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Abstract. Polycystic ovary syndrome (PCOS) is a common 
endocrine disorder frequently associated with metabolic 
disturbances, such as non‑alcoholic fatty liver disease 
(NAFLD), driven by hyperandrogenism‑induced lipogenesis. 

Baicalin (BA), a flavonoid derived from Scutellaria baicalensis, 
exhibits therapeutic potential in the treatment of PCOS; 
however, the specific mechanisms against PCOS‑associated 
NAFLD remain unclear. In the present study, a PCOS mouse 
model was established via subcutaneous implantation of dihy‑
drotestosterone. Model validation confirmed irregular estrous 
cycles, ovarian histopathological abnormalities and altered 
serum hormone levels. Treatment with BA markedly alleviated 
NAFLD‑associated metabolic abnormalities, including central 
obesity, dyslipidemia and hepatic steatosis. Moreover, liver 
transcriptomics indicated that BA modulated lipid metabolism 
primarily through sterol regulatory element‑binding protein 1 
(SREBP1)‑mediated lipogenesis. Results of western blot anal‑
ysis confirmed that BA suppressed hepatic protein expression 
of SREBP1 and its downstream lipogenic enzymes, fatty acid 
synthase and acetyl‑CoA carboxylase, indicating inhibition 
of hepatic lipogenesis. As androgen receptor (AR) functions 
as an upstream transcriptional regulator of SREBP1, network 
pharmacological analysis highlighted AR as a potential target 
of BA. Molecular docking predicted the BA‑AR binding site, 
guiding purification of truncated AR protein for isothermal 
titration calorimetry (ITC). Subsequently ITC was used to 
confirm the specific BA‑AR binding affinity. Luciferase 
reporter assays in MDA‑kb2 cells demonstrated that BA inhib‑
ited AR transcriptional activity. Collectively, the results of the 
present study indicated that BA ameliorates PCOS‑associated 
NAFLD through targeting the AR/SREBP1 axis, highlighting 
its potential as a therapeutic strategy for managing lipid 
metabolism disorders in PCOS.

Introduction

Polycystic ovary syndrome (PCOS) is a common endocrine 
disorder affecting 6‑20% of reproductive‑aged females (1). 
This condition is characterized by hyperandrogenism, insulin 
resistance and metabolic dysfunction, all of which mark‑
edly increase the risk of non‑alcoholic fatty liver disease 
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(NAFLD)  (2,3). NAFLD, the most prevalent chronic liver 
disease worldwide, affects 32.4% of the general population and 
25.6% of females. Notably, prevalence of this disease is mark‑
edly higher in patients with PCOS (34‑70%) compared with 
the general population (14‑34%), with patients experiencing a 
greater severity of hepatic steatosis and fibrosis (4,5). In addi‑
tion, PCOS remains an independent risk factor for NAFLD, 
even after adjusting for body mass index (6). The coexistence 
of these conditions imposes substantial health and economic 
burdens, with PCOS alone accounting for ~$8 billion in 
annual medical costs, in addition to $1,613 per patient with 
NAFLD (7). Thus, elucidating the mechanisms underlying 
lipid deposition in PCOS and developing targeted therapeutic 
strategies to prevent PCOS‑associated NAFLD progression 
are crucial to alleviate these burdens.

The pathophysiological association between PCOS and 
NAFLD is driven by a complex interplay of hormonal and 
metabolic factors, with hyperandrogenism playing a central 
role (2). Elevated androgen levels promote hepatic steatosis 
through enhancing de novo lipogenesis via androgen receptor 
(AR)‑mediated activation of sterol regulatory element‑binding 
protein  1 (SREBP1), which upregulates key lipogenic 
enzymes, such as fatty acid synthase (FASN) and acetyl‑CoA 
carboxylase (ACC) (8). The role of SREBP1 in NAFLD is 
well‑established  (9) and previous studies in PCOS mouse 
models confirmed that AR‑SREBP1 signaling contributes 
to increased hepatic lipid accumulation (10). These findings 
suggested that hyperandrogenism is a crucial driver of meta‑
bolic dysfunction in PCOS, highlighting that AR inhibition 
may exhibit potential as a therapeutic target. However, AR 
inhibitors, such as flutamide and bicalutamide, are often 
associated with adverse events, and their long‑term utility in 
females remains controversial. Thus, further investigations are 
required to determine novel AR‑targeted strategies that exhibit 
increased levels of safety and tolerability (11,12).

Despite advances in understanding PCOS‑associated 
NAFLD, effective treatment options remain limited. Current 
management strategies largely mimic those used for general 
NAFLD, relying on weight loss and pharmacotherapy  (2). 
However, weight loss, considered the first‑line intervention, is 
often difficult to achieve and maintain due to poor adherence, 
while pharmacological treatments developed for diabetes and 
obesity are frequently associated with side effects  (13,14). 
Moreover, hyperandrogenism may reduce the efficacy of these 
therapies, highlighting the urgent requirement for targeted 
interventions that address the underlying androgen‑driven 
pathology of NAFLD in PCOS.

Baicalin (BA), a flavonoid derived from the Traditional 
Chinese Medicinal herb, Scutellaria baicalensis, exhibits 
a broad range of pharmacological activities, including 
anti‑inflammatory, antioxidant, anti‑steatotic and hepatopro‑
tective effects (15). In various in vivo and in vitro models, 
BA mitigated hepatic injury via suppressing inflammation 
and oxidative stress, and improving lipid metabolism through 
reducing cholesterol and free fatty acid accumulation (15,16). 
Notably, results of previous studies suggest that BA may 
modulate androgen‑dependent pathways, demonstrating 
potential benefits in benign prostatic hyperplasia (17), pros‑
tate cancer (18) and androgenetic alopecia (19). Results of 
a previous study also indicated that BA may ameliorate 

high‑androgen‑induced PCOS symptoms  (20); however, 
research focused on the efficacy in PCOS‑associated 
NAFLD or its specific mechanism of AR inhibition in the 
context of PCOS remains limited. Compared with existing 
AR antagonists, BA may offer a more manageable toxicity 
profile and fewer off‑target effects, highlighting its potential 
for long‑term management of androgen‑driven pathologies. 
Notably, the specific anti‑androgenic mechanisms underlying 
BA and the potential impact on hepatic lipid deposition under 
hyperandrogenic conditions are yet to be fully elucidated.

The present study aimed to investigate the potential impact 
of BA on the AR/SREBP1 signaling pathway, including the 
suppression of de novo lipogenesis and reductions in hepatic 
lipid accumulation in PCOS‑associated NAFLD. The present 
study also aimed to validate the specific role of BA in mitigating 
hyperandrogenism‑induced liver damage and to provide novel 
mechanistic insights into its potential effects on hepatic lipid 
metabolism under hyperandrogenic conditions. Results of the 
present study may provide novel insights for the development 
of targeted therapies and advance the current understanding of 
innovative treatment strategies for PCOS‑associated NAFLD.

Materials and methods

Animal experiments. All animal experiments were approved 
by the Ethics Committee of Zhejiang Provincial People's 
Hospital (approval no.  20240708135746975190) and 
conducted in accordance with the ARRIVE guidelines (21). 
Two‑week‑old female C57BL/6J mice (n=52; 5‑6 g; Shanghai 
Laboratory Animals Center) were housed under standard 
specific pathogen‑free conditions (22±2˚C; relative humidity 
50±5%; 12‑h light/dark cycle) with ad libitum access to food 
and water, and were acclimated for one week. Initially, mice 
were randomly divided into two groups; namely, a control 
group (n=14) and a PCOS model group (n=38). Control mice 
received subcutaneous implants of empty silicone tubes, 
while PCOS mice received implants containing 10 mg dihy‑
drotestosterone (DHT) (22,23). The tubes were replaced every 
4 weeks. After 4 weeks, six mice from each group were sacri‑
ficed to confirm successful PCOS modeling via estrous cycle 
analysis, ovarian hematoxylin and eosin (H&E) staining and 
serum hormone measurements. The control group included 
a total of eight mice, each receiving saline. The remaining 
32 PCOS mice were randomly divided into four groups (n=8 
per group); namely, PCOS group (saline‑treated) and three 
BA treatment groups receiving low (100 mg/kg/day), medium 
(200 mg/kg/day) or high (400 mg/kg/day) doses of BA orally. 
DHT implants were continued for both PCOS and BA treat‑
ment groups. Notably, treatment was initiated at week 5 and 
lasted 8 weeks. At the end of the treatment period, all mice 
were fasted for 12 h and weighed. They were then sacrificed 
in a carbon dioxide (CO2) chamber that had not been pre‑filled 
with CO2, ensuring that animals were initially in ambient air 
(~0.04% CO2). Medical‑grade CO2 was then introduced at a 
displacement rate of 30% of the chamber volume per minute, 
gradually increasing the concentration to >70% to induce rapid 
deep anesthesia and death while minimizing distress (24). After 
complete cessation of respiration, CO2 flow was maintained 
for at least 1 min to ensure mortality. Mortality was confirmed 
by the absence of respiration and other vital signs. Blood, 
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visceral fat and liver tissues were collected from all animals, 
and portions of liver tissue were fixed in 4% formalin at room 
temperature (20‑25˚C) for 24‑48 h before processing for histo‑
logical examination. The remaining tissues were snap‑frozen 
in liquid nitrogen and stored at ‑80˚C for subsequent analyses.

Estrous cycle identification. Each morning at 9:00 AM, 20 µl 
of saline was injected into the vaginal cavity, spread on a 
slide and stained with 0.5% methylene blue for 5 min at room 
temperature (20‑25˚C). Estrouscycle stages were classified 
according to the classic cytological criteria (25).

Serum and hepatic biochemical analysis. Serum and hepatic 
biochemical parameters were measured using commer‑
cially available kits (Nanjing Jiancheng Bioengineering 
Institute). Serum levels of follicle‑stimulating hormone (FSH; 
cat. no. H101‑1‑2), luteinizing hormone (LH; cat. no. H206‑1‑2) 
and DHT (cat.  no.  H293‑1‑2) were determined using 
enzyme‑linked immunosorbent assay kits. Lipid metabo‑
lism indices, including non‑esterified fatty acids (NEFA; 
cat. no. A042‑2‑1), triglycerides (TG; cat. no. A110‑1‑2), total 
cholesterol (TC; cat. no. A111‑1‑2), low‑density lipoprotein 
cholesterol (cat. no. A113‑1‑2) and high‑density lipoprotein 
cholesterol (cat. no. A112‑1‑2) in serum, as well as hepatic 
NEFA, TG and TC, were analyzed using biochemical assay 
kits, according to the manufacturer's instructions.

Histological examination. One ovary and a portion of liver 
tissue from each mouse were fixed in 4% formalin at room 
temperature (20‑25˚C) for 24‑48 h, dehydrated through a 
graded ethanol series (75% for 24 h, 90% for 12 h, 95% for 
4 h, and 100% for 2 h), cleared in xylene for 1‑2 h, embedded 
in paraffin using a standard embedding station (tissues were 
oriented in molten paraffin within base molds, gently flattened, 
covered with labeled cassettes and cooled at -20˚C until solidi‑
fied), and sectioned into consecutive 3‑µm‑thick slices for 
H&E staining. Frozen liver tissues were embedded in optimal 
cutting temperature compound and sectioned into 8‑µm‑thick 
slices using a cryostat. Tissues were stained with Oil Red O 
at room temperature (20‑25˚C) for 10 min to evaluate hepatic 
lipid deposition.

RNA sequencing analysis in mouse liver tissues. A total of four 
samples per group (control, model and BA‑treated at medium 
dose) were used for sequencing. Total RNA was extracted using 
TRIzol® reagent (cat. no. 15596018; Invitrogen; Thermo Fisher 
Scientific, Inc.) following the manufacturer's procedure. The 
total RNA quantity and purity were analyzed using Qubit 3.0 
(cat. no. Q33216; Thermo Fisher Scientific, Inc.) and Fragment 
Analyzer 5300 (cat. no. M5311AA; Agilent Technologies). 
High‑quality RNA samples with a RIN number >7.0 were used 
to construct sequencing libraries. After total RNA extraction, 
mRNA was purified from 2 µg of total RNA using mRNA 
Capture Beads 2.0 (cat. no. 12629ES; Yeasen Biotechnology 
Co., Ltd.) with two rounds of purification. The purified mRNA 
was fragmented into short fragments using magnesium ions 
(cat. no. 12340ES97; Yeasen Biotechnology Co., Ltd.) at 94˚C. 
Then the cleaved RNA fragments were reverse‑transcribed 
to synthesize first‑Strand cDNA by Reverse Transcriptase, 
followed by synthesis of the second‑stranded cDNA with 

E.coli DNA polymerase I, RNase H and dUTP Solution 
(cat. no. 12340ES97; Yeasen Biotechnology Co., Ltd.). An 
A‑base was then added to the blunt ends of each strand, 
preparing them for ligation with indexed adapters containing 
a T‑base overhang. Dual‑index adapters were ligated, and the 
ligated products were amplified by PCR under the following 
conditions: Initial denaturation at 98˚C for 1 min; 14 cycles of 
denaturation at 98˚C for 10 sec; annealing at 60˚C for 30 sec; 
and extension at 72˚C for 30 sec; followed by a final extension 
at 72˚C for 5 min. The average insert size for the final cDNA 
libraries was 400±50 bp. Strand specificity was achieved 
during PCR amplification utilizing a high‑fidelity DNA 
polymerase that selectively amplifies cDNA strands without 
U‑base. PCR products were purified with Hieff NGS DNA 
Selection Beads (cat. no. 12601ES75; Yeasen Biotechnology 
Co., Ltd.). The loading concentration of the final library was 
about 1.2‑1.6 pM. 2x150 bp paired‑end sequencing (PE150) 
was performed on the Illumina Novaseq™ X Plus (LC‑Bio 
Technology CO., Ltd.) following the vendor's recommended 
protocol.

Raw reads were processed, aligned to the mouse genome 
(GRCm38) and analyzed using StringTie. Differential expres‑
sion was assessed with DESeq2 [|log2(fold change)|>1.5; 
Benjamini‑Hochberg (BH)-adjusted q<0.05]. Gene Ontology 
(GO) provides a controlled vocabulary that describes 
biological processes, molecular functions and cellular compo‑
nents (26). The Kyoto Encyclopedia of Genes and Genomes 
(KEGG) is a curated database of metabolic and signaling 
pathways (27). Differentially expressed genes were analyzed 
for GO and KEGG enrichment with the clusterProfiler 
R package (version, 3.8.1) (28) using pAdjustMethod=‘BH’ 
and q‑valueCutoff=0.05. Terms with q<0.05 and at least three 
gene hits were considered significant.

Reverse transcription‑quantitative (RT‑q) PCR. Total 
RNA from mice liver was extracted using TRIzol® reagent 
(cat. no. 15596026; Thermo Fisher Scientific, Inc.) following 
the manufacturer's protocol. cDNA was synthesized using 
HiScript III RT SuperMix (cat. no. R333‑01; Vazyme Biotech 
Co., Ltd.) according to the supplier's instructions. qPCR was 
performed on a Thermo Fisher 7500 system using ChamQ 
Universal SYBR Master Mix (cat.  no.  Q711‑03; Vazyme 
Biotech Co., Ltd.) with β‑actin (Actb) as the internal refer‑
ence gene. The PCR cycling conditions were as follows: 
Initial denaturation at 95˚C for 30 sec, followed by 40 cycles 
of denaturation at 95˚C for 10 sec and annealing/extension 
at 60˚C for 30 sec. A melting curve analysis was performed 
to confirm amplification specificity. The primer sequences 
were as follows: Actb, forward: 5'‑ACG​GCC​AGG​TCA​TCA​
CTA​TTG‑3' and reverse, 5'‑CAA​GAA​GGA​AGG​CTG​GAA​
AAG​A‑3'; and Srebp1 forward, 5'‑GGA​GCC​ATG​GAT​TGC​
ACA​TT‑3' and reverse, 5'‑GGC​CCG​GGA​AGT​CAC​TGT‑3'. 
Relative gene expression levels were calculated using the 2‑ΔΔCq 
method (29). All experiments were independently repeated 
three times to ensure reproducibility.

Western blot analysis. Tissues were lysed in RIPA buffer 
(cat.  no.  P0013B; Beyotime Institute of Biotechnology) 
supplemented with PMSF (cat.  no.  ST506; Beyotime 
Institute of Biotechnology) and protease inhibitor cocktail 
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(cat. no. HY‑K0010; MedChemExpress). Protein concentra‑
tions were determined using a BCA assay kit (cat. no P0011; 
Beyotime Institute of Biotechnology). Equal amounts of 
protein (10 µg per lane) were separated via 4‑12% SDS‑PAGE 
and transferred onto PVDF membranes (cat. no. 1620177; 
Bio‑Rad Laboratories, Inc.). Membranes were blocked in 5% 
skimmed milk (w/v) in TBS‑Tween‑20 buffer for 2 h at room 
temperature, and incubated overnight at 4˚C with primary 
antibodies against ACTB (cat. no. 81115‑1‑RR; Proteintech 
Group, Inc.), SREBP1 (cat.  no.  ab28481; Abcam), FASN 
(cat. no. 3180; CST Biological Reagents Co., Ltd.) and ACC 
(cat. no. 3676; CST Biological Reagents Co., Ltd.). Following 
primary incubation, membranes were washed and incubated 
with HRP‑conjugated secondary antibody (1:10,000 dilution; 
cat. no. AS003; ABclonal Technology Co., Ltd.) for 1 h at room 
temperature. Protein bands were visualized using a chemilu‑
minescence kit (cat. no. 36208ES60; Yeasen Biotechnology 
Co., Ltd.) and images were obtained using an ImageQuant 
LAS 4000 system (Cytiva).

Network pharmacological analysis. Potential targets of BA 
were identified using BATMAN 2.0 (http://bionet.ncpsb.org.
cn/batman‑tcm/#/home), with criteria of Confidence Score 
≥0.8 (LR=48) and Druggable Score ≥0.1. Targets were curated 
and standardized to Homo sapiens via UniProt (https://www.
uniprot.org/). Disease‑associated targets were retrieved from 
GeneCards (https://www.genecards.org/, version 5.21; with 
relevance Score >20), OMIM (https://www.omim.org/) and 
DrugBank (https://go.drugbank.com/, version 5.1.12). All 
databases were accessed in September 2024. Targets were 
standardized, merged and de‑duplicated. A Venn diagram 
identified overlapping genes between BA targets and 
disease‑associated targets. Protein‑protein interactions were 
analyzed using STRING (https://string‑db.org/), and network 
visualization was performed in Cytoscape (version, 3.7.2), with 
node size and color indicating interaction density. The cyto‑
Hubba plugin and DMNC algorithm extracted the top 10 hub 
genes, forming a subnetwork for further analysis.

Molecular docking. The 3D structure of human AR 
(PDB ID: 2pnu) was retrieved from the Protein Data 
Bank (www.rcsb.org) and visualized using PyMOL  2.3.0 
(Schrödinger, LLC). The 3D structures of BA and 
flutamide were downloaded as SDF files from PubChem 
(https://pubchem.ncbi.nlm.nih.gov/) and imported into 
ChemDraw  2014 (PerkinElmer, Inc.). Energy minimiza‑
tion was performed using the MM2 module to obtain stable 
conformations, saved as Mol2 files. Ligand and receptor prep‑
arations were performed using MGLTools (version, 1.5.6; The 
Scripps Research Institute), followed by molecular docking 
with AutoDock Vina 1.1.2 (The Scripps Research Institute). 
Top‑scoring conformations were visualized using PyMOL 
(version, 2.3.0; https://pymol.org/) and Discovery Studio 2019 
(BIOVIA; Dassault Systèmes).

Protein expression and purification. Molecular docking 
revealed that BA may interact with AR residues 704‑899. To 
obtain the corresponding protein region, a truncated human 
AR fragment (residues 600‑900) was amplified using specific 
primers (forward, 5'‑AAT​GAT​TGC​ACT​ATT​GAT​AAA​TTC​

CG‑3' and reverse, 5'‑GAT​GAT​CTC​TGC​CAT​CAT​TTC‑3'), 
cloned into the pGEX4T1 vector, and transformed into 
Escherichia coli Tuner (DE3) cells (cat. no. D1091S; Beyotime 
Institute of Biotechnology). Expression of the recombinant 
GST‑tagged AR protein was induced with 0.5 mM IPTG 
(cat. no. A100487‑0025; Sangon Biotech Co., Ltd.) at 16˚C 
for 16‑20  h. Following centrifugation, the bacterial cells 
were resuspended in Binding/Wash Buffer (pH 7.3‑7.5) for 
GST‑Sefinose Resin (cat. no. C600326‑0500; Sangon Biotech 
Co., Ltd.). The buffer was supplemented with 0.2 mg/ml lyso‑
zyme (cat. no. L1080; Beijing Solarbio Science & Technology 
Co., Ltd.), 20  µg/ml DNase I (cat.  no. D 7073; Beyotime 
Institute of Biotechnology), 1 mM MgCl2 (cat. no. 7786‑30‑3; 
Macklin Biochemical Co., Ltd.), and 1  mM PMSF 
(cat. no. ST506; Beyotime Institute of Biotechnology). Cell 
lysis was performed using ultrasonication (60% amplitude, 
5 sec on/5 sec off, 4˚C, 20 min), followed by centrifugation 
at 12,000 x g for 20 min at 4˚C. The clarified supernatant 
was filtered and subjected to affinity purification using a GST 
4FF‑tagged protein purification kit (cat. no. C600327‑001; 
Sangon Biotech Co., Ltd.) according to the manufacturer's 
instructions. The GST‑AR fusion protein was eluted in 2 ml 
fractions with Elution Buffer (pH 7.9~8.1) for GST‑SefinoseTM 
Resin (cat. no. C600325; Sangon Biotech) and analyzed by 
sodium dodecyl sulfate‑polyacrylamide gel electrophoresis 
(SDS‑PAGE).

SDS‑PAGE and protein quantification. The purified protein 
sample was separated on a 10% SDS‑polyacrylamide gel 
alongside bovine serum albumin (BSA) standards ranging 
from 0.5‑10  µg (cat.  no.  ST023‑50  g; Beyotime Institute 
of Biotechnology). A volume of 10 µl was loaded per lane 
for both the sample and standards. Following electropho‑
resis, the gel was stained with Coomassie Brilliant Blue 
(cat. no. E607056‑0250; Sangon Biotech Co., Ltd.) at room 
temperature for 20 min and destained in double‑distilled water 
for 6 h with changes every 1‑2 h. Protein bands were visual‑
ized using a gel imaging system (model DH200; Ruicheng 
Instruments Co., Ltd.) and band intensity was quantified using 
ImageJ software (version 1.8.0.345; National Institutes of 
Health) to estimate the concentration of the target protein.

Isothermal titration calorimetry (ITC) analysis. ITC analysis 
was performed following modifications from previously estab‑
lished methods (30). A 300‑µl solution of AR‑GST fusion 
protein (1 µM in PBS; pH 7.4; 1% DMSO) was loaded into 
the ITC 200 instrument (MicroCal), and equilibrated at 25˚C 
with stirring at 1,000 rpm for 30 min. A 60‑µl BA solution 
(20 µM in PBS; pH 7.4; 1% DMSO) was injected 21 times 
(2 µl each time) at 180‑sec intervals. Data were analyzed 
using PEAQ‑ITC software (MicroCal) to determine binding 
constant (K), stoichiometry (n), enthalpy change (∆H) and 
entropy change (∆S). A control titration with GST‑only solu‑
tion was performed under identical conditions.

Androgen receptor transcriptional activity assay. The 
MDA‑kb2 cell line, derived from MDA‑MB‑453 cells and 
stably transfected with an MMTV‑luciferase reporter driven 
by androgen response elements, was kindly provided by 
Professor Wei Shi (School of the Environment, Nanjing 
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University, China). This reporter cell line was used to screen 
AR‑regulating compounds. Cells were cultured in Leibovitz's 
L‑15 medium (cat. no. PM151010; Procell Biotechnology Co., 
Ltd.) with 10% FBS (cat. no. 10099141C; Gibco; Thermo 
Fisher Scientific, Inc.) and 1% penicillin‑streptomycin 
(cat. no. C0222; Beyotime Institute of Biotechnology) at 37˚C 
under non‑CO2 conditions. For assays, FBS was replaced 
with detection medium containing 10% charcoal‑stripped 
serum (cat. no. C3830‑0050; VivaCell Bioscientific, Ltd.). 
Cells were seeded in 96‑well plates at a concentration 
of 3.0x105 cells/ml, incubated for 24 h at 37˚C and subse‑
quently treated with test compounds for an additional 24 h. 
Following washing with PBS, 50 µl of Steady Glo® reagent 
(cat. no. E2510; Promega Corporation) was added, and lumi‑
nescence was measured using a Berthold Junior LB9509 
luminometer. AR antagonistic effects of BA (1‑30 µM) were 
quantified as the percentage of luminescence relative to the 
control treated with 1 nM DHT.

Statistical analysis. Experimental data were analyzed using 
GraphPad Prism (version, 9; Dotmatics). Data are presented as 
the mean ± standard deviation (SD). Comparisons between two 
groups were performed using unpaired Student's t‑tests, and 
comparisons between multiple groups were performed using 
one‑way analysis of variance (ANOVA) followed by Tukey's 
post hoc test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Validation of the PCOS mouse model. The chemical structure 
of BA and the experimental workflow for animal studies are 
illustrated in Fig. 1A and B, respectively. Prior to evaluating 
the therapeutic effects of BA in PCOS mice, the PCOS model 
established via subcutaneous implantation of DHT was vali‑
dated. From Day 19 post‑implantation, vaginal epithelial cell 
smears were collected daily to monitor estrous cycle changes. 

Figure 1. Validation of the PCOS mouse model. (A) Chemical structure of BA. (B) The experimental workflow for animal studies. (C) Representative images 
of vaginal exfoliated cells in control mice at different estrous cycle stages. Proestrus, predominantly nucleated epithelial cells (single or clustered) with few 
leukocytes; estrus, large, anucleated, keratinized squamous cells with irregular edges and minimal leukocyte presence; metestrus, reduced keratinized epithe‑
lial cells accompanied by numerous leukocytes and nucleated epithelial cells; diestrus, dominated by leukocytes. (D) Representative estrous cycle patterns 
in control and PCOS mice. (E) Representative ovarian sections stained with H&E. Corpus luteum is indicated by & and cystic follicles are indicated by #. 
Quantitative comparison of (F) corpora lutea and (G) cystic follicles in control and PCOS groups. Serum levels of (H) FSH, (I) LH, (J) DHT and (K) LH/FSH 
ratio in control and PCOS groups. Data are presented as the mean ± standard deviation (n=6). **P<0.01. Statistical significance was determined using an 
unpaired twotailed Student's ttest. PCOS, polycystic ovary syndrome; BA, baicalin; H&E, hematoxylin and eosin; FSH, follicle‑stimulating hormone; LH, 
luteinizing hormone; DHT, dihydrotestosterone.
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Representative cytological features of different estrous stages 
in control mice are shown in Fig. 1C. Specifically, proestrus 
is marked by clusters of nucleated epithelial cells, estrus 
by large anucleated squamous cells, metestrus by a mixed 
population of epithelial cells and leukocytes, and diestrus by 
leukocyte predominance. As shown in Fig. 1D, control mice 
exhibited regular estrous cycles, whereas PCOS mice predom‑
inantly remained in diestrus or metestrus, characterized by a 
predominance of leukocytes in vaginal smears. Ovarian H&E 
staining revealed a reduction in corpus luteum formation and 
an increase in cystic follicles in PCOS mice (Fig. 1E‑G). In 
addition, serum analysis demonstrated elevated DHT and LH 
levels, as well as a markedly increased LH/FSH ratio in PCOS 
mice (Fig. 1I‑K). These findings confirmed that subcutaneous 
implantation of DHT successfully replicated key pathological 
features of clinical PCOS, establishing a robust model for 
subsequent experiments.

BA ameliorates NAFLD‑associated metabolic abnormali‑
ties in PCOS mice. Results of the present study revealed that 
body weight, central obesity and dyslipidemia were markedly 
increased in DHT‑induced PCOS mice, as evidenced by 
elevated serum TG and NEFA (Fig. 2A‑E). Excessive hepatic 
lipid accumulation was confirmed via lipid vacuoles in liver 

tissues, and elevated hepatic TG and NEFA levels (Fig. 2F‑J). 
BA treatment did not markedly reduce overall body weight; 
however, results of the present study revealed that visceral 
fat‑to‑body weight ratio was markedly decreased, particularly 
in BA‑M and BA‑H groups (Fig.  2B). BA also markedly 
reduced serum TG and NEFA levels (Fig. 2C‑E), mitigated 
hepatic lipid deposition and improved liver architecture 
(Fig. 2F). In the BA‑M and BA‑H groups, Oil Red O‑positive 
areas and hepatic TG and NEFA levels were markedly lower 
than in untreated PCOS mice (Fig. 2G‑J). Collectively, these 
results suggested that BA may exhibit potential in alleviating 
dyslipidemia and reducing hepatic lipid accumulation, high‑
lighting the potential role as an early intervention treatment 
strategy for the prevention of PCOS‑associated NAFLD 
progression.

BA alters transcriptomic profiles associated with lipid 
metabolism in the liver of PCOS mice. Reference‑based 
transcriptome sequencing was performed on liver tissues to 
elucidate the specific mechanisms underlying BA treatment. 
Principal component analysis revealed that clustering in the 
BA‑treated group was comparable with the control group 
(Fig. 3A). Differential gene expression analysis identified 
430 upregulated and 819 downregulated genes in PCOS 

Figure 2. BA treatment alleviates NAFLD‑associated features in PCOS mice. (A) Body weight, (B) visceral fat‑to‑body weight ratio, serum levels of (C) TG, 
(D) TC and (E) NEFA in each group. (F) Representative liver histology in each group. (G) Quantitative analysis of Oil Red O‑positive areas in liver sections. 
Hepatic levels of (H) TG, (I) TC and (J) NEFA in each group. Data are presented as the mean ± standard deviation (n=6‑8). **P<0.01. Statistical significance 
was assessed using oneway ANOVA followed by Tukey's post hoc test. BA, baicalin; NAFLD, non‑alcoholic fatty liver disease; PCOS, polycystic ovary 
syndrome; TG, triglycerides; TC, total cholesterol; NEFA, non‑esterified fatty acids.
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mice compared with controls (Fig. 3B), while BA treatment 
resulted in 361 upregulated and 408 downregulated genes 
compared with the PCOS model (Fig. 3C). Venn diagram 
analysis (Fig. 3D) revealed 284 genes as potential therapeutic 
targets of BA, including 183 genes that were downregulated 
in PCOS and upregulated by BA, and 101 genes that were 

upregulated in PCOS and downregulated by BA. GO enrich‑
ment analysis (Fig. 3E) revealed that these 284 genes were 
primarily associated with lipid metabolism, including fatty 
acid metabolic process, lipid metabolism regulation and lipid 
biosynthesis. KEGG pathway analysis (Fig. 3F) further high‑
lighted the involvement of BA in modulating lipid metabolism, 

Figure 3. BA modulates lipid metabolism‑associated transcriptomic profiles in the liver of PCOS mice. (A) PCA revealed distinct clustering of samples from 
control, PCOS and BA treatment groups. Volcano plots depicted DEGs between (B) PCOS vs. control and (C) BA‑treated vs. PCOS groups. (D) Venn diagram 
illustrated overlapping DEGs in each group. DEGs were defined by DESeq2 with |log2(fold change)|>1.5 and BH-adjusted q<0.05. (E) GO enrichment analysis 
of overlapping DEGs highlighted the top 15 enriched biological processes associated with lipid metabolism. (F) KEGG pathway enrichment analysis of 
overlapping DEGs identified key pathways modulated by BA. GO and KEGG enrichment was assessed using the default hypergeometric test in clusterProfiler, 
followed by BH‑adjusted q<0.05. BA, baicalin; PCOS, polycystic ovary syndrome; PCA, principal component analysis; DEGs, differentially expressed genes; 
BH, Benjamini‑Hochberg; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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particularly through pathways associated with unsaturated 
fatty acid biosynthesis and fatty acid elongation. Collectively, 
these findings suggested that BA may exert therapeutic effects 
in PCOS‑associated NAFLD through the regulation of fatty 
acid metabolism.

BA modulates de novo lipogenesis in PCOS mice via 
the SREBP1 signaling pathway. Genes enriched in GO 
terms associated with fatty acid metabolic processes, lipid 
metabolism regulation and lipid biosynthesis regulation were 
analyzed to investigate the effects of BA on lipid metabolism. 
Among these, the Srebp1 gene emerged as a key target that 
was enriched across all three pathways (Table SI). SREBP1 
is a key regulator of de novo lipogenesis, controlling genes 
involved in triglyceride and cholesterol biosynthesis  (8). 
Dysregulated SREBP1 signaling is strongly associated with 

NAFLD and hepatocellular carcinoma (9). Moreover, SREBP1 
is highly expressed in the liver, white adipose tissue and skel‑
etal muscle (31), where it regulates the expression of ACC and 
FASN. Notably, these enzymes are critical for fatty acid and 
triglyceride synthesis (9).

To further verify the effects of BA on SREBP1, Srebp1 
expression was examined in the present study. Transcriptomic 
data revealed that Srebp1 expression was markedly upregu‑
lated in PCOS mice; however, expression levels were markedly 
attenuated following BA treatment (Fig. 4A). These findings 
were further confirmed via RT‑qPCR analysis (Fig. 4B). In 
addition, results of the western blot analysis demonstrated that 
hepatic SREBP1, ACC and FASN were markedly elevated in 
PCOS mice; however, expression levels were markedly down‑
regulated following BA treatment (Fig. 4C‑F). These results 
indicated that BA may mitigate aberrant de novo lipogenesis 

Figure 4. BA regulates de novo lipogenesis in PCOS mice through modulating the SREBP1 signaling pathway. (A) Transcriptomic analysis of Srebp1 gene 
expression levels in liver tissues (n=4). (B) Relative mRNA expression of Srebp1 determined using qualitative PCR (n=8). (C) Western blot analysis of 
SREBP1, ACC and FASN levels in the liver tissue. Quantitative analysis of (D) SREBP1, (E) ACC and (F) FASN protein expression levels. Data are presented 
as the mean ± standard deviation. *P<0.05, **P<0.01. Statistical significance was assessed using oneway ANOVA followed by Tukey's post hoc test. BA, 
baicalin; PCOS, polycystic ovary syndrome; Srebp1, sterol regulatory element‑binding protein 1; ACC, acetyl‑CoA carboxylase; FASN, fatty acid synthase.
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in PCOS mice through downregulating the SREBP1 signaling 
pathway.

Identification of AR as a direct target of BA in PCOS-
associated NAFLD. Results of the present study revealed 
that BA modulated SREBP1; however, it remained unclear 
whether SREBP1 was a direct target of BA. Thus, a network 
pharmacological analysis was conducted to identify potential 
direct targets of BA in PCOS‑associated NAFLD. Notably, 
BATMAN‑TCM analysis identified 57 potential BA targets 
(Fig. 5A). GeneCards, OMIM and DrugBank yielded 2,941 
PCOS‑associated and 1,229 NAFLD‑associated targets 
(Fig. 5B and C; Table SII). In addition, Venn diagram analysis 
revealed 25 overlapping genes (Fig. 5D). PPI network analysis 
(Fig. 5E) and CytoHubba analysis identified 10 core genes, 
with AR exhibiting potential as a candidate for direct binding 
(Fig. 5F). Notably, results of a previous study indicated that 
AR directly binds to the Srebp1 regulatory region, enhancing 
transcription (32). Collectively, these findings suggested that 
BA may exert its therapeutic effects on PCOS‑associated 
NAFLD via the direct targeting of AR and modulation of the 
AR/SREBP1 pathway.

Direct interaction between BA and AR. Natural compounds 
often exert their biological effects through interacting with core 
functional molecules in the body (33,34). However, whether 
BA exerts therapeutic effects through direct binding to AR 

remained to be fully elucidated. Thus, molecular docking was 
performed in the present study to predict the binding affinity 
and binding sites of BA with AR, comparing these with those 
of flutamide, a well‑established AR antagonist. Results of 
the present study revealed that the binding energy of BA was 
‑7.5 kcal/mol, which was comparable with that of flutamide at 
‑8.1 kcal/mol. This indicated stable binding, as values below 
‑7.0 kcal/mol are indicative of high‑affinity interactions (35). 
In addition, BA and flutamide exhibited significant structural 
overlap (Figs. S1; 6A and B). Results of the present study also 
revealed that BA may form hydrogen bonds with AR residues; 
namely, LEU704, ASN705 and MET745, at distances of 2.7, 
2.8 and 3.0 Å, respectively. Notably, the phenyl ring of BA 
engaged in pi‑alkyl interactions with hydrophobic residues; 
namely, ILE898 and ILE899, while its hydroxyl group and 
phenyl ring participated in sulfur/pi‑sulfur interactions with 
MET787, MET742 and MET895. These findings indicated 
that BA binds to AR in a stable manner.

Based on results of the molecular docking analysis, the 
pGEX4T1‑AR plasmid was designed and constructed using 
amino acids 600‑900 of the human AR protein as a template 
(Fig. 6C). This plasmid was expressed in prokaryotic cells, and 
GST‑AR fusion protein and AR recombinant protein (trun‑
cated AR) were purified via GST affinity chromatography. 
Coomassie Brilliant Blue staining confirmed the purified 
proteins (Fig. 6D). Theoretical predictions indicated that the 
molecular weights of the GST‑AR fusion protein and the AR 

Figure 5. Identification and analysis of therapeutic targets of BA for PCOS‑associated NAFLD. (A) BATMAN‑TCM identified potential drug targets of BA. 
GeneCards, OMIM and DrugBank identified disease‑associated targets for (B) PCOS and (C) NAFLD. (D) Venn diagram illustrated the overlapping targets 
among PCOS, NAFLD and BA. (E) PPI network of 25 common genes identified in the Venn diagram. (F) CytoHubba analysis identified the top 10 core genes. 
BA, baicalin; PCOS, polycystic ovary syndrome; NAFLD, non‑alcoholic fatty liver disease; PPI, protein‑protein interaction.
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recombinant protein should be ~60 and 35 kDa, respectively, 
which was consistent with the observed results. Thus, the puri‑
fication and identification process used in the present study 
was considered accurate.

To further confirm the direct interaction between BA and 
AR, ITC was performed in the present study. The binding 
constant of BA to GST‑AR was (7.54±5.49)x104 M-¹ (Fig. 6E), 
while the binding constant to GST (control) was markedly 
lower, at (1.24±0.51)x10³ M-¹ (Fig. 6F). The ~70‑fold higher 
level of binding to AR indicated a stable and specific interac‑
tion, confirming AR as a key target of BA. These results may 
provide novel insights into the direct binding of BA to AR, 
highlighting its potential role in modulating AR‑associated 
biological functions.

BA directly binds to AR and inhibits AR transcriptional 
activity. As AR functions as a transcription factor, the present 
study aimed to investigate whether BA modulates AR tran‑
scriptional activity using MDA‑kb2 cells, which contain an 
MMTV‑luciferase reporter driven by AREs  (36). Notably, 
DHT (0‑10 nM) induced a dose‑dependent increase in AR 
activity, reaching saturation at 1 nM (Fig. 7A). Results of lucif‑
erase assays demonstrated that BA inhibited DHT‑induced AR 

activity in a dose‑dependent manner, with 25 µM BA reducing 
AR transcriptional activity by 80% (Fig. 7B). These findings 
suggested that BA stably binds to AR with high specificity and 
antagonizes AR transcriptional activity in a dose‑dependent 
manner. As AR activation promotes SREBP1‑driven lipo‑
genesis, BA‑mediated inhibition of AR and its downstream 
target, SREBP1, exhibit potential as a therapeutic strategy for 
PCOS‑associated NAFLD.

Discussion

Results of the present study demonstrated that BA miti‑
gates PCOS‑associated NAFLD through antagonizing AR 
signaling and downregulating the AR/SREBP1 axis. In vivo, 
BA reduced visceral adiposity, serum lipid levels and hepatic 
lipid accumulation, while restoring the expression of key 
genes involved in lipid metabolism. In  vitro, molecular 
docking and ITC confirmed the high‑affinity binding of BA 
to AR, and results of a functional assay demonstrated the 
dose‑dependent inhibition of AR transcriptional activity. 
Collectively, these findings highlighted direct AR antagonism 
as a key mechanism by which BA alleviates PCOS‑associated 
NAFLD.

Figure 6. Molecular docking, protein purification and ITC analysis reveal binding between BA and AR. Molecular docking analysis illustrated (A) 2D and 
(B) 3D binding interactions between BA and AR. (C) Structural diagram of the pGEX4T1‑AR plasmid, with the sequence from the N‑terminal to C‑terminal 
consisting of a GST tag, restriction sites and the truncated AR protein. (D) GST‑AR protein purification and Coomassie Brilliant Blue staining for identifica‑
tion. The order of the samples is indicated at the top of the image. The last lane contains the purified GST‑AR protein. ITC analysis of BA binding to a truncated 
AR protein in (E) sample cells containing 1 µM AR protein (GST‑tagged) and in (F) sample cells containing 1 µM GST protein (control). Upper panels, 
heat flow vs. time; lower panels, normalized heat effects vs. ligand‑to‑protein molar ratio. ITC, isothermal titration calorimetry; BA, baicalin; AR, androgen 
receptor; BSA, bovine serum albumin; GST, glutathione S‑transferase.
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BA, a flavonoid derived from Scutellaria baicalensis, 
possesses anti‑inflammatory, antioxidant and lipid‑lowering 
properties, highlighting its potential as a candidate for meta‑
bolic disorder management, particularly NAFLD. Results of 
previous studies revealed that BA mitigates hepatic steatosis 
through reducing lipogenesis and enhancing lipid oxidation, 
primarily through AMPK activation and the downregulation 

of key lipogenic genes (37,38). In addition, BA suppressed 
pro‑inflammatory cytokines via NF‑κB and NLRP3 inhibition, 
thereby reducing liver injury and fibrosis (39,40).

While these mechanisms contribute to the hepatoprotective 
effects of BA, its role in PCOS‑associated NAFLD remains to 
be fully elucidated. The majority of conventional PCOS treat‑
ments primarily target insulin resistance or ovarian dysfunction, 

Figure 7. BA inhibits AR transcriptional activity in MDA‑kb2 cells. Results of the luciferase reporter assay revealed (A) AR activation through increasing 
DHT concentrations and (B) BA‑mediated AR inhibition in the presence of 1 nM DHT in MDA‑kb2 cells. BA, baicalin; AR, androgen receptor; DHT, 
dihydrotestosterone.

Figure 8. Proposed mechanism by which BA ameliorates PCOS‑associated NAFLD via the AR/SREBP1 signaling axis. BA binds to AR and inhibits its 
transcriptional activity, thereby downregulating the AR‑mediated activation of SREBP1. This suppression leads to decreased expression of key lipogenic 
enzymes, including FASN and ACC, resulting in reduced hepatic lipogenesis. Through this pathway, BA alleviates hepatic steatosis and metabolic dysfunction 
in a DHT‑induced mouse model of PCOS with NAFLD. BA, baicalin; PCOS, polycystic ovary syndrome; NAFLD, non‑alcoholic fatty liver disease; AR, 
androgen receptor; SREBP1, sterol regulatory element‑binding protein 1; FASN, fatty acid synthase; ACC, acetyl‑CoA carboxylase; DHT, dihydrotestosterone.
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often overlooking the contribution of hyperandrogenism‑driven 
hepatic lipogenesis (41). The present study addressed this gap 
by introducing a novel therapeutic dimension; namely, direct 
AR inhibition, specifically targeting androgen‑induced hepatic 
lipid accumulation, which is increasingly recognized as a key 
pathological driver in this subset of NAFLD (2). Compared with 
previous studies that are mainly focused on BA in the indirect 
modulation of androgenic pathways (17,42), the present study 
provided direct biochemical evidence that BA physically binds 
to AR and inhibits its transcriptional activity, as demonstrated 
by ITC assays and luciferase reporter experiments. These 
findings complement and extend earlier reports suggesting 
that BA suppresses AR nuclear translocation and downstream 
signaling (19,42), while offering a more precise mechanistic 
insight into its anti‑androgenic effects.

To the best of the authors' knowledge, the present study 
was the first to investigate the use of BA in a PCOS‑NAFLD 
context, thereby establishing its relevance in a clinically 
important intersection of metabolic and endocrine dysfunc‑
tion. In contrast to synthetic AR antagonists, such as flutamide, 
which are often associated with hepatotoxicity, teratogenicity 
or acquired resistance (11,12), BA has demonstrated a favor‑
able safety profile. This is supported by its use in Traditional 
Chinese Medicine (43,44) and when administered for gesta‑
tional indications during pregnancy (45,46). These factors 
highlight the potential for safer, long‑term use in females of 
reproductive age. Moreover, the anti‑androgenic properties 
of BA are well‑established in classical androgen‑responsive 
tissues (17,19,42); thus, these may also extend to key metabolic 
and endocrine organs implicated in PCOS pathophysiology, 
including adipose tissue, skeletal muscle and the ovary. Such 
broader endocrine modulation has the potential to influence 
body fat distribution, enhance insulin sensitivity and regu‑
late ovarian steroidogenesis, thereby offering a multifaceted 
therapeutic benefit for the complex metabolic disturbances 
associated with PCOS.

Through integrating a focused disease model, direct 
molecular targeting and translational relevance, the present 
study furthered the current mechanistic understanding of 
BA on AR signaling and expanded the potential thera‑
peutic application beyond general NAFLD to encompass 
hyperandrogenism‑associated liver and metabolic disorders.

However, the present study exhibited limitations. Notably, 
BA‑AR binding was only demonstrated in vitro via ICT; thus, 
further in vivo assays under physiological androgen levels 
are required to confirm the observed interaction. Moreover, 
although the present data suggested that BA suppresses 
AR-mediated SREBP1 activation, direct verification with 
AR chromatinbinding or SREBP1 reporter assays are also 
required. Notably, results obtained from the DHT-induced 
PCOS-NAFLD mouse model may not fully extrapolate to 
human pathology; thus, clinical investigations are essential 
for further validation. Furthermore, the limited sample size 
may have introduced variability and contributed to potential 
deviations in the results, underscoring the importance of larger 
cohorts in future studies to improve statistical robustness. In 
addition, hyperandrogenic signaling involves numerous coreg‑
ulators beyond the AR/SREBP1 axis. Thus, network‑level 
studies are required to identify additional pathways that may 
contribute to the therapeutic effects of BA.

For the implementation of BA in clinical practice, future 
investigations should focus on optimizing human dosing, 
pharmacokinetics and liver-targeted delivery, using nanocar‑
riers or pro‑drug formulations, where appropriate. Subsequent 
studies should also evaluate BA in combination with insulin-
sensitizing or other metabolic agents to assess additive efficacy. 
Notably, biomarker-driven clinical trials are also required 
to verify sustained endocrine and cardiometabolic benefits 
in females with PCOS. Parallel structure-activity screening 
of BA analogues and associated flavonoids may identify 
compounds with greater potency or selectivity. In addition, 
integrated multiomics analyses of adipose, muscle and gut 
will delineate the extrahepatic actions of BA and uncover 
additional metabolic targets, providing a more comprehensive 
therapeutic profile.

Although the hepatoprotective and anti‑androgenic proper‑
ties of BA have been documented in other pathophysiological 
contexts, to the best of the authors' knowledge, the present study 
is the first to demonstrate the BA‑mediated direct inhibition of 
the AR/SREBP1 axis in PCOS‑associated NAFLD (Fig. 8). In 
conclusion, results of the present study provided a mechanistic 
foundation for BA in counteracting hyperandrogen‑driven 
hepatic steatosis, highlighting its potential as a therapeutic 
candidate that addresses both the reproductive and metabolic 
complications of PCOS.
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