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Background: Insulin-resistant polycystic ovary syndrome (IR-PCOS) is a refractory endocrine disorder with limited therapeutic
options. Wogonin, a natural flavonoid compound, has shown potential therapeutic efficacy; however, its underlying mechanism
remains unclear. This study aimed to explore the therapeutic effects of wogonin on IR-PCOS and the mechanistic involvement
of fibronectin 1 (FN1) and phosphatidylinositol 3-kinase (PI3K)/Protein kinase B (AKT) signaling pathway.

Methods: The interaction between wogonin and its potential target was predicted using molecular docking. An IR-PCOS mouse
model was treated with wogonin alone or in combination with tail-vein injection of shFN1 or short hairpin negative control (shNC)
lentiviral particles. Metabolic parameters, sex hormones, ovarian morphology, and key pathway proteins were assessed using
glucose/insulin tolerance tests, enzyme-linked immunosorbent assays (ELISA), histopathology, and Western blotting.

Results: Molecular docking demonstrated a stable binding between wogonin and FN1. In IR-PCOS mice, wogonin significantly
reduced body weight, restored serum sex hormone imbalances—characterized by decreased testosterone, estradiol, luteinizing
hormone (LH), and the LH/follicle-stimulating hormone (FSH) ratio alongside increased progesterone—and improved glucose
metabolism and insulin sensitivity. It also normalized ovarian morphology, reduced cystic follicles, promoted follicular develop-
ment, and inhibited granulosa cell apoptosis. Mechanistically, wogonin modulated the insulin signaling pathway and activated
the FN1/PI3K/AKT pathway in ovarian tissues. Notably, these therapeutic effects of wogonin were substantially reversed by
shFN1.

Conclusion: Wogonin exerts comprehensive therapeutic effects against IR-PCOS by targeting FN1 to activate the PI3K/AKT

pathway, identifying FN1 as a key mechanistic target.
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Introduction

Ovulatory dysfunction represents one of the leading
causes of female infertility, imposing a significant clinical
burden on reproductive health worldwide [1]. Among the
various disorders leading to anovulation, polycystic ovary
syndrome (PCOS) stands out as the most prevalent en-
docrine and metabolic disorder in women of reproductive
age [2]. PCOS is clinically characterized by hyperandro-
genism, chronic anovulation, and polycystic ovarian mor-
phology, often accompanied by a luteinizing hormone (LH)
to follicle-stimulating hormone (FSH) ratio imbalance [3].
Beyond its reproductive manifestations, PCOS is recog-
nized as a multisystem condition, with frequent comorbidi-
ties including insulin resistance (IR), metabolic syndrome,
non-alcoholic fatty liver disease, and an increased risk of
developing type 2 diabetes, highlighting its profound long-
term health implications [4].

A critical pathological link in PCOS is the coexis-
tence of IR, which creates a self-perpetuating vicious cycle
[5]. Specifically, endocrine disturbances, particularly hy-

perinsulinemia, exacerbate disruption of the hypothalamic-
pituitary-ovarian axis, leading to aberrant androgen pro-
duction and gonadotropin secretion imbalance [6]. Cur-
rent management of PCOS with IR necessitates a multidis-
ciplinary approach, incorporating lifestyle modifications,
psychological interventions, and long-term pharmacother-
apy [7]. However, conventional Western medicines often
target single pathways, such as improving insulin sensitiv-
ity or regulating hormone levels, which may not be insuffi-
cient to address the syndrome’s complexity [7].

Wogonin, a flavonoid compound extracted and iso-
lated from the Scutellaria baicalensis Georgi (Lamiaceae)
plant, exhibits a broad spectrum of pharmacological ac-
tivities, including anti-inflammatory, anti-tumor, and im-
munomodulatory effects [8]. Recent studies have indicated
its potential in improving IR [9] and its regulatory effects
on multiple signaling effectors in gynecological diseases
[10,11]. However, its mechanism of action in PCOS re-
mains to be fully elucidated. We further identified wogo-
nin and its potential target fibronectin 1 (FN1) as a core
ligand-target relationship using molecular docking. Al-
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Fig. 1. Molecular docking model of wogonin and core target FN1. FN1, fibronectin 1.

though FN1 has been implicated in PCOS and is enriched
in the phosphatidylinositol 3-kinase (PI3K)/Protein kinase
B (AKT) signaling pathway [12], its specific role in PCOS
with comorbid IR remains poorly defined. Furthermore,
although the PI3K/AKT pathway is well established as a
critical regulator of IR in PCOS models through regulat-
ing GLUT4-mediated glucose transport [ 13], the mechanis-
tic role of the wogonin-FN1 interaction in the modulation
of the FN1/PI3K/AKT axis—and its consequent effects on
PCOS pathology and IR reversal—has not yet been exper-
imentally validated.

Thus, this study aims to investigate the therapeutic ef-
fects and underlying mechanisms of wogonin using an IR-
PCOS mouse model.

Materials and Methods

Molecular Docking

The protein structure of human FN1 (UniProt ID:
P02751) was obtained from the AlphaFold database (model
AF-P02751-F1) in PDB format, and the small molecule
structure of wogonin was retrieved from the PubChem
database in SDF format. Protein preparation involved
removing water molecules and non-essential ligands or
small molecules using PyMOL, followed by conversion of
the processed structure into PDBQT format. The wogo-
nin structure was geometrically optimized using Chem3D
and subsequently converted to PDBQT format. Molecular
docking was performed using AutoDock Vina to simulate
and evaluate the binding interaction between wogonin and
the FN1 protein.

Animal Experiments and Treatments

A total of 56 female C57BL/6J mice (6—8 weeks
old, 20-25 g) at 21 days of age were obtained from the
Hangzhou Medical College. The study was conducted in
two sequential parts. In the first part, 24 mice were ran-
domly assigned to three experimental groups (n = 8 per
group): Control, Model, and Model + Wogonin. Control
animals received standard chow and daily subcutaneous
injections of sesame oil vehicle (0.1 mL per 100 g body
weight). Mice in the other two groups were fed a 60%
high-fat diet (HFD; Medicience Ltd., China) and admin-
istered daily subcutaneous injections of dehydroepiandros-
terone (DHEA; 6 mg per 100 g body weight) for 20 con-
secutive days to induce a PCOS phenotype, as previously
established [14]. During the subsequent 12-week treatment
period, mice in the Model + Wogonin group was treated
with wogonin (40 mg/kg, HY-N0400, MedChemExpress,
China) via gavage, as previously described [15]. In the sec-
ond part of the study, an additional 32 mice underwent the
same PCOS modeling procedure (HFD + DHEA) and were
then randomly divided into four groups (n = 8): Model,
Model + Wogonin, Model + Wogonin + short hairpin nega-
tive control (shNC), and Model + Wogonin + shFN1. Dur-
ing the 12-week treatment period, mice in the Model +
Wogonin, Model + Wogonin + shNC, and Model + Wogo-
nin + shFN1 groups all received daily wogonin gavage
(40 mg/kg). Additionally, mice in the Model + Wogonin
+ shNC and Model + Wogonin + shFN1 groups received
weekly tail vein injections of shNC (target sequence: 5'-
CAACAAGATGAAGAGCACCAA-3’) and shFNI (tar-
get sequence: 5'-TGATGTCCGAACAGCTATTTA-3’,
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Fig. 2. Effects of wogonin on body weight and serum sex hormones in the IR-PCOS model mice. (A) Body weight of mice in
different groups. (B—G) Serum levels of sex hormones in mice. (B) Testosterone (TE); (C) Estradiol (E2); (D) Progesterone (P); (E)
Luteinizing hormone (LH); (F) Follicle-stimulating hormone (FSH); (G) LH/FSH ratio. Data are expressed as mean + SD (n=3). *p <
0.03, ***p < 0.001 vs. Control; "p < 0.05,""p < 0.01, "' p < 0.001 vs. Model. IR-PCOS, Insulin-resistant polycystic ovary syndrome.

shRNA ID: Fnl 1065) lentiviral particles (VB260304-
1961tte, Yunzhou Biosciences Co., Ltd., Guangzhou,
China), respectively. Body weight was monitored regu-
larly using an electronic balance. The protocol has been
approved by the Institutional Animal Care and Use Com-
mittee (IACUC), Zhejiang Laboratory Animal Center (ZJ-
CLA) (Approval No. ZJCLA-IACUC-20011081). At the
end of the experiment, all mice were euthanized by cervical
dislocation following deep anesthesia with 2% pentobarbi-
tal sodium (100 mg/kg, P3761, Sigma-Aldrich, St. Louis,
MO, USA) via intraperitoneal injection. Death was con-
firmed by the absence of both heartbeat and corneal reflex
for more than 5 min before the collection of serum and ovar-
ian tissues.

Determination of Serum Sex Hormone Levels

After the last administration, mice were fasted for 8
h, and blood samples were collected from the orbital ve-
nous plexus under anesthesia induced by inhalation of 3%
isoflurane (R510-22-10, RWD, Shenzhen, China). Serum
was separated by centrifugation (3000 rpm, 15 min, 4 °C)
and stored at —80 °C. Serum concentrations of testosterone
(TE), estradiol (E2), luteinizing hormone (LH), follicle-
stimulating hormone (FSH), and progesterone (P) were
quantified using commercial enzyme-linked immunosor-
bent assay (ELISA) kits according to the manufacturer’s

protocols. Briefly, for T, E2, and P assays, 50 uL of sam-
ple or standard was incubated with 50 uL of HRP-conjugate
for 60 min at 37 °C. For LH and FSH assays, 100 pL of
sample/standard was incubated for 90 min, followed by se-
quential incubations with a biotinylated detection antibody
for 60 min and HRP-conjugate for 30 min. After wash-
ing, all assays were incubated with substrate for 15 min, the
reaction was terminated, and absorbance was immediately
measured at 450 nm using a Varioskan LUX enzyme reader
(Thermo Fisher, Waltham, MA, USA). Hormone concen-
trations were determined from standard curves, and the
LH/FSH ratio was calculated based on the measured values.
The specific kits employed were as follows: TE (E-OSEL-
MO0003), E2 (E-OSEL-M0008), LH (E-EL-M3053), FSH
(E-EL-MO0511), and P (E-OSEL-M0006), all from Elab-
science Biotechnology Co., Ltd. (Wuhan, China).

Detection of Glucose Metabolism and IR Indicators

After the completion of the entire drug administration
period, mice were fasted for 8 h, and tail vein blood glu-
cose was measured using a blood glucose meter (Roche,
Accu-Chek Active, Mannheim, Germany). Serum Fasting
Insulin (FINS) levels were detected using ELISA (JL48252,
JONLNBIO, Shanghai, China). The absorbance was mea-
sured using the Varioskan LUX microplate reader (Thermo
Fisher Scientific, USA) at a wavelength of 450 nm. The
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Fig. 3. Effects of wogonin on glucose metabolism and insulin resistance in the IR-PCOS model mice. (A—C) Measurement of fasting
blood glucose (FBQG), fasting insulin (FINS), and calculation of insulin resistance index (HOMA-IR). (D,E) Glucose tolerance test (GTT)
measured using assay kit. (D) Glucose concentration curve during GTT; (E) Area under the curve of GTT (AUC of GTT). (F,G) Insulin
tolerance test (ITT) measured using assay kit. (F) Glucose concentration curve during ITT; (G) Area under the curve of ITT (AUC of
ITT). Data are expressed as mean + SD (n = 3). ***p < 0.001 vs. Control; p < 0.05, " p < 0.001 vs. Model.

homeostatic model assessment of IR (HOMA-IR) index
was calculated using the formula: HOMA-IR = fasting
blood glucose (FBG) (mmol/L) x FINS (mIU/L)/22.5.

Glucose Tolerance Test (GTT)

After the completion of the entire drug administration
period, mice were fasted for 12 h, then intraperitoneally in-
jected with D-glucose (2 g/kg body weight). Tail vein blood
glucose was measured at 0, 30, 60, and 120 min after injec-
tion using the same portable blood glucose meter (Roche,
Accu-Chek Active, Mannheim, Germany). The area un-
der the glucose curve (AUCo-120) was calculated using the
trapezoidal method to evaluate glucose tolerance.

Insulin Tolerance Test (ITT)

After the completion of the entire drug administration
period, mice were fasted for 4 h, then intraperitoneally in-
jected with insulin (0.75 U/kg body weight). Tail vein blood
glucose was measured at 0, 30, 60, and 120 min after injec-
tion using the same portable blood glucose meter (Roche,
Accu-Chek Active, Mannheim, Germany). The AUCo-120
was calculated to assess insulin sensitivity.

Organ Index Measurement

After blood collection, mice were euthanized by cer-
vical dislocation. Ovaries, uterus, and perirenal were dis-
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Fig. 4. Effects of wogonin on organ indices and ovarian histomorphology in the IR-PCOS model mice. (A-D) Calculation of organ
indices. (A) Ovarian index (ovarian weight/body weight, mg/g); (B) Ovarian volume (mm?®); (C) Uterine index (uterine weight/body
weight, mg/g); (D) Abnormal fat weight (g). (E) Histomorphological changes of ovarian tissues detected using H&E staining (x40
magnification, scale bar =200 um). Red arrows indicate the corpus luteum, and the green arrows indicate the follicle. Data are expressed
as mean £ SD (n = 3). *¥p < 0.01, ***p < 0.001 vs. Control; "p < 0.05,"p < 0.01,”"p < 0.001 vs. Model.

sected, rinsed with normal saline, and blotted dry to remove
surface moisture. The wet weight of each organ was mea-
sured using an electronic balance. The ovarian/uterine in-
dex was calculated as: ovarian/uterine index (mg/g) = ovar-
ian/uterine wet weight (mg) / mouse body weight (g). Ovar-
ian volume was measured using a vernier caliper (long di-
ameter x short diameter 2 x 7/6).

Hematoxylin and Eosin (H&E) Staining

Ovarian tissues were harvested and fixed in 4%
paraformaldehyde (TW26423, TW-reagent, Nanjing,
China) for 24 hours at 4 °C. Following fixation, the
samples were subjected to routine paraffin embedding
and sectioned at a thickness of 4 um. The sections were
subsequently dewaxed in xylene and rehydrated through
a graded ethanol series. Staining was performed using a
commercial H&E kit (GF11014, Glpbio, Montclair, CA,
USA), following the manufacturer’s instructions. Briefly,
sections were deparaffinized using xylene, rehydrated
by gradient ethanol, and stained with hematoxylin (HY-
NO116, MedChemExpress, Monmouth Junction, NJ, USA)
for 8 min. The stained sections were differentiated using
1% hydrochloric alcohol, and treated with weakly alkaline
water (67362, Sigma-Aldrich, St. Louis, MO, USA) to
develop blue coloration. Sections were then counterstained

with eosin (HY-D0505A, MedChemExpress, Monmouth
Junction, NJ, USA) for 5 min, followed by dehydration,
clearing, and mounting with coverslips. Histological
examination was performed under a light microscope
(KD-810A, KDYXBIO, Nanjing, China), and images were
captured for subsequent analysis.

Terminal Deoxynucleotidyl Transferase dUTP Nick
End Labeling (TUNEL)

Apoptosis in ovarian granulosa cells was assessed by
the TUNEL assay using a commercial detection kit (C1086,
Beyotime, Shanghai, China). Briefly, paraffin-embedded
sections were first deparaffinized and rehydrated. The tis-
sues were then digested with Proteinase K (ST532, Bey-
otime, Shanghai, China) at 37 °C for 20 min to achieve anti-
gen retrieval. Subsequently, the sections were incubated
with the TUNEL reaction mixture for 60 min at 37 °C in a
humidified dark chamber. Cell nuclei were counterstained
with DAPI (T19827, TargetMol, Boston, MA, USA) for
5 min. Fluorescent images were finally acquired using an
Olympus IX73 microscope at 200 x magnification.

Western Blotting

Protein samples from the ovarian tissues were ex-
tracted with radio-immunoprecipitation assay (RIPA) Lysis
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Fig. 5. Detection of ovarian granulosa cell apoptosis by TUNEL staining. (A,B) TUNEL staining was performed to assess apoptosis

of ovarian granulosa cells. DAPI (blue) stains cell nuclei, TUNEL (green) labels apoptotic cells, and the “Merged” panel is the combined

image. Images were captured at X200 magnification, with a scale bar of 100 um. Data are expressed as mean & SD (n = 3). ***p
< 0.001 vs. Control; ""p < 0.001 vs. Model. TUNEL, Terminal deoxynucleotidyl transferase dUTP nick end labeling; DAPIL, 4’,6-

diamidino-2-phenylindole.

Buffer (APO1L013, Life-iLab, Shanghai, China) and quan-
tified using a bicinchoninic acid (BCA) assay (YWB002,
YFXBIO, Shanghai, China). Following separation via
sodium dodecyl sulfate—polyacrylamide gel electrophore-
sis (SDS-PAGE) (190916-40, Yali Biological, Shanghai,
China), the proteins were transferred onto polyvinylidene
fluoride (PVDF) membranes (WJ001S, epizyme, Shang-
hai, China). After blocking with a specialized buffer
(AP36L118, Life-iLab, Shanghai, China) to prevent non-
specific binding, the membranes were probed with pri-
mary antibodies (Table 1) at 4 °C overnight. After wash-
ing, the membranes were incubated with HRP-linked sec-
ondary antibodies (Table 1). The antigen-antibody com-
plexes were detected using enhanced chemiluminescence
(ECL kit YWBO003, YFXBIO, Shanghai, China), and the
signals were documented with a SynGene imaging system
(G:BOX F3, Syngene, Cambridge, UK). Protein expression
levels were normalized to the endogenous control glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH). Data are
expressed as fold change relative to the control (con) group.

Statistical Analysis

All experiments were performed in at least three
independent replicates. One-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test was used
for comparison among groups, while repeated measures
ANOVA followed by Tukey’s post hoc test was applied for
comparisons across different time points. Data were an-
alyzed using SPSS 21.0 system (SPSS Inc., Chicago, IL,
USA) and are expressed as the Mean =+ standard deviation.
A p < 0.05 was considered statistically significant.

Results

Wogonin Regulates Body Weight and Serum Sex
Hormones in IR-PCOS Mice

Molecular docking analysis showed that wogonin
formed a stable binding with FN1, establishing 3 hydrogen
bonds and exhibiting a binding free energy of —7.5 kcal/mol
(Fig. 1).

In the IR-PCOS model mice, body weight was signif-
icantly increased, while wogonin treatment reduced body
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Fig. 6. Effects of wogonin on the insulin signaling pathway and FN1/PI3K/AKT pathway proteins in ovarian tissues. (A-E)

Western blot detection of the insulin signaling pathway proteins in ovarian tissues. (F-I) Western blot detection of the FN1/PI3K/AKT

pathway proteins in ovarian tissues. Data are expressed as mean + SD (n = 3). *p < 0.05, **p < 0.01 vs. Control; "p < 0.05, 'p <

0.01,""p < 0.001 vs. Model.

Table 1. Antibodies used in this study.

Name Catalog  Dilution Manufacturer
p-IRS1 AF3272 1/1000 Affinity, USA
IRS1 AF6273 1/1000 Affinity, USA
p-IRS2 PA5-106094 1/1000 ThermoFisher, USA
IRS2 DF7534 1/1000 Affinity, USA
GLUT4 AF5386 1/1000 Affinity, USA
INSR AF6099 1/1000 Affinity, USA
p-PI3K AF3242 1/1000 Affinity, USA
PI3K ab140307  1/1000 abcam, UK
p-AKT AF0016 1/1000 Affinity, USA
AKT AF6261 1/1000 Affinity, USA
FN1 ab2413 1/1000 abcam, UK
GAPDH ab8245  1/10,000 abcam, UK
Goat anti-rabbit  ab205718  1/2000 abcam, UK
Goat anti-mouse  ab205719  1/2000 abcam, UK

Abbreviations: p-IRS1, phosphorylated insulin receptor sub-
strate 1; IRS1, insulin receptor substrate 1; p-IRS2, phospho-

rylated insulin receptor substrate 2; IRS2, insulin receptor sub-

strate 2; GLUT4, glucose transporter type 4; INSR, insulin re-

ceptor; p-PI3K, phosphorylated phosphatidylinositol 3-kinase;

PI3K, phosphatidylinositol 3-kinase; p-AKT: phosphorylated

protein kinase B; AKT, protein kinase B; FN1, fibronectin 1;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

weight (Fig. 2A, p < 0.05). For serum sex hormones, TE,
E2, LH, and the LH/FSH ratio were significantly elevated in
the Model group (Fig. 2B,C,E,G, p < 0.05), whereas P was
significantly decreased (Fig. 2D, p < 0.05). FSH showed no
significant difference among all groups (Fig. 2F). Notably,
wogonin treatment significantly decreased TE, E2, LH, and
the LH/FSH ratio, and increased P (Fig. 2B-E,G, p < 0.05).

Wogonin Improves Glucose Metabolism and IR in
IR-PCOS Mice

IR-PCOS model mice showed elevated FBG, FINS,
and the HOMA-IR index, indicating the presence of IR
(Fig. 3A—C, p < 0.05). Wogonin treatment improved these
indicators (Fig. 3A—C, p < 0.05). The GTT and ITT showed
that glucose metabolism and insulin sensitivity were en-
hanced by wogonin (Fig. 3D-G, p < 0.05).

Wogonin Improves Ovarian Histomorphology, Organ
Indices, and Inhibits Granulosa Cell Apoptosis in
IR-PCOS Mice

Evaluation of organometric parameters revealed pro-
found disruptions in both metabolic and reproductive physi-
ology in the IR-PCOS model mice. Specifically, significant
elevation in ovarian volume and abnormal fat mass were
observed, accompanied by a pronounced reduction in the
ovarian index and uterine index relative to control animals
(Fig. 4A-D, p < 0.05). Administration of wogonin effec-
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Fig. 7. Wogonin regulates the body weight, serum sex hormones and ovarian histomorphology in the IR-PCOS model mice
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magnification, scale bar =200 um). Red arrows indicate the corpus luteum, and the green arrows indicate the follicle. Data are expressed

as mean & SD (n = 3). **p < 0.01, ***p < 0.001 vs. Mod; "p < 0.05, "'p < 0.01,

tively counteracted these pathological alterations, restoring
all measured parameters toward normal levels (Fig. 4A-D,
p <0.05).

Histopathological examination via H&E staining fur-
ther corroborated the ovarian dysfunction. Control ovaries
displayed normal folliculogenesis, featuring multiple cor-
pora lutea and antral follicles with up to 8-9 layers of gran-
ulosa cells. In contrast, ovarian sections from the Model
group exhibited significant morphological disruption, pre-
dominantly manifested as cystic follicular dilatation with
absent oocytes and disrupted corona radiata. Therapeu-
tic intervention with wogonin ameliorated ovarian archi-
tecture, as characterized by the observation of follicles at
various developmental stages, increased corpora lutea for-

AAA

p < 0.001 vs. Mod + Wogonin + shNC.

mation, and reduced cystic follicles (Fig. 4E). Addition-
ally, TUNEL staining showed that the apoptosis of ovarian
granulosa cells was increased in the IR-PCOS model mice,
while wogonin treatment reduced the apoptotic rate, as in-
dicated by decreased TUNEL-positive cells (Fig. 5).

Wogonin Regulates Insulin Signaling Pathway and
FNI1/PI3K/AKT Pathway in Ovarian Tissues of
IR-PCOS Mice

Western blot analysis revealed that in ovarian tissues
of IR-PCOS model mice, the levels of p-IRS1/IRS1 and p-
IRS2/IRS2 were significantly elevated, while the expres-
sion levels of GLUT4 and INSR were decreased (Fig. 6A—
E, p < 0.05). Additionally, in the FN1/PI3K/AKT pathway,
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0.001 vs. Mod + Wogonin + shNC.

the levels of p-PI3K/PI3K, p-AKT/AKT, and the expres-
sion level of FN1 were notably reduced in the Model group
(Fig. 6F-1, p < 0.05). Importantly, wogonin treatment re-
versed these abnormal changes, thereby modulating the in-
sulin signaling pathway and activating the FN1/PI3K/AKT
pathway (Fig. 6A-1, p < 0.05).

Wogonin Ameliorates Multiple Pathological
Phenotypes of IR-PCOS Mice via FN1

To explore the regulatory effects of wogonin and FN1
on IR-PCOS, female C57BL/6] mice were established as
IR-PCOS models, then treated with wogonin plus shFN1
or shNC. Wogonin reduced the body weight of model mice,
while FN1 silencing reversed this effect (Fig. 7A, p < 0.05).
For serum sex hormones, wogonin alleviated the increased
E2 levels and LH/FSH ratio in Mod mice, which was also
abrogated by shFNI1 (Fig. 7B-E, p < 0.05). Regarding
insulin resistance, wogonin lowered the FBG, FINS, and
HOMA-IR in Mod mice, with this improvement reversed
by FNI1 silencing (Fig. 7F-H, p < 0.05). Histologically,
wogonin ameliorated the follicular cystic dilatation in Mod
mouse ovaries, while shFN1 aggravated this lesion again
(Fig. 71). At the molecular level, wogonin normalized the
abnormal PI3K/AKT pathway and insulin signaling path-
way proteins in ovarian tissues (upregulated p-PI3K/PI3K,
p-AKT/AKT, FNI1, GLUT4 and INSR, and reduced p-
IRS1/IRS1 and p-IRS2/IRS2 ratios) in Mod mice, and these
regulatory effects were reversed by FN1 silencing (Fig. 8A—
I, p < 0.05).

Discussion

This investigation provides a systematic delineation of
the therapeutic mechanisms of wogonin in a murine model
of IR-PCOS. The central finding was the identification of
the FN1/PI3K/AKT signaling axis as a concrete pathway.

Administration of wogonin markedly alleviated the
core pathological features in the IR-PCOS model. Metabol-
ically, treatment led to significant reductions in body
weight, fasting glucose, and insulin levels, concomitant
with enhanced insulin sensitivity. These outcomes are con-
sistent with previously documented metabolic benefits of
wogonin [9]. Endocrinological profiling revealed a re-
versal of the characteristic steroidogenic disturbances in
PCOS, evidenced by decreased testosterone, estradiol, and
the LH/FSH ratio, along with elevated progesterone. In this
study, the ability of wogonin to normalize sex hormone lev-
els represents a novel finding. Morphologically, ovarian
histology demonstrated that wogonin reduced cystic folli-
cle prevalence, supported the orderly development of folli-
cles and corpus luteum formation, and significantly atten-
uated granulosa cell apoptosis. These results underscore
the context-dependent nature of wogonin, which exerts
pro-apoptotic actions in malignancies [16,17] but demon-
strates cytoprotective effects in normal cellular environ-
ments [18,19].

A pivotal finding of this work is the mechanistic link
to the FN1/PI3K/AKT pathway. We found that wogonin re-
stored the phosphorylation status of IRS1 and IRS2 in ovar-
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ian tissue, while upregulating the expression of INSR and
the glucose transporter GLUT4. This indicates a compre-
hensive amelioration of IR, encompassing not only periph-
eral tissues but, crucially, the restoration of defective in-
sulin signaling within the ovary itself[20,21]. Furthermore,
we identified FNI1, an extracellular matrix glycoprotein,
as a potential upstream mediator. Supported by molecu-
lar docking analyses indicating a stable interaction between
wogonin and FN1, our in vivo experiments confirmed a sig-
nificant downregulation of FN1 in PCOS ovaries, which
was effectively rescued by treatment. Given that FN1 is
a known activator of the PI3K/AKT cascade via integrin
binding [22], the subsequent recovery of PI3K and AKT
phosphorylation observed in our study delineates a plausi-
ble signaling sequence. The activation of AKT, a central
hub in this pathway, underlies key therapeutic outcomes:
it facilitates GLUT4 membrane translocation, thereby aug-
menting insulin sensitivity [23], and concurrently exerts po-
tent anti-apoptotic effects [24], providing a molecular ra-
tionale for the suppressed granulosa cell apoptosis detected
in TUNEL assays. These findings align with documented
roles of wogonin in modulating AKT/GLUT4 signaling in
metabolic contexts [25]. Although PI3K/AKT dysregula-
tion has been implicated in PCOS pathogenesis [26-28], the
novel aspect of our study lies in connecting the therapeu-
tic effects of wogonin to the upregulation of FN1, thereby
initiating a protective signaling cascade that concurrently
tackles IR and cellular apoptosis in the ovary.

This study has several limitations. Although the an-
imal model recapitulates the major features of the human
condition, it cannot fully reflect the etiological complexity
of PCOS.

Conclusion

In conclusion, this study is the first to systemati-
cally demonstrate the comprehensive therapeutic effects of
wogonin on metabolic, hormonal, ovarian morphological,
and apoptotic aspects in an IR-PCOS mouse model. These
findings highlight the considerable potential of wogonin,
a natural product, as a multi-target, integrated therapeutic
agent for PCOS.
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