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ARTICLE INFO ABSTRACT

Keywords: Polycystic ovary syndrome (PCOS), a prevalent endocrine disorder, represents the most common cause of

Oxtr anovulatory infertility. While the oxytocin receptor (OXTR) is well-characterized in parturition and lactation, its

Polyeystic ovary syndrome role in follicular development remains undefined. In this study, we establish that global OXTR overexpression in

Follicular de\{elopfnent female mice (""Oxtr) recapitulates cardinal PCOS features, including hyperandrogenism, oligo-ovulation, and

Hyperprolactinemia . . T+ s s . . .
polycystic ovarian changes. " "Oxtr females exhibited distinct ovarian pathology marked by follicular atresia,
cystic changes, hemorrhage, and deficient corpus luteum formation. These morphological alterations coincided
with profound endocrine dysregulation, featuring hyperprolactinemia, suppressed luteinizing hormone (LH)
secretion, and progesterone (P) deficiency, contrasting with preserved fertility in **Oxtr males. Mechanistically,
we identified an OXTR-prolactin (PRL)-p-STAT3 axis as central to PCOS pathogenesis. Corresponding to
hyperprolactinemia, persistent activation of nuclear p-STAT3 (Tyr705) in **Oxtr ovaries - absent in WT controls
at pregnancy - upregulated folliculogenesis genes (Lhcgr, Pgr, Leptin, Cypl17al) while impairing ovulation.
Therapeutic intervention with bromocriptine normalized prolactin and progesterone levels, partially restoring
ovarian function. Notably, **Oxtr females developed metabolic dysfunction characterized by insulin resistance
and gonadal adiposity despite maintaining lean phenotypes. Our findings position OXTR as a novel upstream
regulator of PCOS pathogenesis with hyperprolactinemia, suggesting bromocriptine may have therapeutic value
in hyperprolactinemic PCOS cases. These insights open new avenues for targeted PCOS interventions.

1. Introduction diabetes (Ma et al., 2019), and metabolic syndrome (Cj and N, 2019),

significantly compromising long-term health outcomes (Fauser et al.,

Polycystic ovary syndrome (PCOS) is a prevalent endocrine-
metabolic disorder affecting 5-20 % of women worldwide (Dumesic
et al., 2015; Li et al., 2013). This clinically heterogeneous condition is
characterized by concurrent reproductive and metabolic dysfunction.
Key reproductive features include ovulatory dysfunction, hyper-
androgenism, and altered LH/follicle-stimulating hormone (FSH) ratios
(Azziz et al., 2016; Diamanti-Kandarakis et al., 2005; Goodarzi and
Azziz, 2006), while metabolic disturbances involve central adiposity,
insulin resistance, dyslipidemia, and non-alcoholic fatty liver disease (E.
B et al., 2018; Burger, 2002; T et al., 2004; W and Y, 2021). These ab-
normalities collectively increase risks of cardiovascular disease, type 2
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2012). The diagnosis of PCOS requires three criteria: oligo-ovulation or
anovulation, clinical manifestations of hyperandrogenism, and polycy-
stic ovarian morphology as evidenced by ultrasound examination
(Edinoff et al., 2021). Present in approximately 30 % of PCOS cases (L
et al., 2023), hyperprolactinemia also impairs fertility through direct
suppression of the hypothalamic-pituitary-gonadal (HPG) axis. Elevated
prolactin levels inhibit anterior pituitary release of both LH and FSH,
creating a hypogonadotropic state. This hormonal disruption manifests
clinically as menstrual irregularities, hypoestrogenism due to impaired
follicular development, and ultimately anovulatory infertility (Ub,
2012).
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The oxytocin receptor (OXTR), a G protein-coupled receptor
expressed in reproductive tissues (uterus, mammary glands, ovaries)
and brain regions (limbic system, hypothalamus, cortex) (Amin et al.,
2023; Hidema et al., 2016), mediates both central neuromodulation and
peripheral endocrine functions via hypothalamic oxytocin neurons
(Gimpl and Fahrenholz, 2001). Beyond reproduction, OXTR modulates
social behavior, stress responses, and metabolic homeostasis (Kasahara
et al., 2013; Kosfeld et al., 2005; Neumann, 2002). Its crucial repro-
ductive roles include facilitating parturition through uterine contrac-
tions and lactation via mammary myoepithelial cell stimulation (Fuchs
et al., 1995; lovino et al., 2021; Russell et al., 2003). Our previous
studies demonstrate that OXTR overexpression in female mice causes
pathological outcomes: impaired mammary development, complete
lactation failure (100 % offspring mortality) (Li et al., 2018), and
spontaneous HER2-positive mammary tumorigenesis (Li et al., 2021).
Although OXTR’s contractile function in parturition and lactation is
well-characterized (Hasan, 2024), its role in ovarian physiology remains
unclear. Here, we investigated OXTR’s regulation of follicular devel-
opment and its potential contribution to polycystic ovary pathogenesis.

2. Materials and methods
2.1. Materials and reagents

All chemicals and reagents were obtained from Sigma (USA),
Vazyme and Takara (China).

2.2. Animals

All animal experiments were approved by the Shenyang Medical
College Ethics Committee (Approval No. SYYXY2023061002). We used
B-actin-Oxtr transgenic mice (C57BL/6J strain) (MGI:6314370) (Liet al.,
2018, 2021) with wild-type (WT) littermates as controls. Experimental
animals were housed under specific pathogen-free (SPF) conditions (50
+ 20 % humidity, 21 £+ 1 °C, 12h light/dark cycle) with ad libitum ac-
cess to food and water. Health status was monitored twice weekly, and
humane endpoints (lethargy or persistent recumbency) were followed
by euthanasia via pentobarbital sodium (intraperitoneal injection, 1 %,
10 mg/kg).

2.3. Genotyping

Genomic DNA was extracted from tail biopsies using GNTK buffer
(50 mM KCl, 1 M MgCl,, 10 mM Tris-HCI [pH 8.5], 0.01 % gelatin, 0.45
% Nonidet P-40, 0.45 % Tween-20, and 100 mg/mL proteinase K) at
55 °C for >15 h (Malumbres et al., 1997), followed by heat inactivation
(95 °C, 15 min). PCR amplification was conducted using specific primers
(forward: 5'-~AATGCCCTGGCTCACAAATAC-3’; reverse: 5-GGGACAGCT
ATGACTGGGAGTAG-3') targeting the rb_glob_PA terminator region of
PCAGGS vector. The PCR protocol consisted of: initial denaturation at
94 °C for 2 min; 30 cycles of denaturation (94 °C, 30 s), annealing (57 °C,
30 s), and extension (72 °C, 1 min); followed by final extension at 72 °C
for 10 min. A 456-bp product confirmed " Oxtr genotype, while no band
was detected in WT controls.

2.4. Estrous cycle assessment

Vaginal smears were collected daily over a period of 18 consecutive
days to evaluate the timing of first estrus and overall cyclicity. The stage
of the estrous cycle was determined by examining vaginal cytology
under an inverted microscope.

2.5. Ovulation analysis, zygotes collection and embryo transfer

Embryos were collected after natural mating. The ovulation rate was
assessed by counting zygotes at 0.5 days post-coitum. For embryo
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transfer, six-week-old F1 (B6 x DBA/2) females were superovulated via
intraperitoneal injection of 51U PMSG followed by 5IU hCG 46 h later.
After overnight mating with C57BL/6J stud males, zygotes were
collected from the oviduct infundibulum in M2 medium, treated with
hyaluronidase, and cultured overnight in M16 medium. Embryos were
then transferred into the oviducts of pseudopregnant WT and " Oxtr
females, which were prepared by prior mating with vasectomized
C57BL/6J/DBA males.

2.6. Histology and immunohistochemistry (IHC) analysis

Ovarian and adipose tissues underwent 24-h fixation in 4 % para-
formaldehyde (PFA), then processed through graded ethanol dehydra-
tion, paraffin embedding, and sectioned at 5 pm thickness for
hematoxylin-eosin (H&E) staining (Marshall and Horobin, 1973). For
immunohistochemistry (IHC), antigen retrieval was conducted using
EDTA buffer (pH 8.0) at 95 °C for 15 min. Ovary tissue sections were
incubated overnight at 4 °C with the following primary antibodies:
rabbit anti-phospho-STAT3 (Tyr705) (CST #9751S, 1:50 dilution) or
rabbit anti-OXTR (Proteintech #23045-1-AP, 1:400 dilution). After
washing, sections were incubated with HRP-conjugated anti-rabbit
secondary antibody (CST #8114P) for 30 min at room temperature.
Signal detection used 3,3-diaminobenzidine (DAB) substrate, followed
by hematoxylin nuclear counterstaining. Images were acquired using an
Olympus IX71 microscope.

2.7. RNA sequencing (RNA-seq) and analysis

Ovarian tissue RNA from WT and **Oxtr females was sequenced
using Illumina HiSeq 2500. Differentially expressed genes (DEGs) were
identified with thresholds of Q < 0.05 and |log2FC|>1, followed by
functional enrichment analysis (FDR correction, q < 0.05). Data visu-
alization utilized specialized bioinformatics tools, and key DEGs were
validated by quantitative real-time PCR (RT-PCR). All samples were
processed in parallel to minimize batch effects.

2.8. Quantitative real-time PCR (RT-PCR)

Total RNA was extracted from mouse ovarian tissues using TRIzol
reagent (Takara). cDNA was synthesized from 1 pg RNA using the Pri-
meScript™ cDNA Synthesis Kit (Takara) according to the manufac-
turer’s instructions. RT-PCR was performed using SYBR Green Master
Mix (Takara) under standard cycling conditions. Relative gene expres-
sion was calculated by the 2722€T method, and normalized to 188 ri-
bosomal RNA. Primer sequences are provided in Supplementary
Table S1.

2.9. Western blot assay

Mouse ovarian tissues were homogenized in RIPA lysis buffer. Total
protein (40 pg) was separated by 10 % SDS-PAGE and transferred to
PVDF membranes. The membranes were incubated overnight at 4 °C
with primary antibodies: rabbit anti-OXTR (ab181077; 1:5,000 dilution)
and rabbit anti-GAPDH (AP0063, Bioworld; 1:10,000 dilution). After
three TBST washes, the membranes were incubated for 1 h at room
temperature with HRP-conjugated secondary antibodies: donkey anti-
rabbit IgG (GE Healthcare; 1:3,000 dilution). Protein bands were visu-
alized using Amersham™ ECL™ reagent (GE Healthcare), with GAPDH
serving as a loading control.

2.10. ELISA assay

Serum samples were obtained and clotted for 30 min at room tem-
perature before centrifugation (400xg). Mouse serum testosterone
(DEMEDITEC Diagnostics GmbH, DEV9911), luteinizing hormone (LH,
CUSABIO, CSB-E12770m), progesterone (DEMEDITEC Diagnostics


mgi:6314370
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GmbH, DEV9988), estradiol (Enzo, Cat ADI-900-174) and prolactin
(Abcam, AB100736) levels were measured using commercial ELISA kits
according to manufacturers’ instructions, with detection limits of 0.024
ng/ml, 0.5mIU/ml, 0.04 ng/mL, 14 pg/mL, and 30 pg/mL. Absorbance
was measured using a SpectraMax microplate reader (Molecular
Devices).

2.11. Glucose and insulin tolerance test

For the intraperitoneal glucose tolerance test (IPGTT), 9-week-old
females were fasted for 16 h with free access to water before receiving
an intraperitoneal injection of glucose (2 g/kg). Blood glucose levels
were measured from the tail vein at 0, 30, 60, 90 and 120 min using a
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glucometer (Omron).

For the intraperitoneal insulin tolerance test (IPITT), 9-week-old
females were fasted for 4 h with water available ad libitum. After
intraperitoneal insulin injection (0.75 U/kg), tail blood glucose was
assessed at 0, 30, 60, 90, and 120 min using a glucometer (Omron).

2.12. CUT&Tag

Following euthanasia, ovaries were immediately dissected and ho-
mogenized for nuclear extracts using a Nuclear Extraction Kit (SN0020,
Solarbio). The CUT&Tag procedure (Vazyme, TD904-C2) began with
nuclei incubation using ConA Beads Pro (10 min, RT), followed by
centrifugation and supernatant removal. Nuclear-bead complexes were
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Fig. 1. THOxtr females exhibit reproductive impairment. (A) Oxtr mRNA expression in virgin and E0.5 (Embryo 0.5 days) ovaries by RT-PCR, n = 3/group. (B)
OXTR protein levels in virgin and E0.5 ovaries by Immunoblotting. GAPDH is served as a loading control. Protein quantifications using Image J, n = 3/group. (C) Age
of first vaginal opening in females (indicating puberty onset). WT, n = 15; **Oxtr, n = 27. (D-E) Representative estrous cycle profiles of WT (D) and **Oxtr (E)
females over 18 consecutive days. M/D: metestrus/diestrus; E: estrus; P: proestrus. (F) Quantitative analysis of estrous cyclicity. Scatter plot showing the percentage
of time spent in each phase of the estrous cycle by WT and **Oxtr females (n = 7/group). Horizontal lines represent medians; vertical bars indicate interquartile
ranges (25th-75th percentiles). (G) Cumulative pup numbers over 5 months of pairing from WT pairs, *"Oxtr males mated with WT females, *"Oxtr females mated
with WT males. n = 6 cages/group. (H) Number of pups per litter, n = 12 litters/group. (I) Fertility index: Number of litters/month. WT, n = 8; **Oxtr, n = 11. (J)
Days to first litter post-pairing, n = 8 litters/group. Data were represented as mean + SEM. **p < 0.01, ***p < 0.001, calculated with one-way ANOVA (>3 groups)
or unpaired two-tailed t-tests (2 groups).




S. Wang et al.

resuspended in 50 pL chilled Antibody Buffer containing either anti-
H3K4me3 (CST #9145T; 1:50) or anti-p-STAT3 (CST #9751S; 1:100)
primary antibodies with gentle inversion mixing, then incubated over-
night at 4 °C. After secondary antibody incubation (goat anti-rabbit/
mouse IgG, 1:100; 1h, RT) and washing, tagmentation was performed
using pA/G-Tnp Pro (1h, 37 °C) followed by DNA extraction, library
amplification, and purification (Vazyme N411).

2.13. Bromocriptine treatment

Bromocriptine (Sigma) was prepared as a 1 mg/mL solution in sterile
saline (0.9 % NacCl). Mice received daily subcutaneous injections of 200
pg bromocriptine for 30 days. Control WT and **Oxtr females received

equivalent saline treatments.

2.14. Statistical analysis

All data are presented as mean + standard error of the mean (SEM).
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Statistical comparisons were performed using GraphPad Prism 10, with
one-way ANOVA (>3 groups) or unpaired two-tailed t-tests (two
groups). Significance thresholds were set at *p < 0.05, **p < 0.01, and
**¥p < 0.001.

3. Results
3.1. "t Oxtr females develop reproductive disorders

To explore the role of OXTR in reproduction, we used transgenic
mice with universal overexpression of OXTR driven by the p-actin pro-
moter ("1Oxtr), as previously described (Li et al., 2018, 2021). Oxtr
overexpression was confirmed in the brain, hypothalamus, and mam-
mary gland (Fig. S1A). Additionally, RT-PCR, immunoblotting and im-
munostaining validated OXTR overexpression in ovary (Fig. 1A and B
and S1B). **Oxtr females exhibited earlier puberty onset than WT, with
vaginal opening at 3 weeks (Fig. 1C). Estrous cycles were monitored
over 18 days. ""Oxtr females exhibited significant disrupted cycles,
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Fig. 2. Reproductive analysis during pregnancy. (A) Timeline for reproduction and embryo retrieval during pregnancy. (B) Representative E9.5 uterine embryos
from 12-week-old WT and *"Oxtr females. Scale bar: 5 mm. (C) Uterine embryo counts at E9.5. WT, n = 8; **0xtr, n = 10. (D) Representative E3.5 uterine
blastocysts from 12-week-old WT and " Oxtr females. Scale bar: 5 pm. (E) Normal blastocyst counts in uterines at E3.5. WT, n = 10; " Oxtr, n = 13. (F) Repre-
sentation of zygotes and 2-cell embryos after 24h culture in M16 medium from E0.5 WT and " Oxtr females. Scale bar: 5 pm. (G) Oviductal zygote counts at E0.5
serve as a proxy for ovulation rate. WT, n = 10; +Oxtr, n = 13. (H) Zygote-to-2-cell transition rates, n = 5/group. Data were represented as mean + SEM. ***

0.001, calculated with unpaired two-tailed t-tests (two groups).
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characterized by prolonged metestrus and diestrus phases compared to
WT (Fig. 1D-F). During a 5-month breeding period, " Oxtr females also
showed diminished fertility and fecundity, as indicated by fewer pups
(Fig. 1G and H) and fewer litters (Fig. 1I) produced, along with a sig-
nificant delay in their first litter (Fig. 1J). In contrast, T""Oxtr males
maintained normal fertility, when mated with WT females (Fig. 1G).
Thus, " Oxtr females, but not males, exhibit reproductive impairment.

3.2. "t Oxtr females fail to release normal eggs

The reproductive process includes ovulation, fertilization in the
oviduct (Embryo 0.5 day, E0.5), embryo transit to the uterus, blastocyst
formation and implantation (E3.5), followed by rapid embryonic growth
(E9.5) and birth at 19.5-20.5 days (Fig. 2A). By E9.5, nearly no embryos
were present in T Oxtr uteri (Fig. 2B and C). Similarly, at E3.5, " Oxtr
uteri contained very few normal blastocysts (Fig. 2D and E). At EO.5,
*+Oxtr oviducts had almost no viable zygotes, indicating a reduced
ovulation rate. When zygotes from " Oxtr females were extracted and
cultured in vitro, they were fewer in number, lower in quality compared
to WT eggs, with most failing to progress to the two-cell stage after 24 h
(Fig. 2F-H). In summary, " "Oxtr females fail to release normal eggs,
leading to reproductive impairment.

To assess post-ovulatory stages, we transferred WT embryos into the
oviducts of TOxtr and WT females at E0.5 (Fig. 3A). After embryos
transfer (ET), *1Oxtr uteri contained normal blastocysts at rates com-
parable to WT (Fig. 3B-D), confirming successful embryo transit and
implantation. Offspring gains from ""Oxtr females suggested normal
embryonic development after ET (Fig. 3E). Overall, aside from defective
ovulation, " Oxtr females show no other reproductive abnormalities.

3.3. OXTR overexpression induces a PCOS-like phenotype

To further investigate the oligo-ovulatory phenotype in " Oxtr fe-
males, we analyzed ovarian development. ""Oxtr females displayed
significant reduced ovary weight (Fig. 4A), and ovarian hemorrhage was
observed in 79.2 % of *1Oxtr females (Fig. 4B and C). Ovarian histo-
logical analysis pointed to the abnormal follicle development in **Oxtr
females, characterized by more atretic/immature cystic follicles and the
presence of fewer post-ovulation corpora lutea than WT, resembling
polycystic ovarian changes (Fig. 4D). Serum hormone analysis showed
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elevated testosterone (Fig. 4E) but reduced LH and progesterone (P)
(Fig. 4F and G) in **Oxtr females during diestrus, with no difference in
estradiol (Fig. 4H). RNA sequencing (RNA-seq) identified 250 differen-
tially expressed genes (DEGs) of " Oxtr against WT ovaries (Fig. 52), 84
of which (33.6 %) overlapped with PCOS-related genes linked to PPAR,
hormonal, and metabolic pathways (Fig. 4I). We then checked whether
**Oxtr females presented PCOS-like metabolic alterations. ™ Oxtr fe-
males had lower body weight (Fig. 4J), but increased gonadal white
adipose tissue (§WAT) mass (Fig. 4K), gWAT whitening (Fig. 4L), and
reduced insulin sensitivity compared with WT (Fig. 4M). In contrast,
**Oxtr and WT females showed comparable glucose tolerance in IPGTT
tests (Fig. S3). Together, these findings align with key PCOS diagnostic
criteria: hyperandrogenism, oligo-anovulation, and polycystic ovarian
changes.

3.4. OXTR overexpression leads to activation of prolactin (PRL)/p-
STAT3 pathway

Using the Cistrome database, we predicted OXTR-associated tran-
scription factors (TFs) and constructed a regulatory network, identifying
63 transcription factors, which were visualized using Cytoscape
(Fig. 5A). KEGG analysis of 63 TFs highlighted the prolactin signaling
pathway (Fig. 5B). When comparing the overlap of prolactin signaling,
OXTR-related transcription factors, with PCOS genes, 3 transcription
factors STAT3, ESR1 and RELA were identified (Fig. 5C). Prolactin was
maintained at higher level in both virgin and E0.5 **Oxtr females
(Fig. 5D). Corresponding to the high prolactin, total Stat3 mRNA in
**Oxtr ovary was higher than WT (Fig. 5E). Notably, nuclear p-STAT3
(Tyr705), nearly absent in WT ovaries, remained activated in " Oxtr
ovaries until pregnancy (Fig. 5F). CUT&Tag analysis revealed p-STAT3
and H3K4me3 targets. Key hormone receptors and follicular develop-
ment genes, including Lhcgr, Pgr, Leptin, Retn, Mc2r, Acvrlc, Cyp2Zel,
Cyp27al, Cyp17al, Cyp26bl, Ucp3, Dcn and Lox were up-regulated in
**Oxtr ovaries (Fig. 5G-I), with strong p-STAT3 and H3K4me3 enrich-
ment (Fig. 5J). Hormone receptors, Fshr, Esrl and Ar expression
remained unaffected (Fig. 5G). These results suggest PRL/p-STAT3
pathway activation in OXTR-driven PCOS.

A B WT “Oxtr

(Ovary) =9 ( Oviduct =9 ( Uterus)
Ovulation Fertilization Implantation ~Embryonic development
1 1 1 1y
E0.5 E3.5 E9.5 E19.5 ¢
A A 4
Embryo transfer via  Blastocyst counts Newborns
the oviduct (30 zygotes) 7
Topm W W

C E3.5 after ET D E3.5 after ET E Newborns after ET
= ns p=0.8681 o
Saq o “ 104 ns_ p=0.8665 .
= . = ° .
£ 257 % 251 o . £ o7 ns  p=0.1099
%1 20 & E 5+ oo
I I 1 Sef wES s
w — 4 o = 3 o XK
5 107 ° : L4 2 24
5 s 2 24 E
£ g z 14
) . . Zo - ; 0 . .
< WT “oxtr WT Ooxtr WT Ooxtr
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Fig. 4. OXTR overexpression induces a PCOS-like phenotype. (A) Ovarian weight in 12-week-old virgin WT and **Oxtr females, n = 5/group. (B) Incidence of
ovarian hemorrhage. WT, n = 17; TTOxtr, n = 24. (C) Representative hemorrhagic ovaries of TTOxtr females, arrows indicate hemorrhage. Scale bar: 5 mm. (D)
Representative images of H&E staining of ovaries from 12-week-old E0.5 WT and **Oxtr females. Scale bar: 300 pm (upper), 100 pm (lower). (E) Serum testosterone
levels of WT and " Oxtr females in diestrus. WT, n = 7; "+Oxtr, n = 6. (F) Serum LH levels of WT and " Oxtr females in diestrus. WT, n = 7; " Oxtr, n = 6. (G) Serum
progesterone (P) levels of WT and " Oxtr females in diestrus. WT, n = 7; *"Oxtr, n = 6. (H) Serum estradiol levels of WT and " Oxtr females in diestrus. WT, n = 7;
TTOxtr, n = 6. (I) Venn diagram displayed the overlap between PCOS-related genes (Data from GeneCards) and the DEGs in *Oxtr against WT ovaries. Ontology
analysis of overlapping genes. (J) Body weight of 9-week-old WT and ™" Oxtr females, WT, n = 12; *7Oxtr, n = 16. (K) Percent gWAT mass normalized to body weight
of 9-week-old females, n = 5/group. (L) Representative H&E-stained sections of gWAT from 9-week-old female mice, scale bar: 100 pm. (M) IPITT of 9-week-old
females fasted for 4h, n = 5/group. Data were represented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, calculated with unpaired two-tailed t-tests
(two groups).
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Fig. 5. OXTR overexpression activates PRL/p-STAT3 pathway. (A) OXTR-associated transcriptional network (63 transcription factors, TFs) from Cistrome DB,
visualized with Cytoscape. (B) KEGG pathway analysis of OXTR-linked TFs. (C) The overlap between PCOS genes (GeneCards), OXTR TFs, and prolactin signaling
identifies STAT3, ESR1, and RELA. (D) Serum prolactin levels of virgin and E0.5 females, n = 4-5/group. (E) Total Stat3 mRNA expression in virgin and E0.5 ovaries
by RT-PCR, n = 3/group. (F) Immunostaining analysis of p-STAT3 in E0.5 WT, and **Oxtr ovaries. Nuclei were stained blue with hematoxylin. Scale bar: 50 pm. (G)
Gene expression of hormone receptor Fshr, Lhcgr, Esr1, Pgr, and Ar in virgin ovaries by RT-PCR, n = 3/group. (H-I) Gene expression of follicular development genes,
including Leptin, Retn, Mc2r, Acvrlc, Cyp2el, Cyp27al, Cypl7al, Cyp26b1, Ucp3, Dcn and Lox in virgin ovaries by RT-PCR, n = 3/group. (J) CUT&Tag profiles of p-
STAT3/H3K4me3 on Lhcgr, Pgr, Leptin, Retn, Cyp2el, Cyp27al, Cyp26b1, Ucp3, Dcn and Lox in virgin WT ovaries. Data were represented as mean + SEM. *p < 0.05,
**p < 0.01, ***p < 0.001, calculated with unpaired two-tailed t-tests (two groups). (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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3.5. Bromocriptine alleviated OXTR-induced abnormal follicular prolactin inhibitor bromocriptine (Br, 200ug) was subcutaneously
development administered daily to **Oxtr females for 30 days. Among Br targets,
36.9 % (184/499) were PCOS-related (Fig. 6A). Br treatment signifi-
To prove that prolactin signaling is mediating OXTR-induced PCOS, cantly inhibited serum prolactin level in **Oxtr females and reversed
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Fig. 6. Bromocriptine alleviates OXTR-induced follicular defects. 12-week-old females received daily bromocriptine (Br; 200 pg in 1 mg/ml solution) or vehicle
for 30 days. (A) Venn diagram displayed the overlap between Br targets (Data from Swiss Target Prediction, SuperPred and PharmMapper) and PCOS-related genes
(GeneCards). (B) Serum prolactin levels in E0.5 WT, ©*Oxtr, and T Oxtr females with Br treatment, n = 5/group. (C) Serum progesterone levels in E0.5 WT, *Oxtr,
and " Oxtr females with Br treatment, n = 5/group. (D) Representative 2-cell embryos after 24h culture in M16 medium from E0.5 WT, **Oxtr, and " Oxtr females
with Br treatment. Scale bar: 5 pm. (E) Zygote-to-two-cell transition rates, n = 5/group. (F) Representative images of H&E staining of E0.5 ovaries. Scale bar: 100 pm
(upper), 50 pm (lower). (G) Ovarian hemorrhage incidence, n = 5/group. (H) p-STAT3 immunostaining of ovaries at E0.5. Nuclei were stained blue with hema-
toxylin. Scale bar: 50 pm. (I-K) Gene expression of Pgr, Lhcgr, and Leptin in E0.5 ovaries by RT-PCR, n = 3/group. Data were represented as mean + SEM. ***p <
0.001, calculated with one-way analysis of variance (ANOVA). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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OXTR-induced hyperprolactinemia (Fig. 6B). Low progesterone of
TTOxtr females was relieved (Fig. 6C). Meanwhile, Br increased fertil-
ized egg counts, and improved two-cell embryo development, indicating
the oligo-ovulatory phenotype was mitigated (Fig. 6D and E). H&E
staining showed fewer atretic follicles, more corpora lutea, and reduced
hemorrhage in Br-treated " Oxtr ovaries, resembling WT morphology
(Fig. 6F and G). IHC confirmed p-STATS3 inhibition ((Fig. 6H), and RT-
PCR showed downregulation of PRL/p-STAT3 targets (Pgr, Lhcgr, and
Leptin) (Fig. 6I-K). Thus, OXTR promotes PCOS via PRL/p-STAT3
signaling.

4. Discussion

Our study demonstrates that global OXTR overexpression in female
mice induces a PCOS-like phenotype, characterized by hyper-
androgenism, oligo-ovulation, and polycystic ovarian changes. These
reproductive defects were driven by aberrant activation of the prolactin
(PRL)/p-STAT3 pathway, as evidenced by their reversal following
bromocriptine treatment. Specifically, OXTR overexpression triggered
prolactin hypersecretion and STAT3 phosphorylation in the ovary, with
subsequent nuclear p-STAT3 translocation upregulating follicular
development genes. This cascade resulted in impaired folliculogenesis,
attenuated preovulatory LH surges, and deficient luteal progesterone
production (Fig. 7). Our findings identify OXTR as a novel regulator of
ovarian function and reveal a PRL/p-STAT3-dependent mechanism in
PCOS pathogenesis.

4.1. The " Oxtr females as a novel PCOS model with unique hormonal
dysregulation

While OXTR is known to regulate reproductive physiology, including
uterine contractility, parturition and lactation, its role in folliculogenesis
has been unclear. In contrast to Oxtr knockout mice that maintain
fertility (Takayanagi et al., 2005), ""Oxtr females exhibited severe
reproductive impairment specifically due to abnormal follicular devel-
opment, featuring increased atretic follicles and decreased corpora lutea
- hallmark features of polycystic ovaries. The **Oxtr phenotype

mirrored PCOS diagnostic criteria: hyperandrogenism,
OXTR Overexpression
PCOS
Hyperandrogenism

Oligo-ovulation

L 5

‘

Polycystic changes
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oligo-anovulation, and ovarian polycystic changes (T. B et al., 2018; X
et al., 2019), supported by transcriptomic evidence of dysregulated
hormonal and metabolic pathways, aligning with PCOS genomics (Jx
et al.,, 2018; Mimouni et al., 2021). The observed hormonal profile
(marked by hyperprolactinemia, suppressed LH secretion, and proges-
terone deficiency) reflects disrupted hypothalamic-pituitary-ovarian
axis function. Chronic hyperprolactinemia and elevated testosterone
synergistically suppress GnRH pulsatility, impairing the preovulatory
LH surge and subsequent luteal progesterone production (M and P,
2025). Elevated prolactin levels of T"Oxtr females remain below 50
ng/ml, insufficient to meet pathological prolactinoma. Recent review
highlights the potential of AMH as a diagnostic marker for PCOS,
emphasizing its correlation with polycystic ovarian morphology and
anovulation, its stability across the menstrual cycle, and its ability to
reduce interobserver variability compared to  ultrasound
(Vale-Fernandes et al., 2025c). The ovarian phenotypes observed in
*TOxtr mice are consistent with an AMH-associated PCOS profile. We
propose that future studies include AMH in multidimensional pheno-
typic evaluations to improve diagnostic precision.

Recent study also demonstrated that PCOS and obesity indepen-
dently and synergistically impair reproductive function, with obesity
contributing to insulin resistance and exacerbated hyperandrogenism
(Vale-Fernandes et al., 2025b) - patterns also observed in our model.
Notably, despite being lean, " " Oxtr females developed insulin resistance
and hyperandrogenism, likely due to gonadal adipose dysfunction. We
identified 250 differentially expressed genes (DEGs) in T+Oxtr ovaries,
84 of which (33.6 %) overlap known PCOS-related genes involved in
PPAR, hormonal, and metabolic pathways. This suggests that
OXTR-PRL-p-STAT3-driven hyperprolactinemia may disrupt steroido-
genesis and metabolic homeostasis.

4.2. Mechanistic insights: The PRL/p-STAT3 signaling hub

Clinical observations indicate hyperprolactinemia occurs in
approximately 30 % of PCOS cases (L et al., 2023) and correlates with
metabolic dysfunction (V and T, 2025). Notably, insulin-resistant PCOS

patients with lower prolactin demonstrate better responsiveness to
metformin treatment (T et al., 2024). Emerging evidence implicates

Prolactin 1

Nucleus
b ),
PSTATSEGERC /R0

Lhcgr, Pgr, Leptin
Transcription

Follicular development 4—/

Fig. 7. Role model of OXTR in follicular development. OXTR overexpression in female mice stimulates prolactin hypersecretion, which triggers STAT3 phos-
phorylation (p-STAT3) and subsequent nuclear translocation. Within the nucleus, p-STAT3 transcriptionally upregulates key folliculogenesis regulators (Lhcgr, Pgr,
and Leptin), ultimately inducing a PCOS-like phenotype with attenuated LH surges and luteal progesterone deficiency. This OXTR-PRL-p-STAT3 signaling axis
represents a novel mechanistic pathway underlying PCOS-associated ovarian dysfunction.
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STAT3, the downstream effector of prolactin signaling, as a central
regulator of PCOS pathophysiology (B et al., 2024). While STAT3
ablation in granulosa cells counteracts the therapeutic effects of IL-22 in
DHEA-induced PCOS mice (W et al., 2024), pharmacological STAT3
inhibition (via static) improves ovarian function in letrozole-induced
PCOS models (Yq et al., 2024). In our study, we observed persistent
activation of nuclear p-STAT3 (Tyr705) in *"Oxtr ovaries until preg-
nancy - a striking contrast to its near absence in pregnant WT ovaries.
Integrated bioinformatics and CUT&Tag analyses identified the
PRL/p-STAT3 axis as the key mechanistic hub. This pathway directly
regulates multiple PCOS-associated genes involved in follicular devel-
opment, including Lhcgr, Pgr, Leptin, Lox, and Cyp17al - all of which
were significantly upregulated in **Oxtr ovaries and showed strong
p-STAT3/H3K4me3 binding. Significantly increased LHCGR, LEPIN,
LOX and CYP17A were associated with PCOS and anovulation (C et al.,
2018; H et al., 2023; L et al., 2025; V et al., 2016). Recent studies have
highlighted the role of follicular fluid metabolic and hormonal profiles
in PCOS (marked by altered lactate, formate, and citrate levels, along
with elevated AMH and reduced progesterone and estradiol), empha-
sizing mitochondrial and glycolytic dysfunction as key features influ-
encing oocyte quality and fertilization potential (Vale-Fernandes et al.,
2025a). These hormonal and metabolic changes mirror the hyper-
prolactinemia, low progesterone, and ovarian phenotypes in our model.
Furthermore, mitochondrial STAT3 dysregulation can drive nuclear
p-STAT3 (Tyr705) accumulation to enhance glycolysis, contributing to
metabolic dysfunction (Lim et al., 2006; Vaupel et al., 2019). These
findings support a mechanism whereby OXTR-mediated hyper-
prolactinemia and p-STAT3 (Tyr705) activation promote metabolic
dysregulation, potentially impairing oocyte quality and fertilization.
Our findings demonstrate that OXTR-driven hyperprolactinemia sus-
tains p-STAT3 activation in the ovary, leading to dysregulation of crit-
ical folliculogenesis genes and consequent anovulation.

4.3. Therapeutic implications and clinical translation

Bromocriptine, prolactin inhibitor, primarily inhibits prolactin
secretion (Zhang et al., 2025). It is generally considered safe for pro-
longed use, with no significant adverse effects on renal, hepatic, cardiac,
or hematologic functions. Commonly reported side effects include
transient nausea, headache, and nasal congestion, while serious com-
plications such as myocardial infarction or stroke are rare. Clinically, it
is highly effective in restoring fertility by normalizing prolactin levels,
supporting ovulation in women, and improving sperm quality in men
(Naz et al., 2022). Clinical evidence shows that adding bromocriptine to
clomiphene citrate provides no additional benefit over clomiphene
alone for ovulation induction or pregnancy outcomes in normopro-
lactinemic PCOS patients (S et al., 2013). Insulin-resistant PCOS women
with lower prolactin levels demonstrate better responses to metformin
(T et al., 2024), suggesting prolactin-lowering drugs may be specifically
beneficial for hyperprolactinemic PCOS cases. In our study, OXTR
overexpression induced a PCOS-like phenotype with hyper-
prolactinemia. Remarkably, 36.9 % of bromocriptine’s molecular tar-
gets overlapped with PCOS-associated genes, supporting its potential as
a targeted therapy for hyperprolactinemic PCOS subtypes. Bromocrip-
tine can correct HPO axis dysfunction and subsequent improvement in
LH release (Liu et al., 2025). In our study, bromocriptine treatment
normalized prolactin and progesterone levels while partially restoring
ovarian development and ovulation by PRL/p-STAT3 pathway. These
findings suggest that bromocriptine shows efficacy in PCOS with
elevated prolactin - particularly when combined with metformin - but
alternative therapies remain preferable for typical PCOS cases without
hyperprolactinemia. Further evaluation of bromocriptine and metfor-
min combination therapy in high-prolactin PCOS is warranted.
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4.4. Limitations and future directions

While our model recapitulates key PCOS features, species-specific
differences in OXTR signaling warrant caution in human extrapola-
tion. Our previous work established that OXTR overexpression in female
mice induced impaired mammary gland development (Li et al., 2018),
and spontaneous HER2-positive mammary tumorigenesis (Li et al.,
2021), phenotypes associated with *"Oxtr female infertility. Given that
prolonged infertility increases breast cancer risk in women (Allen-Brady
et al., 2025), the OXTR-driven hormonal disruptions collectively explain
the female-specific pathological manifestations. In contrast, OXTR en-
hances adipocyte browning and improves energy metabolism in males
without detrimental effects (Bao et al., 2025). Our study revealed
stronger OXTR upregulation in the brain and hypothalamus, with more
moderate increase in the ovary. While ovarian OXTR likely acts directly,
the predominant central upregulation implies significant involvement of
systemic neuroendocrine mechanisms. Tissue-specific genetic models,
such as conditional OXTR overexpression in the ovary or hypothalamus,
will be essential to dissect these contributions. Future studies should
employ purified granulosa cell cultures from ""Oxtr females treated
with prolactin or STAT3 inhibitors to clarify the ovarian-specific effects
of OXTR activation, independent of central neuroendocrine input.
Single-cell analyses could further elucidate cell-type specific responses
to OXTR overexpression.

5. Conclusion

We have identified a novel OXTR-PRL-p-STAT3 regulatory axis in
follicular development and PCOS-like pathology. These findings expand
our understanding of reproductive physiology and suggest new thera-
peutic strategies for PCOS-associated infertility, particularly in hyper-
prolactinemic cases.
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