimental group, 5 x 10® PFU of c-Fos adenovirus
(Genechem, China) was added to each well. In the control group, 5
x 10® PFU of a negative control virus was added to each well. After
8-12 hours of infection, the medium was replaced with fresh
complete medium. Fluorescent expression and cell growth were
monitored under a microscope at 48 hours post-infection.

After confirming successful infection, total RNA was extracted
at 48 hours, and total protein was extracted at 72 hours for
further analysis.

2.6 17B-estradiol co-culture with human
follicular granulosa cells

A 1 mmol/L stock solution of 17f-estradiol (Solarbio, China)
was prepared by dissolving 0.01 g of 17B-estradiol in 3.67 mL of
dimethyl sulfoxide (DMSO) and stored at -20°C.

After 24 hours of cell attachment, the culture medium was
aspirated and replaced with basal medium containing 17f3-estradiol
at concentrations of 10 mmol/mL and 10 mmol/mL. The
concentrations of 17B-estradiol (0, 10* mmol/mL =~ 10 nm, and
10* mmol/mL ~ 100 nm) were selected based on the established
in vitro literature for granulosa cells, were selected based on the
established in vitro literature for granulosa cells, providing a
physiologically relevant low dose close to follicular fluid levels and
a supra-physiological high dose sufficient to elicit robust ER- and
mTOR-dependent responses without cytotoxicity, thereby enabling a
clear dose-response assessment of E2 on ERo, ERB, and mTOR
expression (25, 26). The control group was treated with an equal
volume of DMSO in basal medium. The cells were then incubated for
24 hours. After incubation, the culture medium was discarded, and
cells were washed with PBS for subsequent experiments.
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2.7 RT-gPCR to detect mRNA expression

After RNA extraction, total RNA purity and concentration were
assessed using a Nanodrop Ultra-Micro Spectrophotometer
(Thermo Fisher, USA) with RNA dissolved in enzyme-free water.
The extracted RNA was then used for reverse transcription.

2.7.1 Reverse transcription reaction

The components of the Reverse Transcription Kit (Vazyme
R333, China) were thawed on ice and briefly centrifuged to collect
them at the bottom of the tube. The following reaction mixture was
prepared in a 200 uL enzyme-free centrifuge tube: 4 pl of 5x All-in-
one qRT SuperMix, 1 pl of Enzyme Mix, 1 pg to 1 pg of Template
RNA, and RNase-free ddH2O to a final volume of 20 ul.

The reaction mixture was thoroughly mixed and incubated in
the PCR instrument with the following program: 50°C for 15
minutes, followed by 85°C for 5 seconds.

After the reverse transcription, the cDNA samples were stored
temporarily at -80°C.

2.7.2 Quantitative PCR

For qPCR, the components of the Vazyme Q712 Kit (China)
were thawed on ice. The following reaction mixture was prepared in
a PCR tube: 10 pL of 2x Taq Pro Universal SYBR qPCR Master Mix,
0.4 pL of upstream primer (10 uM), 0.4 pL of downstream primer
(10 uM), an appropriate amount of cDNA template, and RNase-free
ddH20 to a final volume of 20 pL.

The components were mixed, and the tube was briefly
centrifuged to collect the contents at the bottom. The qPCR
reaction was run using the following program: 1) Pre-
denaturation (1 cycle): 95°C for 30 seconds, 2) Cycling Reaction
(40 cycles): 95°C for 10 seconds (denaturation),60°C for 30 seconds
(annealing/extension), 3) Melting Curve (1 cycle): 95°C for 15
seconds, 60°C for 60 seconds, 95°C for 15 seconds.

Data collection was performed during the final cycle, and
statistical analysis was carried out on the results. Relative mRNA
expression was normalized to the housekeeping gene GAPDH,
whose stability across treatments was validated by geNorm. The
sequences of the PCR primers (provided by Bioengineering, China)
are listed in Table 1.

2.8 Protein extraction and western blot
analysis

2.8.1 Protein extraction for concentration
determination

Tissues or cells were lysed using an appropriate lysis buffer, and
total protein was extracted according to the manufacturer’s protocol
of Novigen’s BCA Protein Concentration Assay Kit. The protein
concentration was then determined using the BCA method
following the kit’s instructions. GAPDH as the internal reference
protein, and ensuring that the protein loading on the gel for each
sample was 15-20 pg.
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TABLE 1 Primer sequences for the gene of interest.
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Primer Species Direction Sequence (5'-3)
GAPDH Human Forward pf’lmer TGACCCTCGTTTTGCCATGA
Reverse primer GTTGCTGCTGGTTGGAGTTG
Forward primer CTTCCCAGAAGAGATGTCTGTG
c-Fos Human i
Reverse primer TGGGAACAGGAAGTCATCAAAG
Forward primer TGTGCCTGGCTAGAGATCCT
ERo Human )
Reverse primer ATGCGATGAAGTAGAGCCCG
Forward primer CTGTGCCTCTTCTCACAAGGA
ERB Human .
Reverse primer TGCTCCAAGGGTAGGATGGAC
c-Fos Mice Forward primer TCTCTAGTGCCAACTTTATCCC
Reverse primer GAGATAGCTGCTCTACTTTGCC
ERa. Mice Forward primer CCCTCCCGCCTTCTACAGGTC
Reverse primer ACGGCACAGTAGCGAGTCTCC
ERB Mice Forward primer TCTCTTCCCAGCAGCAGTCAGTC

Reverse primer

2.8.2 Western blot analysis

For Western blotting, the following primary antibodies were
used: Anti-c-Fos, Anti-mTOR, Anti-p-mTOR (Abcam, UK), Anti-
ERa, Anti-ERP (Proteintech, China). GAPDH was detected with
mouse anti-GAPDH antibody (Cat. No. 60004-1-Ig, Proteintech,
China) (RRID: AB_2107436; 1:5,000) as the loading control.

The extracted proteins were separated by SDS-PAGE and
transferred onto PVDF membranes. After blocking with 5% non-
fat milk in TBST for 1 hour at room temperature, membranes were
incubated with the primary antibodies overnight at 4°C. The
membranes were then washed with TBST and incubated with
appropriate secondary antibodies for 1 hour at room temperature.

Protein bands were visualized using enhanced
chemiluminescence (ECL), and the intensity of each band was
analyzed using Image ] software to quantify the gray values of the
proteins of interest.

2.9 TG and TC content determination

Triglycerides (TG) and total cholesterol (TC) content were
measured according to the instructions for the TG (E-BC-K261-
M) and TC (E-BC-K109-M) Colorimetric Test Cassette.

2.9.1 Cell sample preparation

A total of 200 pl of isopropanol was added to the collected cell
pellet (2 x 10° cells). The mixture was placed in an ice-water bath,
and cells were disrupted using an ultrasonic breaker set at 200W,
with 2-second bursts at 3-second intervals for a total of 5 minutes,
until the cell pellet was no longer visible.

2.9.2 Centrifugation

The lysate was centrifuged at 10,000 g for 10 minutes at 4°C,
and the supernatant was collected and kept on ice for testing.
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TCTCCAGCAGCAGGTCGTACAC

2.9.3 Mice serum preparation
Mice serum, stored at -80°C, was thawed on ice for

direct measurement.

2.9.4 Colorimetric assay

The following procedure was performed for both TG and TC
assays: 1) 2.5 ul of double-distilled water, standard solutions, and
sample supernatants were added to the designated enzyme-linked
immunosorbent assay (ELISA) plate wells. Wells were categorized
as blank, standard, or sample wells, and duplicates were prepared
for each. 2) Enzyme Working Solution (250 pl) was added to each
well to avoid bubble formation. The plate was incubated at 37°C for
10 minutes. 3) After incubation, the optical density (OD) was
measured at 510 nm, and the TG and TC concentrations were
calculated using the provided standard curve and formula. The
catalog numbers and RRIDs for all antibodies and other key
reagents are presented in Table 2.

2.10 Statistical methods

Data are presented as mean * standard deviation (SD). All
statistical analyses were performed using SPSS version 26.0. The
significance of differences between groups was assessed using the
independent samples t-test for comparisons between two groups,
and one-way analysis of variance (ANOVA) for comparisons
among multiple groups. All experiments were performed across 3
to 6 independent biological replicates, with three technical
replicates (analytical repeats) per condition in each experiment.
The data presented in the figures represent the average values
obtained from these independent experiments. In cases where
data showed significant outliers attributable to operational error,
such values were excluded following verification. Each sample was
measured three times per experiment to ensure data reliability. A
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TABLE 2 The catalog numbers and RRIDs for antibodies and other
relevant reagents.

Designation Source Identifiers

Mouse LH ELISA kits Elabscience, China E-EL-M3053

QuicKey Pro Mouse T ELISA kits Elabscience, China E-OSEL-M0003

Reverse Transcription Kit Vazyme, China R333

PCR Kit Vazyme, China Q712
Overexpression adenovirus particles Genechem, China GV314
17B-estradiol Solarbio, China GBW09223
TG Elabscience, China E-BC-K261-M
TC Elabscience, China E-BC-K109-M
Anti-c-Fos Abcam, UK AB_2737414
Anti-mTOR Abcam, UK AB_2800465
Anti-p-mTOR Abcam, UK AB_2800466
Anti-ERo. Proteintech, China AB_11042600
Anti-ERB Proteintech, China AB_2102386
Anti-GAPDH Proteintech, China AB_2107436
glél()l'{cfgugated Goat Anti-Rabbit Proteintech, China AB_2722564
HRP-conjugated Goat Anti-Mouse Proteintech, China AB_2722565

IgG(H+L)

value of P < 0.05 was considered statistically significant. Asterisks in
the figure legends indicate significance: *P < 0.05, **P < 0.01.

3 Results

3.1 Expression of c-Fos, ERa, ERp, and
MTOR in ovarian tissue of a mouse model
of PCOS

To validate the successful establishment of the C57BL/6N
mouse PCOS model, we conducted verification from multiple
aspects, such as ovarian tissue HE staining, PCOS mouse estrous
cycle, weight changes in PCOS mice, and serum LH and T levels in
PCOS mice (Supplementary File S1). Following successful
establishment of the PCOS model in C57BL/6N mice, pregnant
mare serum gonadotropin (PMSG) was administered
intraperitoneally to both the PCOS and control groups. After 48
hours, human chorionic gonadotropin (hCG) was injected
intraperitoneally, and cumulus-oocyte complexes were collected.
Granulosa cells were then carefully isolated from the follicles under
a stereomicroscope, allowing for cell-type-specific analyses.

3.1.1 Serum LH and testosterone levels

The serum levels of luteinizing hormone (LH) and testosterone
(T) were measured using ELISA kits. As shown in Figure 1A, the
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results indicated significant differences between the PCOS and
control groups. Specifically, the serum LH level in the PCOS
group was significantly higher than in the control group (4.52 +
0.61 mIU/mL vs. 1.62 + 0.37 mIU/mL, p < 0.001), and similarly, the
serum T level in the PCOS group was also significantly elevated
(16.92 + 1.26 ng/mL vs. 537 = 0.74 ng/mL, p < 0.001). Both
differences were statistically significant.

3.1.2 mRNA expression of c-Fos, ERa, and ERp in
ovarian tissue

The mRNA expression levels of c-Fos, ER0., and ERf in ovarian
tissues from the PCOS and control mice were measured using RT-
qPCR. The results showed that the mRNA expression of c-Fos in
the PCOS group was significantly higher than in the control group
(1.228 £ 0.278 vs. 0.434 + 0.117, p = 0.004). In contrast, the mRNA
expression of ERo was significantly lower in the PCOS group
compared to the control group (0.170 + 0.027 vs. 0.686 + 0.234,
p = 0.03), and similarly, ERB expression was also significantly
reduced (0.778 + 0.258 vs. 1.642 + 0.433, p = 0.02) (Figure 1B).

3.1.3 Protein expression of c-Fos, ERa, ERB, and
mTOR

Western blot analysis was performed to evaluate the protein
expression levels of c-Fos, ERo, ERB, and mTOR in ovarian tissues.
As shown in Figure 1C, the protein expression of c-Fos in the PCOS
group was significantly higher than in the control group (1.323 +
0.070 vs. 0.770 £ 0.101, p = 0.002). The protein levels of ERa (0.500
+ 0.205 vs. 1.053 + 0.067, p = 0.011) and ERP (0.750 + 0.123 vs.
1.320 +£0.219, p = 0.017) were significantly lower in the PCOS group
compared to the control group. However, there was no significant
difference in the protein expression of p-mTOR/mTOR between the
two groups (1.000 + 0.322 vs. 0.940 + 0.115, p = 0.776).

3.1.4 Serum TG and TC levels

The serum levels of triglycerides (TG) and total cholesterol (TC)
were assessed using colorimetric kits. The results showed that the
serum TG content was significantly higher in the PCOS group
compared to the control group (1.42 + 0.21 mmol/L vs. 1.05 + 0.16
mmol/L, p = 0.035). Similarly, the serum TC content was also
significantly elevated in the PCOS group (4.13 + 0.36 mmol/L vs.
3.56 = 0.29 mmol/L, p = 0.046) (Figure 1D).

3.2 Expression of c-Fos, ERo, ERJ, and
mMTOR in granulosa cells of PCOS patients

This study collected 30 cases each of follicular fluid granulosa
cells from patients with PCOS (PCOS group) and patients with
male factor infertility (control group). Blood samples were collected
on days 2-4 of the menstrual cycle. The comparison of baseline data
between the two groups is shown in Table 3. There were no
significant differences between the two groups in terms of age,
BMI, and baseline follicle-stimulating hormone (FSH) levels. The
baseline LH levels in the PCOS group were significantly higher than
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Expression of c-Fos, ERa, ERB, and mTOR in ovarian tissue of mice models in the PCOS group and control group. (A) Comparison of serum LH and T
levels in mice in the PCOS and control groups. (B) Relative mRNA expression levels of c-Fos, ERo, and ERP in ovarian tissues of mice in the PCOS group
and control group. (C) Relative protein expression levels of c-Fos, ERa, ERpB, and p-mTOR/mTOR in ovarian tissues of mice in the PCOS group and control
group. (D) Comparison of serum TG and TC levels in ovarian tissues of mice in the PCOS group and control group. *P<0.05; **P<0.01, ***P<0.001.

those in the control group (12.18 + 6.03 mIU/ml vs. 5.55 + 2.22
mIU/ml, P = 0.001), and the baseline T levels in the PCOS group
were significantly higher than those in the control group (1.06 +
0.85 ng/ml vs. 0.35 + 0.20 ng/ml, P = 0.009).

The mRNA expression levels of c-Fos, ERo, and ERf in granulosa
cells from the follicular fluid of both PCOS and control groups were
measured. As shown in Figure 2A, the relative mRNA expression of c-
Fos in the PCOS group was significantly higher than in the control
group (1.898 + 0.660 vs. 0.993 + 0.247, P = 0.012). In contrast, the
relative mRNA expression of ERo. was significantly lower in the PCOS
group (0.209 + 0.119 vs. 1.019 + 0.449, P = 0.004), while no significant
difference in the mRNA expression of ER[3 was observed between the
two groups (0.839 + 0.501 vs. 0.741 + 0.691, P = 0.798).
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Western blot analysis was performed to assess the protein
expression levels of c-Fos, ERa, ERB, and mTOR in granulosa
cells. The results revealed that c-Fos protein expression was
significantly higher in the PCOS group compared to controls
(1.540 + 0.304 vs. 0.743 + 0.309, P = 0.033), while ERa
expression was significantly lower in the PCOS group (0.533 +
0.206 vs. 1.400 + 0.185, P = 0.006). No significant difference was
found for ERB (1.733 £ 0.257 vs. 1.780 + 0.079, P = 0.779).
Additionally, the ratio of p-mTOR/mTOR expression was higher
in the PCOS group than in the control group (1.173 + 0.145 vs.
0.920 £ 0.052, P = 0.046). These findings suggest that c-Fos and p-
mTOR/mTOR are elevated in granulosa cells of PCOS patients,
while ERat expression is significantly reduced (Figure 2B).
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TABLE 3 Comparison of baseline data between the PCOS group and the
control group patients.

Variables PCOS group = Control group p
(n=30) (QEX{0)]

Age (y) 26.64 + 3.56 28.69 + 3.37 0.161

BMI (kg/mz) 22.06 + 1.36 20.78 + 1.83 0.069

Basal LH (mIU/ml) 12.18 + 6.03 5.55+2.22 0.001**

Basal FSH (mIU/ml) 5.53 £ 1.29 6.19 = 1.59 0.282

Basal T (ng/ml) 1.06 = 0.85 0.35 = 0.20 0.009**

**P<0.01.

3.3 Overexpression of c-Fos in human
follicular granulosa cells using adenovirus

Our results indicate that the expression of c-Fos is lower in
granulosa cells of patients with male factor infertility alone
compared to those in PCOS patients. To investigate the effects of
c-Fos overexpression, adenovirus was used to upregulate c-Fos in
granulosa cells from patients with male factor infertility. The
expression of the target gene and changes in lipid metabolism in
human follicular granulosa cells were subsequently observed.

Preliminary experiments were performed to determine the
optimal viral titer for human granulosa cells. A range of MOIs
(100-10,000) was tested, and both transduction efficiency and cell
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morphology were continuously monitored under a fluorescence
microscope. As shown in Figure 3A, efficiency increased with rising
MOI; however, overt cell death appeared at MOI 10,000, whereas
the increment in efficiency at MOI 1,000 was only marginal
compared with MOI 500. Consistent with the principle of
employing the lowest effective viral dose to minimize cellular
damage, MOI 500—yielding ~80% transduction with intact cell
integrity—was selected for all subsequent infections.

The infection efficiency of c-Fos overexpression using MOI =
500 was evaluated by RT-qPCR. As shown in Figure 3B, the relative
mRNA expression of c-Fos in the overexpression group was
significantly higher than in the control group (10.407 + 1.007 vs.
1.454 + 0.494, P = 0.004). Conversely, the mRNA levels of ERo
(0.570 + 0.102 vs. 1.116 + 0.115, P = 0.04) and ERP (0.338 + 0.122
vs. 1.196 + 0.174, P = 0.02) were significantly decreased in the
overexpression group.

Western blot analysis was performed to assess the protein
expression levels of c-Fos, ERa, ERB, and mTOR following
adenovirus-mediated overexpression of c-Fos in human follicular
granulosa cells. As shown in Figure 3C, the relative protein
expression of c-Fos was significantly increased in the
overexpression group (1.830 + 0.597 vs. 0.367 + 0.091, P = 0.014).
The protein levels of ERow (1.600 + 0.163 vs. 2.352 + 0.147, P =
0.004) and ERP (0.296 + 0.022 vs. 0.496 * 0.047, P = 0.003) were
significantly reduced. Although the protein expression of p-mTOR/
mTOR was upregulated in the overexpression group (1.227 £ 0.129

=3 PCOS group
=1 Control group

ERB

= PCOS group
= Control group

*:

!

*

ok
T

T
c-Fos Ra ERB p-mTOR/mTOR

Expression levels of c-Fos, ERa, ERB, and mTOR in granulosa cells of PCOS patients and control group. (A) Relative mRNA expression levels of c-Fos,
ERo, and ERP in granulosa cells of the PCOS group and the control group. (B) Relative protein expression levels of c-Fos, ERa, ERB, and mTOR in

granulosa cells of PCOS group and control group. *P<0.05; **P<0.01.
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*P<0.05; **P<0.01.

vs. 0.890 + 0.222), the difference was not statistically significant (P =
0.085). These results suggest that upregulation of c-Fos inhibits the
expression of ERo and ERP, and leads to a trend of increased p-
mTOR/mTOR expression, though the change was not significant.

To examine the impact of c-Fos overexpression on lipid
metabolism, the intracellular content of TG and TC was
measured using commercial kits. As shown in Figure 3D, the
intracellular TG content was significantly increased after c-Fos
overexpression in human follicular granulosa cells (0.0444 +
0.0071 pumol/10° vs. 0.0137 + 0.0042 pumol/10% P < 0.001).
However, no significant change in TC content was observed
(0.0477 + 0.0111 pmol/10° vs. 0.0518 + 0.0137 pmol/10%, P =
0.466). These results indicate that c-Fos upregulation increases the
intracellular TG content in human follicular granulosa cells but
does not affect TC content.
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3.4 Expression levels of ERo, ERB, and
MTOR in human follicular granulosa cells
co-cultured with 173-estradiol

Different concentrations of 17B-estradiol were added to the
culture medium of human follicular granulosa cells, and the
expression levels of ERa, ERB, and mTOR were measured after 24
hours of co-culture. The groups included the E0 group (no estradiol),
E1 group (10° mmol/mL), and E2 group ( 10" mmol/mL). As shown
in Figure 4A, the relative mRNA expression of ERa and ERfB
increased in a dose-dependent manner with the concentration of
17B-estradiol after 24 hours of incubation. Statistically significant
differences were observed in the relative mRNA expression levels of
ERo between the groups: E0 vs. E1: 0.713 + 0.073 vs. 1.113 + 0.115, P
=0.01; EO vs. E2: 0.713 £ 0.073 vs. 1.910 £ 0.061, P = 0.004; and E1 vs.
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FIGURE 4

Expression levels of c-Fos, ERa, ERB, and mTOR in granulosa cells of PCOS patients after 24h of co-culture with human follicular granulosa cells
using different concentrations of 17B-estradiol [EQ group (no estradiol), E1 group (10> mmol/mL), and E2 group (10™* mmol/mL)]. (A) After 24 hours
of co-culture, RT-gPCR was used to detect the relative mRNA expression of ERa. and ERB in cells after infection. (B) After 24 hours of co-incubation,
Western blot was used to detect the protein expression levels of ERa, ERB, and mTOR in cells after infection. (C) After 24 hours of co-incubation, a
Colorimetric assay was used to detect the content of TG and TC in human follicular granulosa cells in each group. *P<0.05; **P<0.01.

E2: 1.113 £ 0.115 vs. 1.901+0.061, P = 0.006. Similarly, significant
differences were observed in the relative mRNA expression levels of
ERR: EO vs. E1: 0.576 + 0.106 vs. 1.103 + 0.096, P = 0.02; EO vs. E2:
0.576 + 0.106 vs. 1.650 + 0.151, P = 0.003; and E1 vs. E2: 1.103 + 0.096
vs. 1.650 = 0.151, P = 0.01.

Western blot analysis was used to determine the protein
expression levels of ERat, ERB, and mTOR in the three groups. As
shown in Figure 4B, the protein expression of ERat significantly
increased with higher 17B-estradiol concentrations, with statistically
significant differences between groups: E0 vs. E1: 0.747 £ 0.055 vs.
0.967 £ 0.025, P = 0.01; EO vs. E2: 0.747 + 0.055 vs. 1.103 + 0.038, P =
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0.001; and E1 vs. E2: 0.967 + 0.025 vs. 1.103 + 0.038, P = 0.03.
Similarly, the expression of ERP increased with 17f3-estradiol
treatment: EO vs. E1: 1.013 + 0.032 vs. 1.227 + 0.095, P = 0.04; EO
vs. E2:1.013 £ 0.032 vs. 1.393 + 0.025, P = 0.003; and E1 vs. E2: 1.227 +
0.095 vs. 1.393 + 0.025, P = 0.014. In contrast, the protein expression
of p-mTOR/mTOR decreased with increasing estradiol concentration:
EO vs. E1: 1.210 + 0.036 vs. 1.050 + 0.036, P = 0.02; EO vs. E2: 1.210 +
0.036 vs. 0.677 *+ 0.045, P = 0.004; and E1 vs. E2: 1.050 + 0.036 vs.
0.677 + 0.045, P = 0.006. These results suggest that stimulation with
estradiol led to upregulation of ERo. and ERP, while downregulating
p-mTOR/mTOR protein expression.
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Next, changes in intracellular TG and TC contents were
examined following stimulation with 17B-estradiol. As shown in
Figure 4C, intracellular TG content decreased significantly in both
the E1 and E2 groups compared to the EO group: E1 vs. E0: 0.0100 +
0.0010 leol/lO6 vs. 0.0500 = 0.0089 umol/lOﬁ, P <0.001; E2 vs. EO:
0.0077 £ 0.0006 ].Lmol/lO6 vs. 0.0500 + 0.0089 umol/106, P < 0.001.
There was no significant difference in TG content between the E1
and E2 groups (0.0100 + 0.0010 pmol/ 10° vs. 0.0077 % 0.0006
umol/10°% P = 0.601). However, no significant change in TC content
was observed among the three groups (E0 vs. E1: 0.0540 + 0.0135
umol/10° vs. 0.0490 + 0.0036 wmol/10% P = 0.512; EO vs. E2: 0.0540
+0.0135 umol/10° vs. 0.0487 + 0.0061 umol/10°, P = 0.485; E1 vs.
E2: 0.0490 + 0.0036 umol/10° vs. 0.0487 + 0.0061 umol/10° P
= 0.964).

In conclusion, the results suggest that the upregulation of ERo.
and ERP expression in human follicular granulosa cells, induced by
17B-estradiol, leads to a significant reduction in intracellular TG
content, with no observed effect on TC content.

4 Discussion

This study explored the molecular mechanisms through which
c-Fos regulates the ERot/p pathway in granulosa cells of polycystic
ovary syndrome (PCOS) with abnormal lipid metabolism. In the
DHEA -induced ovarian tissues of PCOS mice, we observed elevated
expression of c-Fos, accompanied by a marked reduction in ERo
and ERP expression. Notably, the expression of c-Fos was
significantly higher in the PCOS group compared to the control,
while ERa. levels were significantly lower.

Further investigations into the effect of c-Fos on lipid
metabolism in human follicular granulosa cells revealed that
overexpression of c-Fos led to significant downregulation of ERo
and ERP, with a concomitant increase in the expression of p-
mTOR/mTOR. Additionally, intracellular TG levels were
significantly elevated in c-Fos overexpressing cells compared to
the negative control group. These findings suggest that c-Fos may
disrupt normal lipid metabolism in granulosa cells, potentially
through alterations in ERo/f signaling and mTOR pathways.

Moreover, stimulation of human granulosa cells with 17f-
estradiol, a known activator of ERo/P, resulted in increased
expression of both ERo. and ERP, along with a reduction in p-
mTOR/mTOR expression. Correspondingly, intracellular TG levels
decreased, suggesting that ERo/B activation might counteract the
lipid dysregulation induced by c-Fos overexpression. These results
imply that ERov/[ signaling plays a critical role in mediating the effect
of c-Fos on lipid metabolism in granulosa cells of PCOS patients.

In summary, our study suggests that c-Fos may influence lipid
metabolism in PCOS granulosa cells by modulating the ERat/f
pathway and mTOR signaling. This highlights a potential
mechanism by which c-Fos contributes to the metabolic
abnormalities observed in PCOS, and underscores the importance
of ERol/ signaling in regulating lipid homeostasis in ovarian cells.

The c-Fos gene, when activated in the nucleus, synthesizes the
Fos protein, which forms a transcriptionally active heterodimer
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with the Jun protein. This dimer regulates various intracellular
activities. In this study, we observed that the mRNA and protein
expression levels of c-Fos were significantly higher in both the
ovarian tissues of PCOS mice and the granulosa cells of PCOS
patients, compared to the control group. Previous studies have
reported that immunohistochemistry of human follicular granulosa
cells reveals prominent staining in the granulosa cell layer, while the
follicular membrane cell layer shows no such staining. Inhibition of
c-Fos expression has been associated with increased levels of 170-
hydroxylase and enhanced androgen synthesis (27, 28), suggesting
that c-Fos may play a critical role in the hyperandrogenism
characteristic of PCOS. Moreover, sequencing of cumulus
granulosa cells from PCOS patients by Hao et al. revealed
abnormal expression of c-Fos (29), which aligns with our findings
and further supports the involvement of c-Fos in the pathogenesis
of PCOS.

Additionally, we overexpressed c-Fos in human follicular
granulosa cells and observed a significant elevation in intracellular
TG content. This suggests that c-Fos may be involved in lipid
metabolism within granulosa cells. It has been established that c-Fos
regulates phospholipid synthesis and lipid metabolism in various
tissues. In liver tissue, overexpression of c-Fos activates the
peroxisome proliferator-activated receptor y (PPARY) signaling
pathway, leading to increased lipid accumulation (30). Similarly,
in the central nervous system, c-Fos promotes lipid synthesis in
neuronal cells and aids in neuronal differentiation (31).
Furthermore, studies have shown that oxidized LDL can enhance
the transcriptional activity of c-Fos, increasing lipid uptake,
stimulating foam cell proliferation, and accelerating
atherosclerosis development (32). These findings indicate that c-
Fos may play an essential role in lipid accumulation, potentially
contributing to the metabolic abnormalities observed in PCOS.

In this study, we found that the expression of ERo and ER in
ovarian tissue from PCOS mice was significantly reduced. In PCOS
patients, ERot expression in granulosa cells was significantly
reduced, while ERP expression remained unchanged. However, in
another study, it was shown that in patients undergoing IVF
treatment, ERo. and ERP expression in granulosa cells from
PCOS patients were significantly downregulated compared to
patients with male-factor infertility alone (33). The intrinsic
complex regulatory mechanisms, optimizing experimental
designs, measuring hormone levels in samples, and analyzing
their effects on ERo. and ERP mRNA expression, as well as
investigating potential signaling pathways influencing ERot and
ERPB mRNA expression, may help elucidate these mechanisms.

The E2-ERs signaling pathway plays a crucial role in
maintaining the normal function of granulosa cells and regulating
oocyte maturation (12). Studies in adult mice have shown that ERo.
knockout leads to infertility, with multiple hemorrhagic or cystic
follicles in the ovaries and an increase in steroid synthesis capacity.
In contrast, adult mice with ERP knockout display reduced fertility,
a sustained decrease in growing follicles, and a diminished corpus
luteum in the ovaries. These findings suggest that the development
of PCOS may be linked to the reduced expression of ERo and ER
in granulosa cells. Reports indicate that overexpression of c-Fos in
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breast cancer cell lines can inhibit the transcription of ERot and ERP3
and effectively suppress the activation of genes containing estrogen
response elements. This antagonistic effect may be mediated by
protein-protein interactions (34). In our study, we observed that the
expression of both ERo. and ERP decreased following the
overexpression of c-Fos in human follicular granulosa cells,
indicating that c-Fos may inhibit ER0/B transcription in these
cells. However, the specific antagonistic sites of c-Fos on ERa/f3
require further investigation.

Furthermore, stimulation of human follicular granulosa cells
with 17[B-estradiol resulted in increased expression of ERo. and
ERP, accompanied by a decrease in intracellular TG content. This
finding provides preliminary evidence that upregulation of ERct and
ERB in human granulosa cells can regulate TG production.
Estrogen regulates cellular metabolic homeostasis and lipid
metabolism through its action on ERat and ERP. For instance, in
mice with ERo knockout, an increase in body fat and adipocyte size
has been reported (35). In adipocytes, upregulation of ERo. is
associated with reduced intracellular TG accumulation and
decreased expression of lipoprotein lipase (36). Additionally,
treatment with ER( agonists in obese mice, induced by high-fat
diet and oophorectomy, led to weight loss, reduced serum TC,
leptin, glucose levels, and decreased fat accumulation (37).

In addition, we observed that the expression levels of p-mTOR/
mTOR were elevated in follicular granulosa cells of PCOS patients.
The mTOR signaling pathway plays a crucial role in various aspects
of female reproduction, including follicular development, oocyte
meiosis, ovarian aging, endometrial changes, and embryonic
development (38). Aberrant activation of the mTOR pathway has
been shown to be a key factor in the initiation and progression of
PCOS (39-41). Studies have demonstrated that excessive insulin
can induce granulosa cell apoptosis and activate the AKT/mTOR
pathway (42), suggesting a close relationship between the mTOR
pathway and insulin resistance in PCOS. Moreover, the mTOR pathway
may contribute to the imbalance between cell proliferation and
apoptosis in granulosa cells of PCOS patients (43). Previous studies
have shown that regulating the mTOR signaling pathway can influence
Bcl-2/Bax-induced apoptosis (44).

In this study, we found that the expression of p-mTOR/m-TOR
decreased significantly after stimulation of ERoc and ERP expression
in human follicular granulosa cells, suggesting a potential regulatory
interaction between the ER0/f and mTOR pathways. In ERa-
positive breast cancer, inhibition of the ERat-mTOR pathway is an
effective therapeutic strategy (24, 45). Upregulation of ERo.in PCOS
mice inhibits the PI3K/AKT/mTOR pathway, downregulates
apoptotic proteins, and improves granulosa cell apoptosis (46).
Similarly, our findings showed that after the expression of ERct and
ERP increased in human follicular granulosa cells, the expression of
p-mTOR/mTOR decreased, and intracellular TG content
decreased. These results suggest that upregulation of ERo and
ERP in granulosa cells may reduce TG synthesis, potentially
through inhibition of the mTOR pathway. This study speculates
that ERo/ may indirectly influence mTOR activity in human
ovarian granulosa cells by regulating upstream signaling
molecules of the mTOR pathway, such as the PI3K/AKT
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pathway. This regulatory mechanism may be closely related to
follicular development and ovulation processes, providing new
insights into the molecular mechanisms underlying follicular
development. It also explains part of the cause of lipid
metabolism disorders in PCOS granulosa cells.

In addition, we observed that c-Fos overexpression down-
regulated ERo and ER and slightly elevated the p-mTOR/mTOR
ratio, yet these alterations did not achieve statistical significance.
Limited biological replicates, intrinsic heterogeneity among
granulosa cells and follicular stages, and cell-cycle-dependent
fluctuations in pathway activity render these findings preliminary;
they therefore do not support definitive conclusions and warrant
further mechanistic investigation.

The mTOR pathway is a major regulator of cellular metabolism,
driving anabolic processes such as protein, lipid, cholesterol, and
nucleotide synthesis (47, 48). Studies have demonstrated that
mTORCI, a complex of mTOR, regulates fatty acid synthesis by
controlling the nuclear translocation of SREBP1, a key transcription
factor. Upon entering the nucleus, SREBP1 activates the
transcription of genes like FASN and ACC, which are essential
for palmitic acid synthesis (49, 50). mTORC1 also regulates
adipogenesis by modulating FASN and ACC expression (51).
Additionally, mTORC2, another complex of mTOR, plays a role
in adipogenesis, regulating the expression of carbohydrate response
element-binding proteins in adipose tissue. In the liver, mTORC2
regulates SREBP1, and in Rictor-knockout mice, reduced levels of
SREBP1 result in lower expression of FASN and ACC, leading to
reduced TG accumulation.

In our study, the expression levels of p-mTOR/mTOR were
higher in the follicular granulosa cells of PCOS patients compared
to those of patients with male factor infertility. This increase in p-
mTOR/mTOR expression in granulosa cells correlated with
elevated intracellular TG content, suggesting that the abnormal
mTOR expression could disrupt intracellular TG metabolism,
potentially impacting oocyte quality in PCOS patients. TG
(triglycerides) is an aliphatic molecule composed of glycerol and
three long-chain fatty acid molecules. It is a major component of
animal fats, low-density lipoprotein (LDL), and very low-density
lipoprotein (VLDL). Serving as both an energy source and a
transport carrier for fatty acids, TG plays a critical role in lipid
metabolism (52).

Imbalance in TG metabolism can significantly affect oocyte
quality. TG is catabolized by lipases in granulosa cells, producing
free fatty acids, which are then metabolized in the mitochondria via
B-oxidation to generate ATP. Inhibition of B-oxidation impairs
oocyte maturation and embryonic development (53). Studies have
shown that the release of fatty acids increases when intracellular TG
breakdown is enhanced, helping regulate adipogenesis and lipolysis,
maintain lipid homeostasis, and limit reactive oxygen species (ROS)
production, ultimately improving oocyte quality (54). On the other
hand, overactivation of mTORCI induces the expression of
adipogenic and lipoprotein genes, such as apolipoprotein B,
leading to elevated TG levels (55). mTORCI also inhibits the
hydrolysis of TG into free fatty acids by triglyceride lipase and
suppresses fatty acid oxidation by controlling the entry of free fatty
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acids into mitochondria for B-oxidation (56). Consequently, in
PCOS granulosa cells, the imbalance in TG metabolism may
affect oocyte quality through the mTOR pathway, although the
precise molecular mechanisms require further investigation.

High expression of c-Fos, low expression of ER, and elevated p-
mTOR levels may serve as combined biomarkers for metabolic
subtypes of PCOS. At the therapeutic level, targeting inhibition of c-
Fos or mTOR, or selective activation of ER, may represent new
strategies for improving ovulatory function and associated
metabolic disorders in PCOS. Future studies could further
investigate the expression patterns of c-Fos in different PCOS
subtypes and their relationship with metabolic syndrome
components, including insulin resistance and inflammatory
responses. Additionally, developing specific c-Fos inhibitors or ER
agonists and validating their efficacy in animal models and clinical
samples could provide new theoretical foundations and
intervention targets for the precision treatment of PCOS.

Furthermore, to extend our current observations, future studies
will employ siRNA-mediated c-Fos knockdown in cultured primary
human granulosa cells and systematically evaluate the resulting
changes in ER0/f} expression, PI3K/AKT/mTOR signaling activity,
and key lipid-metabolism indices such as triglyceride and
cholesterol levels. By examining whether c-Fos suppression can
rescue the aberrant lipid profile characteristic of PCOS models, we
aim to elucidate the molecular mechanisms through which c-Fos
governs granulosa cell dysfunction and to provide a theoretical basis
for novel therapeutic strategies targeting lipid dysregulation in
reproductive endocrinology.

In conclusion, the ERo/ and mTOR pathways are critical
regulators of granulosa cell function, yet their roles in granulosa cell
lipid metabolism remain understudied. In this research, we found
that in granulosa cells from PCOS patients, ERo. expression was
down-regulated, while p-mTOR/mTOR expression was up-
regulated. Additionally, c-Fos, a potential upstream regulator, was
found to be up-regulated in these cells. Upon adenoviral
overexpression of c-Fos in human follicular granulosa cells, we
observed a significant reduction in ERot and ERP expression,
accompanied by an increase in p-mTOR/mTOR expression and
elevated intracellular TG levels. Conversely, stimulation of ERo and
ERP expression led to a reduction in p-mTOR/mTOR expression
and a decrease in TG content. These findings suggest that c-Fos may
target ERo. and ERP in granulosa cells of PCOS patients,
modulating the mTOR pathway and contributing to lipid
metabolic dysfunction in these cells.

5 Conclusion

Our research found that the significantly elevated c-Fos
expression in the ovarian tissue of PCOS mice, by ERa and ERP
expression was markedly downregulated. Additionally, serum
triglyceride (TG) and total cholesterol (TC) levels were
significantly higher than those in the control group. Further
analysis of clinical samples revealed that, compared to patients
with male-factor infertility, PCOS patients exhibited elevated c-Fos
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and p-mTOR/mTOR expression in granulosa cells, while ERo
expression was downregulated, and ERP expression showed no
significant changes. Functional experimental results showed that
upregulating c-Fos in human granulosa cells significantly reduced
ERa. and ERP expression, activated the mTOR signaling pathway,
and promoted TG production, while having no significant effect on
TC. This study suggests that c-Fos influences lipid metabolism by
regulating the ER0t/B-mTOR pathway.

These findings provide new insights and approaches for the
prevention and treatment of PCOS. Future studies may further
explore the expression patterns of c-Fos in different subtypes of
PCOS and its association with metabolic syndrome components
such as insulin resistance and inflammatory responses, and develop
specific c-Fos inhibitors or ERo agonists to provide new theoretical
basis and intervention targets for the precision treatment of PCOS.

Data availability statement

The data analyzed in this study is subject to the following licenses/
restrictions: The data underlying this article will be shared on reasonable
request to the corresponding author. Requests to access these datasets
should be directed to Haixia Jin, Email: jinhx@zzu.edu.cn.

Ethics statement

The studies involving humans were approved by The First
Affiliated Hospital of Zhengzhou University. The studies were
conducted in accordance with the local legislation and
institutional requirements. The participants provided their written
informed consent to participate in this study. The animal study was
approved by The First Affiliated Hospital of Zhengzhou University.
The study was conducted in accordance with the local legislation
and institutional requirements. Written informed consent was
obtained from the individual(s) for the publication of any
potentially identifiable images or data included in this article.

Author contributions

XC: Data curation, Investigation, Methodology, Software,
Writing - original draft. XS: Data curation, Investigation,
Methodology, Software, Writing - original draft. SG:
Investigation, Writing - original draft. YL: Resources, Writing —
original draft. NS: Supervision, Writing - original draft. WS:
Supervision, Writing - original draft. HJ: Conceptualization,
Formal Analysis, Methodology, Project administration,
Supervision, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. Natural Science

frontiersin.org


mailto:jinhx@zzu.edu.cn
https://doi.org/10.3389/fendo.2025.1587595
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Chen et al.

Foundation of He’nan Province of China (General Program)
(N0.202300410467). Key Projects of Medical Science and
Technology in He’nan Province (No.SBGJ202002053). Projects of
Science and Technology in Henan Province (No. 252102310220).

Acknowledgments

We are thankful to all the participants of the study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

References

1. Rotterdam ESHRE/ASRM-Sponsored PCOS Consensus Workshop Group.
Revised 2003 consensus on diagnostic criteria and long-term health risks related to
polycystic ovary syndrome (Pcos). Hum Reprod. (2004) 19:41-7. doi: 10.1093/humrep/
deh098

2. Anagnostis P, Tarlatzis BC, Kauffman RP. Polycystic ovarian syndrome (Pcos):
long-term metabolic consequences. Metabolism. (2018) 86:33-43. doi: 10.1016/
j.metabol.2017.09.016

3. Mani H, Levy MJ, Davies MJ, Morris DH, Gray L], Bankart ], et al. Diabetes and
cardiovascular events in women with polycystic ovary syndrome: A 20-year
retrospective cohort study. Clin Endocrinol (Oxf). (2013) 78:926-34. doi: 10.1111/
cen.12068

4. Silvestris E, de Pergola G, Rosania R, Loverro G. Obesity as disruptor of the female
fertility. Reprod Biol Endocrinol. (2018) 16:22. doi: 10.1186/s12958-018-0336-z

5. Jia M, Dahlman-Wright K, Gustafsson J. Estrogen receptor alpha and beta in
health and disease. Best Pract Res Clin Endocrinol Metab. (2015) 29:557-68.
doi: 10.1016/j.beem.2015.04.008

6. Fuentes N, Silveyra P. Estrogen receptor signaling mechanisms. Adv Protein Chem
Struct Biol. (2019) 116:135-70. doi: 10.1016/bs.apcsb.2019.01.001

7. Alemany M. Estrogens and the regulation of glucose metabolism. World |
Diabetes. (2021) 12:1622-54. doi: 10.4239/wjd.v12.i10.1622

8. Le Dily F, Beato M. Signaling by steroid hormones in the 3d nuclear space. Int |
Mol Sci. (2018) 19(2):306. doi: 10.3390/ijms19020306

9. Klinge CM. Estrogen receptor interaction with estrogen response elements.
Nucleic Acids Res. (2001) 29:2905-19. doi: 10.1093/nar/29.14.2905

10. Miyata T, Hagiwara D, Hodai Y, Miwata T, Kawaguchi Y, Kurimoto J, et al.
Degradation of mutant protein aggregates within the endoplasmic reticulum of
vasopressin neurons. iScience. (2020) 23:101648. doi: 10.1016/j.isci.2020.101648

11. Marino M, Acconcia F, Bresciani F, Weisz A, Trentalance A. Distinct
nongenomic signal transduction pathways controlled by 17beta-estradiol regulate
DNA synthesis and cyclin D(1) gene transcription in hepg2 cells. Mol Biol Cell.
(2002) 13:3720-9. doi: 10.1091/mbc.e02-03-0153

12. Liu W, Xin Q, Wang X, Wang S, Wang H, Zhang W, et al. Estrogen receptors in
granulosa cells govern meiotic resumption of pre-ovulatory oocytes in mammals. Cell
Death Dis. (2017) 8:¢2662. doi: 10.1038/cddis.2017.82

13. Ko SH, Jung Y. Energy metabolism changes and dysregulated lipid metabolism
in postmenopausal women. Nutrients. (2021) 13:4556. doi: 10.3390/nul3124556

14. Kurylowicz A. Estrogens in adipose tissue physiology and obesity-related
dysfunction. Biomedicines. (2023) 11(3):690. doi: 10.3390/biomedicines11030690

Frontiers in Endocrinology

10.3389/fendo.2025.1587595

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fendo.2025.
1587595/full#supplementary-material

15. Mansur Ade P, Nogueira CC, Strunz CM, Aldrighi JM, Ramires JA. Genetic
polymorphisms of estrogen receptors in patients with premature coronary artery
disease. Arch Med Res. (2005) 36:511-7. doi: 10.1016/j.arcmed.2005.04.002

16. Bao X, Yan D, Yang J, Zhang Z, Yuan B. Role of erf in the ovary and ovary
related diseases. Gene. (2024) 927:148678. doi: 10.1016/j.gene.2024.148678

17. Artimani T, Saidijam M, Aflatoonian R, Amiri I, Ashrafi M, Shabab N, et al.
Estrogen and progesterone receptor subtype expression in granulosa cells from women
with polycystic ovary syndrome. Gynecol Endocrinol. (2015) 31:379-83. doi: 10.3109/
09513590.2014.1001733

18. Nagy Z, Jeselsohn R. Esr1 fusions and therapeutic resistance in metastatic breast
cancer. Front Oncol. (2022) 12:1037531. doi: 10.3389/fonc.2022.1037531

19. Xie C, Jonak CR, Kauffman AS, Coss D. Gonadotropin and kisspeptin gene
expression, but not gnrh, are impaired in cfos deficient mice. Mol Cell Endocrinol.
(2015) 411:223-31. doi: 10.1016/j.mce.2015.04.033

20. O’Lone R, Frith MC, Karlsson EK, Hansen U. Genomic targets of nuclear
estrogen receptors. Mol Endocrinol. (2004) 18:1859-75. doi: 10.1210/me.2003-0044

21. Dahlman-Wright K, Qiao Y, Jonsson P, Gustafsson J, Williams C, Zhao C.
Interplay between ap-1 and estrogen receptor o in regulating gene expression and
proliferation networks in breast cancer cells. Carcinogenesis. (2012) 33:1684-91.
doi: 10.1093/carcin/bgs223

22. Deleyto-Seldas N, Efeyan A. The mtor-autophagy axis and the control of
metabolism. Front Cell Dev Biol. (2021) 9:655731. doi: 10.3389/fcell.2021.655731

23. Yaba A, Demir N. The mechanism of mtor (Mammalian target of rapamycin) in
a mouse model of polycystic ovary syndrome (Pcos). J Ovarian Res. (2012) 5:38.
doi: 10.1186/1757-2215-5-38

24. Khatpe AS, Adebayo AK, Herodotou CA, Kumar B, Nakshatri H. Nexus between

pi3k/akt and estrogen receptor signaling in breast cancer. Cancers (Basel). (2021) 13
(3):369. doi: 10.3390/cancers13030369

25. Lee YR, Joo HK, Lee EO, Kim S, Jin H, Choi YH, et al. 17B-estradiol increases
apel/ref-1 secretion in vascular endothelial cells and ovariectomized mice: involvement
of calcium-dependent exosome pathway. Biomedicines. (2021) 9(8):1040. doi: 10.3390/
biomedicines9081040

26. Song S, Ding W, Yao H, Wang L, Li B, Wang Y, et al. Bmp6 promotes the
secretion of 17 beta-estradiol and progesterone in goat ovarian granulosa cells. Anim
(Basel). (2022) 12(16):2132. doi: 10.3390/anil2162132

27. Patel SS, Beshay VE, Escobar JC, Suzuki T, Carr BR. Molecular mechanism for
repression of 17alpha-hydroxylase expression and androstenedione production in
granulosa cells. J Clin Endocrinol Metab. (2009) 94:5163-8. doi: 10.1210/jc.2009-1341

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2025.1587595/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2025.1587595/full#supplementary-material
https://doi.org/10.1093/humrep/deh098
https://doi.org/10.1093/humrep/deh098
https://doi.org/10.1016/j.metabol.2017.09.016
https://doi.org/10.1016/j.metabol.2017.09.016
https://doi.org/10.1111/cen.12068
https://doi.org/10.1111/cen.12068
https://doi.org/10.1186/s12958-018-0336-z
https://doi.org/10.1016/j.beem.2015.04.008
https://doi.org/10.1016/bs.apcsb.2019.01.001
https://doi.org/10.4239/wjd.v12.i10.1622
https://doi.org/10.3390/ijms19020306
https://doi.org/10.1093/nar/29.14.2905
https://doi.org/10.1016/j.isci.2020.101648
https://doi.org/10.1091/mbc.e02-03-0153
https://doi.org/10.1038/cddis.2017.82
https://doi.org/10.3390/nu13124556
https://doi.org/10.3390/biomedicines11030690
https://doi.org/10.1016/j.arcmed.2005.04.002
https://doi.org/10.1016/j.gene.2024.148678
https://doi.org/10.3109/09513590.2014.1001733
https://doi.org/10.3109/09513590.2014.1001733
https://doi.org/10.3389/fonc.2022.1037531
https://doi.org/10.1016/j.mce.2015.04.033
https://doi.org/10.1210/me.2003-0044
https://doi.org/10.1093/carcin/bgs223
https://doi.org/10.3389/fcell.2021.655731
https://doi.org/10.1186/1757-2215-5-38
https://doi.org/10.3390/cancers13030369
https://doi.org/10.3390/biomedicines9081040
https://doi.org/10.3390/biomedicines9081040
https://doi.org/10.3390/ani12162132
https://doi.org/10.1210/jc.2009-1341
https://doi.org/10.3389/fendo.2025.1587595
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Chen et al.

28. Ye D, Li M, Zhang Y, Wang X, Liu H, Wu W, et al. Cryptotanshinone regulates
androgen synthesis through the erk/C-fos/cypl17 pathway in porcine granulosa cells.
Evid Based Complement Alternat Med. (2017) 2017:5985703. doi: 10.1155/2017/5985703

29. Haouzi D, Assou S, Monzo C, Vincens C, Dechaud H, Hamamah S. Altered gene
expression profile in cumulus cells of mature mii oocytes from patients with polycystic
ovary syndrome. Hum Reprod. (2012) 27:3523-30. doi: 10.1093/humrep/des325

30. Hasenfuss SC, Bakiri L, Thomsen MK, Williams EG, Auwerx J, Wagner EF.
Regulation of steatohepatitis and ppary Signaling by distinct ap-1 dimers. Cell Metab.
(2014) 19:84-95. doi: 10.1016/j.cmet.2013.11.018

31. Rodriguez-Berdini L, Ferrero GO, Bustos Plonka F, Cardozo Gizzi AM, Prucca
CG, Quiroga S, et al. The moonlighting protein C-fos activates lipid synthesis in
neurons, an activity that is critical for cellular differentiation and cortical development.
] Biol Chem. (2020) 295:8808-18. doi: 10.1074/jbc.RA119.010129

32. Miao G, Zhao X, Chan SL, Zhang L, Li Y, Zhang Y, et al. Vascular smooth muscle
cell C-fos is critical for foam cell formation and atherosclerosis. Metabolism. (2022)
132:155213. doi: 10.1016/j.metabol.2022.155213

33. Albanito L, Madeo A, Lappano R, Vivacqua A, Rago V, Carpino A, et al. G
protein-coupled receptor 30 (Gpr30) mediates gene expression changes and growth
response to 17beta-estradiol and selective gpr30 ligand G-1 in ovarian cancer cells.
Cancer Res. (2007) 67:1859-66. doi: 10.1158/0008-5472.Can-06-2909

34. Gregory CW, Wilson EM, Apparao KB, Lininger RA, Meyer WR, Kowalik A,
et al. Steroid receptor coactivator expression throughout the menstrual cycle in normal
and abnormal endometrium. J Clin Endocrinol Metab. (2002) 87:2960-6. doi: 10.1210/
jcem.87.6.8572

35. Naaz A, Zakroczymski M, Heine P, Taylor J, Saunders P, Lubahn D, et al. Effect
of ovariectomy on adipose tissue of mice in the absence of estrogen receptor alpha
(Eralpha): A potential role for estrogen receptor beta (Erbeta). Horm Metab Res. (2002)
34:758-63. doi: 10.1055/s-2002-38259

36. Homma H, Kurachi H, Nishio Y, Takeda T, Yamamoto T, Adachi K, et al.
Estrogen suppresses transcription of lipoprotein lipase gene. Existence of a unique
estrogen response element on the lipoprotein lipase promoter. J Biol Chem. (2000)
275:11404-11. doi: 10.1074/jbc.275.15.11404

37. Yepuru M, Eswaraka J, Kearbey JD, Barrett CM, Raghow S, Veverka KA, et al.
Estrogen receptor-{Beta}-selective ligands alleviate high-fat diet- and ovariectomy-induced
obesity in mice. J Biol Chem. (2010) 285:31292-303. doi: 10.1074/jbc.M110.147850

38. Guo Z, Yu Q. Role of mtor signaling in female reproduction. Front Endocrinol
(Lausanne). (2019) 10:692. doi: 10.3389/fendo.2019.00692

39. Xu W, Tang M, Wang J, Wang L. Identification of the active constituents and
significant pathways of cangfu daotan decoction for the treatment of pcos based on
network pharmacology. Evid Based Complement Alternat Med. (2020) 2020:4086864.
doi: 10.1155/2020/4086864

40. Zhang, JiaJ, Jin W, Cao J, Fu T, Ma D, et al. Lidocaine inhibits the proliferation
and invasion of hepatocellular carcinoma by downregulating usp14 induced pi3k/akt
pathway. Pathol Res Pract. (2020) 216:152963. doi: 10.1016/j.prp.2020.152963

41. Wu C, Jiang F, Wei K, Jiang Z. Exercise activates the pi3k-akt signal pathway by
decreasing the expression of 50i-reductase type 1 in pcos rats. Sci Rep. (2018) 8:7982.
doi: 10.1038/s41598-018-26210-0

Frontiers in Endocrinology

15

10.3389/fendo.2025.1587595

42. Xiong H, Hu Q, Jiang Q. Protective Effects Of lidocaine on Polycystic Ovary
Syndrome through Modulating Ovarian Granulosa Cell Physiology Via Pi3k/Akt/Mtor
Pathway. Cytotechnology. (2022) 74:283-92. doi: 10.1007/s10616-022-00528-0

43. Zhang N, Liu X, Zhuang L, Liu X, Zhao H, Shan Y, et al. Berberine decreases
insulin resistance in a pcos rats by improving glut4: dual regulation of the pi3k/akt and
mapk pathways. Regul Toxicol Pharmacol. (2020) 110:104544. doi: 10.1016/
j.yrtph.2019.104544

44. Shpakov AO. Improvement effect of metformin on female and male
reproduction in endocrine pathologies and its mechanisms. Pharm (Basel). (2021) 14
(1):42. doi: 10.3390/ph14010042

45. Gandhi N, Oturkar CC, Das GM. Estrogen receptor-alpha and P53 status as
regulators of ampk and mtor in luminal breast cancer. Cancers (Basel). (2021) 13
(14):3612. doi: 10.3390/cancers13143612

46. Jiang X, Yuan Y, Shi M, Zhang S, Sui M, Zhou H. Bu-shen-zhu-yun decoction
inhibits granulosa cell apoptosis in rat polycystic ovary syndrome through estrogen
receptor o-mediated pi3k/akt/mtor pathway. J Ethnopharmacol. (2022) 288:114862.
doi: 10.1016/}.jep.2021.114862

47. Laplante M, Sabatini DM. Mtor signaling in growth control and disease. Cell.
(2012) 149:274-93. doi: 10.1016/j.cell.2012.03.017

48. Valvezan AJ, Manning BD. Molecular logic of mtorcl signalling as a metabolic
rheostat. Nat Metab. (2019) 1:321-33. doi: 10.1038/s42255-019-0038-7

49. Huffman TA, Mothe-Satney I, Lawrence JC Jr. Insulin-stimulated
phosphorylation of lipin mediated by the mammalian target of rapamycin. Proc Natl
Acad Sci U.S.A. (2002) 99:1047-52. doi: 10.1073/pnas.022634399

50. Mauvoisin D, Rocque G, Arfa O, Radenne A, Boissier P, Mounier C. Role of the
pi3-kinase/mtor pathway in the regulation of the stearoyl coa desaturase (Scdl) gene
expression by insulin in liver. J Cell Commun Signal. (2007) 1:113-25. doi: 10.1007/
s12079-007-0011-1

51. Viscarra JA, Wang Y, Nguyen HP, Choi YG, Sul HS. Histone demethylase
jmjd1c is phosphorylated by mtor to activate de novo lipogenesis. Nat Commun. (2020)
11:796. doi: 10.1038/s41467-020-14617-1

52. Ginsberg HN, Zhang YL, Hernandez-Ono A. Regulation of plasma triglycerides
in insulin resistance and diabetes. Arch Med Res. (2005) 36:232-40. doi: 10.1016/
j.arcmed.2005.01.005

53. Dunning KR, Russell DL, Robker RL. Lipids and oocyte developmental
competence: the role of fatty acids and B-oxidation. Reproduction. (2014) 148:R15-
27. doi: 10.1530/rep-13-0251

54. Jin JX, Sun JT, Jiang CQ, Cui HD, Bian Y, Lee S, et al. Melatonin regulates lipid

metabolism in porcine cumulus-oocyte complexes via the melatonin receptor 2.
Antioxid (Basel). (2022) 11. doi: 10.3390/antiox11040687

55. Sipula IJ, Brown NF, Perdomo G. Rapamycin-mediated inhibition of
mammalian target of rapamycin in skeletal muscle cells reduces glucose utilization
and increases fatty acid oxidation. Metabolism. (2006) 55:1637-44. doi: 10.1016/
j-metabol.2006.08.002

56. Singh M, Shin YK, Yang X, Zehr B, Chakrabarti P, Kandror KV. 4e-bps control
fat storage by regulating the expression of egrl and atgl. ] Biol Chem. (2015) 290:17331—
8. doi: 10.1074/jbc.M114.631895

frontiersin.org


https://doi.org/10.1155/2017/5985703
https://doi.org/10.1093/humrep/des325
https://doi.org/10.1016/j.cmet.2013.11.018
https://doi.org/10.1074/jbc.RA119.010129
https://doi.org/10.1016/j.metabol.2022.155213
https://doi.org/10.1158/0008-5472.Can-06-2909
https://doi.org/10.1210/jcem.87.6.8572
https://doi.org/10.1210/jcem.87.6.8572
https://doi.org/10.1055/s-2002-38259
https://doi.org/10.1074/jbc.275.15.11404
https://doi.org/10.1074/jbc.M110.147850
https://doi.org/10.3389/fendo.2019.00692
https://doi.org/10.1155/2020/4086864
https://doi.org/10.1016/j.prp.2020.152963
https://doi.org/10.1038/s41598-018-26210-0
https://doi.org/10.1007/s10616-022-00528-0
https://doi.org/10.1016/j.yrtph.2019.104544
https://doi.org/10.1016/j.yrtph.2019.104544
https://doi.org/10.3390/ph14010042
https://doi.org/10.3390/cancers13143612
https://doi.org/10.1016/j.jep.2021.114862
https://doi.org/10.1016/j.cell.2012.03.017
https://doi.org/10.1038/s42255-019-0038-7
https://doi.org/10.1073/pnas.022634399
https://doi.org/10.1007/s12079-007-0011-1
https://doi.org/10.1007/s12079-007-0011-1
https://doi.org/10.1038/s41467-020-14617-1
https://doi.org/10.1016/j.arcmed.2005.01.005
https://doi.org/10.1016/j.arcmed.2005.01.005
https://doi.org/10.1530/rep-13-0251
https://doi.org/10.3390/antiox11040687
https://doi.org/10.1016/j.metabol.2006.08.002
https://doi.org/10.1016/j.metabol.2006.08.002
https://doi.org/10.1074/jbc.M114.631895
https://doi.org/10.3389/fendo.2025.1587595
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Mechanisms of c-Fos regulation of mTOR signaling via ERα/β in abnormal lipid metabolism of granulosa cells in PCOS
	1 Introduction
	2 Materials and methods
	2.1 Human follicular granulosa cells
	2.1.1 Inclusion criteria: PCOS group
	2.1.2 Exclusion criteria

	2.2 Experimental animals
	2.3 PCOS mouse model construction
	2.4 Isolation and extraction of human follicular granulosa cells
	2.5 Adenovirus infection experiments
	2.6 17β-estradiol co-culture with human follicular granulosa cells
	2.7 RT-qPCR to detect mRNA expression
	2.7.1 Reverse transcription reaction
	2.7.2 Quantitative PCR

	2.8 Protein extraction and western blot analysis
	2.8.1 Protein extraction for concentration determination
	2.8.2 Western blot analysis

	2.9 TG and TC content determination
	2.9.1 Cell sample preparation
	2.9.2 Centrifugation
	2.9.3 Mice serum preparation
	2.9.4 Colorimetric assay

	2.10 Statistical methods

	3 Results
	3.1 Expression of c-Fos, ERα, ERβ, and mTOR in ovarian tissue of a mouse model of PCOS
	3.1.1 Serum LH and testosterone levels
	3.1.2 mRNA expression of c-Fos, ERα, and ERβ in ovarian tissue
	3.1.3 Protein expression of c-Fos, ERα, ERβ, and mTOR
	3.1.4 Serum TG and TC levels

	3.2 Expression of c-Fos, ERα, ERβ, and mTOR in granulosa cells of PCOS patients
	3.3 Overexpression of c-Fos in human follicular granulosa cells using adenovirus
	3.4 Expression levels of ERα, ERβ, and mTOR in human follicular granulosa cells co-cultured with 17β-estradiol

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


