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Abstract 

Background  Polycystic ovary syndrome (PCOS) is a complicated endocrinological and anovulatory disorder 
in women. Mice exposed to dihydrotestosterone (DHT) exhibit a PCOS-like phenotype characterized by abnormal 
steroid hormone production and ovulation dysfunction. The present investigation aims to identify overlapping genes 
expressed in PCOS patients and a PCOS mouse model induced by DHT and to examine the function of key genes 
fatty acid synthase (FASN) in hormone production and ovulation dysfunction.

Results  We examined 5 datasets of high-throughput mRNA transcription from the Gene Expression Omnibus (GEO) 
database, including 4 datasets from individuals with PCOS and 1 dataset from a DHT-induced mouse model. GO 
and KEGG enrichment analyses revealed these differentially expressed genes (DEGs) are primarily involved in ovarian 
steroidogenesis and fatty acid metabolism. The PPI network identified 12 hub genes. qRT-PCR verification in human 
granulosa cells showed differential expression of FASN, SCARB1, FABP5, RIMS2, and RAPGEF4 in PCOS patients 
(p < 0.05). FASN was downregulated in the granulosa cells (GCs) of PCOS patients (p < 0.05). FASN depletion reduced 
KGN cell proliferation (p < 0.001), decreased progesterone secretion (p < 0.05), and increased estradiol secretion 
(p < 0.05). Downregulation of FASN inhibited ovulation by suppressing ERK1/2 phosphorylation and the expression 
of C/EBPα and C/EBPβ. Lentivirus-mediated FASN downregulation in rat ovaries for one and four weeks impaired 
the super ovulatory response, reducing oocyte retrieval, estrous cycle, secretion of estrogen and progesterone, 
and luteinization.

Conclusions  Our results provide new insights into PCOS pathogenesis and suggest that FASN could be a promising 
target for treating abnormal steroid hormone production and impaired ovulation in PCOS.
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Background
Polycystic ovary syndrome (PCOS), with an estimated 
occurrence rate ranging from 11 to 13%, affects a sub-
stantial number of women’s intricate hormonal and 
metabolic systems in their reproductive years [1, 2]. The 
condition is specified by infertility caused by absence of 
ovulation, hormonal irregularities [3]. PCOS is respon-
sible for over 75% of anovulatory infertility cases, result-
ing from follicular halt and ovulatory dysfunction [4]. But 
the exact mechanisms responsible for abnormal follicular 
growth and anovulation in people with PCOS are still not 
fully understood.

Among the various cell types implicated in PCOS 
pathogenesis, granulosa cells (GCs) have emerged as 
significant contributors [5]. Located around the oocyte, 
GCs providing oocytes with nutrition along with growth 
regulators throughout their maturation process [6] and 
regulate steroid hormone levels [2], which are tightly 
controlled during oocyte maturation [7]. Dysregulation 
of steroid hormone levels in GCs and the lipid metabo-
lism of GCs play a crucial part in PCOS pathophysiology.

Activation of Luteinizing Hormone/Chorionic Gon-
adotropin (LH/CG) receptors by LH in the mural GCs 
of big follicles triggers a signal that transmits the cells 
of cumulus and oocytes via paracrine and autonomous 

signals. This signal causes meiosis to resume, cumulus 
cells to expand, and the cumulus-oocyte complex to rup-
ture, resulting in the release of a fertile egg capable of fer-
tilization [8]. Throughout this process, epidermal growth 
factor receptor (EGFR)/extracellular signal-regulated 
kinase (ERK 1/2) signaling pathway and ERK1/2 phos-
phorylation play pivotal roles [9]. Forskolin possesses 
the capacity to induce EGFR transactivation in granulosa 
cells. ERK1/2 activated downstream mediator C/EBPβ 
(CCAAT/Enhancer-binding protein β) [9, 10]. Therefore, 
the LH-regulated in  vivo signaling pathway involving 
ERK1/2 and C/EBPβ governs ovulation and luteinization-
related events [9].

Hyperandrogenic mice models induced with dihy-
drotestosterone (DHT) are widely used in current experi-
ments because they exhibit a phenotype resembling 
PCOS. These models are exhibit by menstrual abnormali-
ties, multiple ovarian cysts, insulin resistance, increased 
body weight, adipocyte hypertrophy, and hypercholester-
olemia [11].

Identification of common differentiation genes 
between human PCOS and DHT model mice is crucial 
for uncovering the causes of anovulation in PCOS. As 
shown in Fig. 1, this study aims to identify common dif-
ferentiation genes between granulosa cells derived from 

Fig. 1  Flow chart
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patients with PCOS and ovaries from DHT-induced mice 
and validate these results in human GCs. By validating 
the role of these genes in granulosa cell proliferation, 
hormone secretion and especially ovulation dysfunction, 
this approach will help identify new marker molecules for 
PCOS and offer new perspectives for the further devel-
opment of innovative therapies for anovulatory infertility 
with the aim of helping people with PCOS.

Methods
Microarray data
We obtained PCOS datasets from the Gene Expression 
Omnibus (GEO) database(http://​ncbi.​nlm.​nih.​gov/​geo/) 
using high-throughput methods. We employed samples 
of ovarian granulosa cells as target organs. We obtained 
several GEO series, comprising four transcriptome 
RNA sequencing datasets (GSE138518, GSE155489, 
GSE168404, GSE193123). The data set consisted of 
expression profiles from 15 individuals diagnosed with 
PCOS and 15 tuber factors individuals serving as con-
trols. We also chose a DHT-induced mouse database 
to provide additional validation of the importance and 
precision of our results, GSE171431: 6 samples of ovar-
ian DHT-treated mice(n = 3) and ovaries of control 
mice(n = 3).

Data pre‑processing
We obtained the representation matrix from the four 
transcriptome RNA sequencing datasets, the data inte-
gration and pre-processing were performed utilizing the 
Sangerbox platform [12]. Firstly, genes with missing val-
ues (NA) exceeding 50% were eliminated, as well as sam-
ples with missing values exceeding 50%. In addition, we 
use the R package impute function to complete missing 
values and set 10 of neighbors to K to complete miss-
ing data. The data were then further normalized using 
the median. We employed the "inSilicoMerging" R pack-
age for data merging and applied a Bayesian approach to 
adjust for batch effects in the microarray expression data.

Detection and functional enrichment analysis of DEGs
Data preprocessing was performed in the R program-
ming environment (version 4.2.2). Specifically, the 
“limma” package was used to generate differentially 
expressed genes (DEGs) between the PCOS and control 
patients [13]. DEGs were determined using a threshold 
of |log2 FC|> 1 and p < 0.05. The packages “complexheat-
map” and “ggplot2” were used to create heatmaps and 
volcano plots. A Venn diagram was then used to identify 
overlapping DEGs between human samples and DHT-
induced mouse models from the GSE171431 dataset 
(http://​www.​bioin​forma​tics.​com.​cn/​static/​others/​jvenn/​
examp​le.​html).

Using the SangerBox platform, we conducted Gene 
Ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) annotation analyses to identify the 
biological functions of the DEGs [12]. We used the R 
software package “org.Hs.eg.db” (version 3.1.0) to assign 
genetic information to the reference group set based on 
their GO annotations. The enrichment analysis was car-
ried out utilizing the R software package “clusterProfiler” 
(version 3.14.3), by setting the minimum gene set size to 
5 and the maximum gene set size to 5000 and p < 0.05 was 
considered statistically significant.

Identification of gene clusters and construction of protein–
protein interaction network
Utilizing the STRING database (https://​string-​db.​org/), 
we generated a protein–protein interaction network 
(PPI), then the results were loaded into the Cytoscape 
v3.9.1 software for the purpose of identifying key nodes. 
The PPI network diagram was obtained via STRING’s 
online database and the CytoHubba plugin was employed 
to identify key genes important for molecular interac-
tions within the network. A PPI network was created 
using DEGs with a confidence value of 0.4, proteins not 
linked to other proteins were removed.

Human ovarian granulosa cell collection and ethics 
statement
Human ovarian granulosa cell samples were obtained 
from patients undergoing in vitro fertilization (IVF) treat-
ment at the Reproductive Medicine Center of Zhong-
nan Hospital, Wuhan University. The whole experiment 
was reviewed by the ethics committee (NO.2021136 K). 
Patients in the PCOS group were selected in accord-
ance with the Rotterdam diagnostic criteria [1, 3]. PCOS 
diagnosis necessitates the presence of a minimum of two 
of the following criteria: a) Infrequent or absent ovula-
tion; b) Manifestations of excessive male hormone lev-
els, either in physical symptoms or laboratory tests; and 
c) Presence of many cysts on the ovaries. The standards 
used to choose control women were as follows: a) Men-
strual cycles occurring at regular intervals of 25–35 days, 
b) Absence of any anomalies in the endocrine system, 
and c) Normal appearance of the ovaries as confirmed 
by ultrasound imaging.We recruited a total of 40 IVF 
patients, including 20 with PCOS and 20 in the control 
group with tubal or male factor infertility. From this 
cohort, we extracted total RNA from 11 PCOS patients 
and 11 controls, and proteins from 9 PCOS patients and 
9 controls.

Cell line culture and treatment
The ovarian granulosa cell lines KGN and 293T were 
stored in the central laboratory of Zhongnan Hospital. 

http://ncbi.nlm.nih.gov/geo/
http://www.bioinformatics.com.cn/static/others/jvenn/example.html
http://www.bioinformatics.com.cn/static/others/jvenn/example.html
https://string-db.org/


Page 4 of 16Tan et al. Journal of Ovarian Research           (2025) 18:67 

KGN cells were cultured in DMEM/F12 medium (Biolog-
ical Industries, USA) containing 10% fetal bovine serum 
(Biological Industries, USA) and 100 U/ml penicillin/
streptomycin (Biological Industries, USA) at 37  °C in a 
humidified atmosphere with 5% CO2.The 293T cells were 
cultured in high glucose DMEM (Biological Industries, 
USA) supplemented with 10% fetal bovine serum (Bio-
logical Industries, USA) and 100 U/ml penicillin/strepto-
mycin (Biological Industries, USA). Cells were normally 
maintained in an incubator at 37  °C and 5% CO2. To 
imitate the impact of LH surge and activate the ERK 
signaling pathway in KGN cells, forskolin (FSK, Med-
ChemExpress, Shanghai, China) was applied at a dose of 
10 mM. To reduce ERK signaling, cells were first exposed 
to a 10 mM concentration of U0126, a MEK1/2 inhibitor 
from MedChemExpress in Shanghai, China, for 1 h. This 
was followed by a 4-h treatment with FSK [10, 14].

Packaging and titer determination of the downregulated 
FASN lentivirus
293T cells with robust growth were selected and seeded 
into 10 cm culture dishes, then maintained in an incuba-
tor at 37  °C and 5% CO2 until reaching a cell density of 
70%−80% for transfection. FASN group (transfected with 
pLVX-shFASN-ZsGreen-T2A-Puro, Pmd2.G, PSPAX2) 
(Wuhan Qijing Biological Technology Co., Ltd) and 
control group (transfected with pLVX-NC-ZsGreen-
T2A-Puro, Pmd2.G, PSPAX2) (Wuhan Qijing Biologi-
cal Technology Co., Ltd) were established. Following 
the instructions of Lipofectamine 3000 (Invitrogen), the 
transfection reagent was introduced into the 293T cells. 
After 6  h of transfection, complete high high glucose 
DMEM medium was to replace the Opti-MEM medium. 
The supernatant containing lentiviral particles was col-
lected after continuous culture for 48  h and filtered 
through a 0.45um filter to obtain virus solution. The virus 
solution was diluted by factors of ten from 101 to106 
before inoculation into new batches of 293T cells. After 
culturing at 37 °C and 5% CO2 for 72 h, green fluorescent 
cells were counted under fluorescence microscope to cal-
culate viral titer.

Establishment of KGN cells stably transfected with FASN 
knockdown and control lentiviral vectors
KGN cells were grown until 70–80% confluency was 
reached, subsequently, the cells were transfected with 
lentivirus carrying human Fatty acid synthase (FASN) 
down-regulation vectors (sh-FASN) or control vectors 
(sh-NC) at a virus titer of 1*108 TU/ml. Two days later, 
the cells were subjected to puromycin treatment at a con-
centration of 2 mg/ml. After 7 days, dead cells no longer 

appeared. Cell lines that were stable were analyzed for 
FASN expression by qRT-PCR and immunoblotting.

RNA isolation and quantitative real‑time PCR (qRT‑PCR)
Human follicular granulosa cells and KGN were sub-
jected to RNA extraction using Aidlab RNA extraction 
kit RN0302. A one microgram amount of RNA was sub-
jected to reverse transcription using the Vazyme cDNA 
synthesis kit (R2-12–01). For quantitative real-time PCR 
(qRT-PCR), each reaction contained the overall volume 
of 10μL, consisting of 2 ChamQ SYBR qPCR Master 
Mix (5μL), forward and reverse primers (1μL each), and 
cDNA (1μL) and distilled water (3μL) using the prim-
ers specified in Supplementary Table  1. The PCR sys-
tem uses CFX96 equipment manufactured by Bio-Rad 
Laboratories.

Extraction of protein and analysis via Western blotting
The cells were harvested and then the entire cell protein 
extract was separated from them. Protein concentrations 
were measured using a BCA Protein Assay Kit (P0010, 
Beyotime, China). The denatured protein was divided 
into equal amounts and then subjected to electrophore-
sis using 7.5% SDS–polyacrylamide gels. Subsequently, 
the protein was transferred to polyvinyl difluoride mem-
branes (Millipore, Billerica, USA). The samples were first 
treated using blocking substance for 1 h. They were then 
incubated overnight at 4  °C with the following primary 
antibodies: polyclonal rabbit anti-FASN (3180; 1:1,000 
dilution; Cell Signaling), C/EBPα (8178; 1:1,000; Cell 
Signaling), C/ EBPβ (23,431–1-AP; 1:1,000; Proteintech), 
tubulin (2146; 1:1,000; Cell Signaling) and both total 
ERK1/2 and ERK1/2 phosphorylated at Thr202/Tyr204 
(1:2,000; Cell Signaling Technology).). Following incuba-
tion, the blots were exposed to HRP-conjugated anti-rab-
bit IgG for a duration of 1 h. The peroxidase activity was 
subsequently identified utilizing the ECL method (Touch 
Imager, e-Blot, China).

Immunofluorescence (IF) staining
After 4  h of treatment with forskolin (FSK), KGN cells 
were fixed in 4% paraformaldehyde for 30 min, permea-
bilized with 0.1% Triton X-100 for 60  min at 4  °C and 
blocked with 2% bovine serum albumin (BSA) at room 
temperature. KGN cells were incubated overnight at 4 °C 
with anti-FASN antibody (3180; 1:50 dilution; Cell Sign-
aling). After three washes with 2% BSA, KGN cells were 
incubated with fluorescein isothiocyanate (FITC)-con-
jugated goat anti-rabbit secondary antibody (2146; 1:20 
dilution; Cell Signaling) in the dark at room temperature 
for 2 h. The nuclei were counterstained with 4′,6-diami-
dino-2-phenylindole (DAPI) (P0131, Beyotime, China). 
Images were captured using a confocal microscope 
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(Olympus, Japan). Additionally, ovarian sections from 
rats were counterstained with 4’,6-diamidino-2-phenylin-
dole (DAPI) (P0131, Beyotime, China). Images were cap-
tured using a confocal microscope (Olympus, Japan).

CCK‑8 assay
KGN cells from both shNC and shFASN groups were 
trypsinized and collected for quantification. Subse-
quently, the cells were distributed into 96-well plates 
with a density of 3000 cells per well and a total volume 
of 100μL per well. Each cell group was assigned six wells 
with the respective compounds and then incubated 
in a cell incubator. At 6, 24, 48, and 72  h after inocula-
tion, 10 μL of CCK-8 supplement was added to each well 
and incubated for an additional period of 2  h. Absorb-
ance measurement was performed at a wavelength of 
450  nm using an enzyme-linked immunosorbent assay 
(ELISA) reader and the values ​​were recorded for statisti-
cal analysis.

Enzyme‑linked immunosorbent assay (ELISA)
Cells from the shNC and shFASN groups were seeded in 
12-well plates at a density of 1 × 10^5 cells per well and a 
volume of 1 mL per well in serum-free medium. After a 
24-h starvation period in a cell incubator, cells were then 
cultured in complete medium for an additional 48 h. The 
supernatant and serum from rats with local FASN knock-
down in the ovaries were collected 4 weeks after lentivi-
rus injection were collected, and then the concentrations 
of progesterone (MM-51338H2, MEIMIAN, China) and 
estradiol (MM-0777H2, MEIMIAN, China) in the culti-
vation medium were quantified using an ELISA method, 
following the manufacturer’s instructions.

Administering ediated vectors into the ovaries of rats
The Ethics Committee of the Animal Center at Wuhan 
University (WP20230368) authorized all rat trials, which 
adhered to the NIH criteria for laboratory animal care. 
Six-week-old Sprague–Dawley rats underwent abdomi-
nal surgery to expose the ovaries [14, 15]. Each ovary 
received two 10uL injections of either shFASN lentivi-
rus (1 × 109 TU/mL) or control ShNC lentivirus (1 × 109 
TU/mL), after which the muscle and skin were sutured. 
7  days after injection, 6 rats (3 experimental rats and 3 
control rats) were euthanized to harvest ovaries. Due to 
the presence of Green Fluorescent Protein (GFP) in the 
lentiviral vector system, small ovarian sections were fixed 
in 4% paraformaldehyde, stained with DAPI, and assessed 
using a fluorescent microscope to determine the effec-
tiveness of lentiviral transduction. The remaining ovarian 
tissue was used for RNA and protein extraction to assess 
FASN expression using qRT-PCR and immunoblotting.

Superovulation
Seven days after lentivirus injection, six 7-week-old 
rats were intraperitoneally injected with pregnant mare 
serum gonadotropin (PMSG) (300  IU/kg) (Ninbo san-
sheng Biological Technology Co.LTD, China) to induce 
superovulation [16]. This was followed by a human cho-
rionic gonadotropin (hCG) (300 IU/kg) (Ninbo sansheng 
Biological Technology Co.LTD, China) injection 48  h 
later, and 16 h after the hCG injection, cumulus-oocyte 
complexes (COCs) were collected from the oviducts. The 
COCs were treated with 0.1% hyaluronidase for 5 min to 
isolate the oocytes. The number of oocytes was recorded 
and photographed under a microscope.

Assessment of estrous cycle
In the second phase of the animal study, 12 rats were 
randomly assigned to two groups. The estrous cycle was 
monitored by examining vaginal cytology for 10 consecu-
tive days [14], starting 3 weeks after lentivirus injection, 
without superovulation, to evaluate the long-term effects 
of lentivirus-mediated FASN downregulation in rat ova-
ries, the flowchart of rat experiments refers to Fig.  3 of 
Supplementary 1.

Histology
Rat ovaries were fixed in 4% paraformaldehyde and then 
embedded in paraffin. Pieces of tissue five μm thick were 
sliced ​​and then soaked in a series of ethanol solutions of 
varying concentrations to regain moisture. The sections 
were stained using the hematoxylin–eosin (H&E) method 
and examined under the microscope.

Statistical analysis
The values are determined by calculating fractions or 
proportions in relation to negative controls and are then 
provided as the mean ± SEM. Statistical analysis was per-
formed using ANOVA or unpaired t-tests with GraphPad 
Prism (version 9.4.0, California). The value of P < 0.05 was 
deemed to be statistically significant.

Results
Identification and analysis of DEGs in PCOS
Based on GSE138518, GSE155489, GSE168404 and 
GSE193123 datasets, the R software package inSilicoM-
erging was applied to remove batch effects and obtain a 
new expression matrix (Supplement Fig. 1). Gene expres-
sion profiles were obtained from granulosa cells from 15 
PCOS patients and 15 controls. We identified 1540 DEGs 
(1144 upregulated and 396 downregulated) in the merged 
dataset, adjusted threshold p-value < 0.05 and |log2 FC| 
applied > 1.0. Hierarchical cluster heatmaps and volcano 
plot analyses were employed for visualizing the DEGs 
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(Supplement Fig. 2). These key DEGs serve as a founda-
tion for investigating the pathogenesis of PCOS.

Identification of the common DEGs in PCOS patients 
and DTH‑induced mice
To better investigate the pathogenesis of polycystic ovary 
syndrome (PCOS), we selected a mouse dataset related 
to PCOS for our study. From the GSE171431 dataset, 
we identified 398 DEGs in the ovaries of DHT-induced 
mice compared to the control group. By intersecting 
these DEGs with the human combined transcriptome 
sequencing, we obtained 32 common DEGs (Fig.  2A). 
Using STRING PPI network analysis, we removed pro-
teins that were not associated with other proteins and 
obtained 12 hub genes, including FASN/CSL4/PNPLA3/
SCARB1/CYP11A1/FABP5/FDPS/GPAM/IDH1/STAR/
RAPGEF4/RIMS2. The link sites between each gene and 
other genes are presented in Fig.  2B and C. The FASN 
gene was identified as the most prominent candidate, 
indicating its critical importance in the development of 
PCOS. The analysis of KEGG disclosed that the DEGs 
were extremely concentrated in metabolic pathways, 
ovarian steroidogenesis, fatty acid biosynthesis, and fatty 
acid metabolism (Fig. 2D). The examination of GO analy-
sis revealed the differences in functions of genes between 

the PCOS and control groups were primarily associated 
with enhanced lipid metabolic processes and lipid syn-
thesis processes (Fig. 2E). Overall, these findings suggest 
that lipid metabolism dysregulation plays a significant 
role in the dysfunction of granulosa cells in patients with 
PCOS.

Expression profile of hub genes in PCOS
We collected RNA samples from both PCOS and control 
patients. Using RT-PCR, we noted a substantial reduc-
tion in the expression of FASN and SCARB1 in patients 
with PCOS (p < 0.0001) (Fig.  3A, B) and a significant 
increase in FABP5, RIMS2 and RAPGEF4 expression 
(p < 0.05) (Fig. 3C-E). The levels of expression of ACSL4, 
FDPS, GPAM and IDH1 showed no statistically signifi-
cant differences (Fig.  3F-J). FASN was further investi-
gated due to its significantly reduced expression in PCOS 
granulosa cells (GCs) and its high number of junctions 
with other hub genes (Fig. 2C). Furthermore, compared 
to control patients, the levels of FASN protein were sig-
nificantly lower in the GCs of PCOS patients (p < 0.01) 
(Fig. 3K). Overall, these results suggest that FASN, a criti-
cal gene involved in lipid metabolism, is downregulated 
in the granulosa cells of patients with PCOS and may play 
a pivotal role in the onset and progression of the disease.

Fig. 2  The overlapping DEGs in PCOS patients and DTH-induced mice. A The Venn diagram of human DEGs and mouse DEGs.; B The hub genes 
were identified from the common DEGs by PPI, nodes represent proteins, and edges represent protein–protein interactions; C The link sites 
number of hub genes. D The top ten significant KEGG pathways enriched by DEGs; E The top ten significant GO terms are enriched by DEGs. In 
panels D and E, the x-axis represents the Gene Ratio, while the y-axis lists various biological processes or pathways. Larger stars or bubbles indicate 
a higher number of genes involved in a particular process, and darker colors represent smaller p-values, indicating higher statistical significance 
in the enrichment analysis. The red boxes highlight the key genes, processes, and pathways of interest
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Knockdown of FASN suppresses KGN cells growth 
and progesterone secretion, improves estradiol secretion 
and down regulated ovulation‑related genes
With the goal of examining the possible biological role 
of FASN in KGN cells, we suppressed the expression 
of FASN using shFASN (Fig.  4A,B). The CCK-8 assay 
indicated a decline of cellular reproduction ability 
decreases in KGN cells after the suppression of FASN 
(Fig.  4C). The FASN downregulation group had ele-
vated estradiol levels (Fig. 4D), but lower the progester-
one levels (Fig. 4E).

Because anovulatory infertility is an important feature 
of PCOS, for the purpose of investigating the probable 
mechanism of FASN-related signaling pathway mol-
ecules in ovulation dysfunction associated with PCOS, 
we established FASN-depleted and control KGN cells 
through lentivirus-mediated transfection, confirm-
ing the downregulation efficiency at both the mRNA 
(Fig. 4A) and protein levels (Fig. 4B). The mRNA (Fig. 4F) 
and protein levels (Fig.  4G) of ovulation-related genes 
C/EBPα and C/EBPβ are considerably reduced. The 
results suggest that FASN has a positive influence on the 

Fig. 3  Expression profile of hub genes in PCOS. A-J Hub genes mRNA expression between control group and PCOS patients (n = 11 per group). 
K Western blot analysis to quantify the levels of FASN protein in granule cells of both control and PCOS groups (n = 9 per group). Data were analyzed 
by unpaired samples t-test and are expressed as mean ± SEM.*p < 0.05, **p < 0.01, ****p < 0.0001
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upregulation of ovulation-related genes, such as C/EBPα 
and C/EBPβ in granulosa cells.

FASN stimulates ovulation gene expression via the ERK 
signaling pathway by regulating ERK1/2 activity
Employing forskolin (FSK, 10 mM) to replicate the lute-
inizing hormone (LH) surge, we triggered the ERK sign-
aling pathway in KGN cells and showed that a crucial 
time point for LH-induced ovulation is 4 h of FSK treat-
ment [17], which has a positive effect on the mRNA and 
protein levels of FASN in KGN cells (Fig. 5A,D). Immu-
nofluorescence labeling showed upregulation of FASN 
expression after 4 h of FSK therapy (Fig. 5G), simultane-
ously, there was a notable rise in the levels of expression 
of C/EBPα and C/EBPβ (Fig. 5B-D).

To investigate the role of FASN in the ERK signal-
ing pathway, we observed increased phosphorylation of 
ERK1/2 after 4 h of FSK treatment, while knockdown of 
FASN with shFASN significantly reduced ERK1/2 phos-
phorylation (Fig.  5E). Then, we also pretreated the cells 
with  U0126 (MEK inhibitor, 10  μM) for 1  h, followed 
by another 4  h of FSK incubation, resulting in effective 
elimination of LH-induced ERK1/2 Phosphorylation and 
upregulation of C/EBPβ induced by FSK, with minimal 
effect on C/EBPα (Fig. 5F).

These results suggest that LH surge triggers FASN 
surge via ERK signaling, leading to ERK1/2 phosphoryla-
tion and promotion of ovulation through upregulation of 
the ovulation gene C/EBPβ. In PCOS patients, the inhi-
bition of FASN expression in a high-lipid environment 

Fig. 4  Effects of FASN knockdown on KGN cells viability, secretion of E2 and P and ovulation-related gene expression A, B. FASN mRNA and protein 
expression in KGN cells transfected with sh-NC and sh-FASN. C Cell viability was assessed using a CCK-8 assay in KGN cells transfected with sh-NC 
and sh-FASN. D E2 levels in sh-NC and sh-FASN groups were detected by ELISA. E P levels in sh-NC and sh-FASN groups were detected by ELISA. 
F mRNA expression of C/EBPα, C/EBPβ after shRNA-mediated FASN knockdown in KGN cells was discovered using qRT-PCR G Protein abundance 
of FASN, C/EBPα, C/EBPβ following the introduction of shFASN lentivirus vectors or control vectors in KGN cells detected by Western blot. Data were 
analyzed by unpaired samples t-test and are expressed as mean ± SEM from 3–5 experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. 
controls
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Fig. 5  A-C Investigation of the impact of FSK (10 uM, 4 h) on the expression of FASN, C/EBPα, and C/EBPβ mRNA in KGN cells. D Effects 
of FSK(10 u M,4 h) on protein levels of FASN, C/EBPα, C/EBPβ in KGN cells. E With or without FASN knockdown, the impact of FSK (10 uM, 
4 h) on the phosphorylation of ERK1/2 in KGN cells. F Effects of FSK (10 uM, 4 h) on ERK1/2 phosphorylation, C/EBPα, C/EBPβ in the presence 
and absence of inhibitor for ERK1/2 (U0126, 10 uM). G KGN cells treated with FSK(10 uM,4 h) were fixed and labelled with anti-FASN antibodies (red). 
The cellular cores were labeled with 40,6-diamidino-2-phenylindole (DAPI) dye, resulting in a blue coloration. The photomicrographs accurately 
depict the results of three separate investigations. The analysis of relative fluorescence intensity was conducted using the ImageJ program. The 
figures display representative blots, data were analyzed using unpaired samples t-test or one-way ANOVA with Tukey’s multiple comparison 
post-hoc test and the results presented are the means ± standard error of the mean (SEM) obtained from 3 to 5 tests. *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001 compared to the control group
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suppresses LH-induced ERK1/2 signaling and conse-
quently impairs ovulation.

Ovulation dysfunction in rats induced by downregulation 
of FASN in ovarian
Our previous studies found that FASN expression is 
reduced in GCs of PCOS patients and reduced FASN 
levels could reduce the expression of ovarian gene. To 
examine the function of FASN in a living organism, we 
generated a rat model with reduced levels of ovarian 
FASN by employing lentiviral vectors [14, 15].

One week after lentivirus injection, ovarian samples 
from three rats per group were analyzed by immunofluo-
rescence and weighing. Green fluorescence was detected 
in both control and shFASN groups, confirming success-
ful lentivirus delivery without affecting ovarian weight 
(Fig. 6A, B). The remaining rats received PMSG followed 
by hCG 48 h later and were euthanized 16 h after hCG 
ingestion to collect ovarian and oviduct tissues.

Knocking down FASN resulted in a considerable 
decrease in the quantity of oocytes obtained from the fal-
lopian tubes (Fig.  6D), decreased ERK1/2 phosphoryla-
tion, and downregulated the key ovulation genes C/EBPα 
and C/EBPβ (Fig. 6C). H&E staining 16 h after hCG treat-
ment showed larger antral follicles and less corpora lutea 
in the shFASN group compared to controls (Fig.  6E). 
These results suggest that FASN inhibits the expres-
sion of key ovulation regulators C/EBPα and C/EBPβ by 
reducing the phosphorylation of ERK1/2, thereby affect-
ing the final release of the follicle.

Given that one week of FASN downregulation in 
rat ovaries impairs the super ovulatory response, we 
explored whether prolonged FASN downregulation could 
induce PCOS-like phenotypes.

The FASN downregulation group showed no signifi-
cant differences in body weight (Fig. 7A) but an ovarian 
weight increase (Fig. 7B, C). Notably, we observed irregu-
lar estrous cycles (Fig. 7D) an increase in preantral, small 
antral, and cystic follicles, along with fewer corpora lutea 
(Fig. 7F). Serum estradiol levels were increased, and pro-
gesterone levels were reduced (Fig.  7E), indicating ovu-
latory dysfunction. These findings indicate that FASN 
downregulation following lentivirus injection in rat 
ovaries results in morphological changes in the ovaries, 
altered secretion of estrogen and progesterone, and irreg-
ular estrous cycles, resembling PCOS-like phenotypes.

Discussion
The pathogenesis of PCOS remains largely unknown 
[18–21]. Those patients experience a delay in the follicles’ 
late development, called the sinus follicular phase, which 
results in the follicles not growing properly [2]. This ulti-
mately hinders ovulation [22]. The GCs in the follicles 

have a vital part in oocyte advancement and ovulation 
[3].

To identify the key genes involved in the development 
and progression of PCOS, we identified 32 common dif-
ferential genes of granulosa cells in both PCOS patients 
and a DHT-induced animal model ovary. KEGG analysis 
revealed enrichment in metabolic pathways, ovarian ster-
oidogenesis, and fatty acid biosynthesis and metabolism. 
GO analysis demonstrated substantial enhancement in 
lipid metabolic processes. As the post study have express 
that granulosa cell lipid metabolism is crucial for oocyte 
development [23], and abnormalities in this process are 
associated with PCOS [24]. Dyslipidemia’s frequency is 
high in anovulatory PCOS patients (41.3%−70%), char-
acterized by elevated serum cholesterol and triglyceride 
concentrations, elevated low-density lipoprotein (LDL) 
concentrations, and reduced high-density lipoprotein 
(HDL) concentrations [25]. Within the blood and folli-
cle fluid of individuals with PCOS patients, the fatty acid 
profiles are considerably different from those of women 
in good health [26]. Upregulation of the NKB-NK3R sys-
tem and MAPK-ERK signaling pathway in KGN cells can 
be induced by palmitic acid supplementation to mimic 
the lipid-rich environment of PCOS cells. Within the 
ovaries tissues, there is an increased expression of the 
NKB-NK3R system in PCOS-like mice leading to appar-
ent ovulation disruption, insufficient progesterone levels, 
and an inflammatory state [27]. Disturbed lipid metabo-
lism in granulosa cells is induces cell death or autophagy 
[28], which subsequently leads to ovulation disorder, sug-
gesting that lipid metabolism disorders in GCs may be 
associated with the occurrence of PCOS [29].

Through STRING protein network analysis, we iden-
tified 12 hub genes, which were validated in granulosa 
cells of PCOS patients. FASN was ultimately selected 
for further investigation. FASN, a central enzyme for de 
novo lipogenesis, is a key gene involved in lipid synthesis 
and metabolism [30–32]. Our analysis of GEO database 
information indicated that FASN expression decreases in 
GCs from both PCOS patients and DHT-induced mod-
els, a finding confirmed in GCs from PCOS patients 
[33]. In vitro, suppression of FASN expression inhibited 
KGN cell proliferation, increased estradiol secretion, and 
decreased progesterone secretion. These findings align 
with prior research on GCs from other species [34].

Some studies have shown that FASN is present in folli-
cular granulosa cells of goose and significantly influences 
follicular maturation and steroidogenesis. Overexpressed 
FASN increased the apoptosis of GCs, furthermore, the 
interference with FASN resulted in a decrease in their 
progesterone synthesis in goose GCs by suppressing the 
the manifestation of steroidogenic acute regulatory pro-
tein (STAR) [34, 35]. When culturing bovine granulosa 
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cells in the laboratory, the use of C75 to inhibit FASN 
resulted in a reduction in progesterone production by 
blocking cholesterol synthesis. In addition, it slowed cell 

growth by reducing the expression of cyclin D2 [36]. In 
addition, the introduction of palmitic acid hindered the 
growth of bovine GCs by triggering programmed cell 

Fig. 6  Lentivirus vectors promote downregulation of FASN, leading to ovulatory failure in rats. A Ovarian weight of rats before superovulation 
(n = 6 per group). B Ovarian sections were frozen before superovulation. Cell nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) 
(blue). Lentivirus showed green fluorescence that could be seen by means of a fluorescent scope.The photomicrographs were typical of those 
found in three separate studies. C hCG16h, protein levels of FASN, C/EBPα, C/EBPβand ERK1/2 phosphorylation was examined in ovaries from two 
groups(n = 3 per group). D Oocytes numbers per ovary (n = 6 for every group). E Rats injected with the control vector (top) and the FASN-lentivirus 
vector (bottom) showed different ovarian morphologies had distinct ovarian morphologies after superovulation (PMSG48h + hCG16 h).The asterisk 
indicates the corpus luteum. Scale bar: 500 m. Data were analyzed using unpaired samples t-test and are presented as mean ± SEM. *P < 0.05, 
**P < 0.01, ***P < 0.001 vs. the control group
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Fig. 7  Effects of 4-week FASN downexpression in rat ovaries mediated by lentivirus vectors. A Body weight of rats(n = 6 per group); B Appearance 
of the rat ovaries; C Weight of rats(n = 12 per group); D Estrous cycles were detected in rats injected with control vector (above) or FASN lentivirus 
vector (below)(n = 6 per group); E Serum estradiol(E2)(left) and Progesterone(right) levels detected by ELISA analysis(n = 6 per group); F Ovarian 
morphology of rats injected with control vector (above) or FASN lentivirus vector (below). Asterisk stands for corpus luteum. Scale bar, 1000 μm. 
Data were analyzed using unpaired samples t-test and are presented as mean ± SEM. *P < 0.05, **P < 0.01, **P < 0.001 vs. the control group
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death and promoted the production of estradiol-17 (E2) 
by activating NADPH-dependent enzymes in the ovarian 
aromatase enzyme complex.

Furthermore, we focused on the role of FASN in ovu-
lation. In  vitro experiments revealed LH surge-induced 
upregulation of FASN, indicating that FASN might 
have a pivotal function in controlling the ovulation. The 
results of our research indicated a decrease in expression 
of FASN can reduce the transcription of the ovulation-
associated genes C/EBPα and C/EBPβ. Previous studies 
have shown that mice lacking C/EBPβ exhibit reduced 
fertility, impaired expansion of the COC, and lack of 
luteinization, leading to ovulation dysfunction. While 
C/EBPα−deficient mice have regular fertility, the double 
mutants C/EBPα/βgc−/− lacking are unable to ovulate 
[10].

In KGN cells, downregulation of FASN inhibited 
ERK1/2 phosphorylation signaling, thereby downregulat-
ing the expression of downstream C/EBPα and C/EBPβ. 
Prior research indicated that ERK1/2 [9, 37] regulates 
the display of numerous genes that are quickly activated 
due to the LH spike [38] within 4 h in GCs found in fol-
licles that are about to ovulate. Our investigation found 
that pretreatment use of the ERK signaling inhibitor 
U0126 [39] successfully eliminated the increase in C/
EBP caused by forskolin-mimicking LH surge. We dis-
covered that FASN is essential in the process of ERK1/2 

phosphorylation during ovulation caused by the LH 
surge. Decreased expression of FASN in the GCs of 
patients with PCOS has implications for regular ovula-
tion triggered by the LH surge.

To conduct a more in-depth examination of the func-
tion of FASN in the ovulation process, FASN was down-
regulated in rat ovaries by injecting lentivirus. For this 
research, we observed that reducing rodent ovaries FASN 
expression inhibited the expression of genes associated 
with ovulation, comprising phosphorylated ERK1/2, C/
EBPα, and C/EBPβ. This inhibition affected granulosa cell 
proliferation, follicular development, oocyte maturing, 
and follicular disruption. One week after downregulation 
of FASN expression and induction of ovulation, the ovu-
lation rate decreased significantly in rats with reduced 
FASN expression accompanied by reduced luteinization. 
Results highlight the central role of FASN in studying the 
mechanism of ovulation and determining the underlying 
molecular signaling pathways.

We examined the activity of FASN, a crucial molecule 
in lipid metabolism, in relation to granulosa cell prolif-
eration, secretion of estradiol and progesterone, and its 
influence on ovulation dysfunction in PCOS (Fig. 8). Pre-
vious studies have also shown that under the influence 
of hyperandrogenism and dyslipidemia, several genes 
involved in fatty acid synthesis, such as fatty acid desatu-
rase genes 2(FADS2) [40]、stearoyl coA desaturase(SCD) 

Fig. 8  All ovulation events are triggered by an LH surge, engaged in oocyte maturation, cumulus expansion, and follicle rupture. Downregulation 
of FASN expression in PCOS results in block of ovulation by ERK1/2 phosphorylation, hence suppressing C/EBPβ and other ovulatory genes
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and FASN, are downregulated in the granulosa cells of 
PCOS patients [33]. This downregulation may affect fatty 
acid and cholesterol synthesis within the granulosa cells, 
ultimately influencing follicular development [41]. How-
ever, the exact mechanisms remain unclear. In the present 
study, we confirmed that FASN expression is reduced in 
granulosa cells and that this downregulation impacts the 
expression of ovulation-related genes, C/EBPα and C/
EBPβ, through the modulation of ERK1/2 phosphoryla-
tion, thereby affecting ovulation. These findings indicated 
that FASN could serve as a potential molecular target for 
treating PCOS-related ovulatory dysfunction. Targeting 
the upregulation of FASN expression in granulosa cells 
may offer a novel therapeutic approach. Furthermore, we 
can investigate the potential of enhancing oocyte matu-
ration by upregulating FASN expression in granulosa 
cells during in  vitro follicle culture. However, further 
experiments are required to validate this hypothesis. The 
results of our study confirm the involvement of FASN in 
ovulation disorders associated with PCOS, provide new 
perspectives on the processes of anovulation and provide 
a biological basis for possible therapeutic interventions to 
improve ovulation in PCOS patients.

Despite extensive literature search and bioinformat-
ics analysis, our investigation has numerous limitations. 
Firstly, the limited accessibility of available data and the 
heterogeneity of studies presented challenges. Genes 
exploited in our integrative investigation were diagnosed 
through a literature survey that focused on heterogene-
ous studies with poor overlap in molecular signatures 
characterizing standard or affected granulosa cells. The 
selection of these datasets may introduce bias, particu-
larly as the four PCOS datasets, comprising data from 15 
PCOS and control patients, may not fully capture the het-
erogeneity of the PCOS population. Variations in genetic, 
hormonal, and environmental factors can influence the 
clinical presentation of PCOS, and these datasets may 
not encompass this diversity. Moreover, the absence 
of data on baseline BMI and lipid levels introduces the 
possibility that these factors may have influenced the 
results. Additionally, the single DHT-induced mouse 
model dataset may not fully replicate the complex bio-
logical mechanisms underlying human PCOS. To address 
these limitations, future studies should include a broader 
range of datasets, incorporating data from different eth-
nic groups and clinical subtypes of PCOS, to enhance 
the generalizability of the findings. Secondly, our prior-
itization of selected genes may have limited our findings. 
While 12 candidate genes were selected for expression 
analysis, most of the genes were not utilized for valida-
tion. Then, the tiny size of both the PCOS and control 
groups may have decreased the statistical power of our 
study. And lastly, previous research found increased fatty 

acids in PCOS granulosa cells [26], but the interaction 
between fatty acids and FASN in the granulosa cells, as a 
fatty acid synthase, has not been specifically studied. Fur-
ther investigations are warranted to explore the influence 
of dyslipidemia on FASN expression in ovarian granulosa 
cells of PCOS patients, as well as its potential association 
with ovulation disorders in PCOS. While our data sug-
gests an association between FASN downregulation 
and ovulatory dysfunction in PCOS, the nature of this 
relationship—whether causal or merely correlational—
remains unclear. To establish causality, longitudinal 
studies and experimental interventions targeting FASN 
across various PCOS models are necessary. Additionally, 
it will be crucial to monitor changes in FASN expression 
over time in PCOS patients and correlate these changes 
with the onset and progression of ovulatory dysfunction. 
Moreover, due to the high molecular weight of FASN 
(273 kDa), developing a model for FASN overexpression 
is currently not feasible. No effective method for replac-
ing FASN has been identified as a potential therapeutic 
approach, which represents an important avenue for 
future research.

Conclusions
In conclusion, using public databases and several compu-
tational algorithms, we were able to identify FASN as a 
central hub gene in the GCs of women with PCOS. Our 
in  vitro analysis confirmed that FASN is a reliable pre-
dictive marker and regulator of the steroidogenic pro-
cess. Our data suggested that FASN plays a significant 
role in the development of ovulation disorder in PCOS, 
as its downregulation may inhibit ovulation by targeting 
the ERK signaling pathway (Fig.  8). Therefore, improv-
ing FASN expression in GCs of PCOS patients coupled 
with assisted reproductive technology (ART) could serve 
as a potentially effective biological approach to treat ovu-
lation disorders in PCOS. Future studies will verify the 
causal link between FASN and ovulatory dysfunction in 
PCOS by increasing sample size and species diversity. We 
will also explore methods to enhance FASN expression 
in granulosa cells to improve follicular maturation and 
restore normal ovulation in PCOS patients.
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