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Background: Polycystic ovary syndrome (PCOS) is a typical reproductive endocrine system disease with high incidence rate among 
childbearing age women. Several clinical data show that glucagon-like peptide-1 receptor agonists (GLP-1RAs) might have ther-
apeutic effects on PCOS, but the mechanisms are still unclear. Here, we aim to assess the effects of semaglutide (a weekly preparation 
of GLP-1RAs) on PCOS in vivo.
Methods: C57BL/6J female mice aged 3 weeks were subcutaneously injected with dehydroepiandrosterone and fed high-fat diet for 
3 weeks to establish PCOS model. Then, we randomly divided the modeled mice into PCOS group (n=6), S-Low group (n=6), and 
S-High group (n=6). Additionally, six normal mice served as controls. Mice in S-Low and S-High group were intraperitoneally 
injected with corresponding dose of semaglutide every week for 4 weeks. The estrus cycle was observed daily. At the end of the 
experiment, body weight, blood glucose, and serum hormone levels were measured. Ovarian morphology was also observed. Then, the 
oxidative stress markers, autophagy-related proteins and CYP19A1, StAR, and CYP17A1 expression in ovarian tissue were measured. 
Finally, we used Western blot to detect the expression of PI3K/AKT/mTOR and downstream proteins.
Results: After treatment with semaglutide, the estrous rhythm of PCOS mice was restored, the number of ovarian vesicles decreased, 
serum hormone imbalance corrected, and glucose tolerance improved. The relative expression of CYP17A1, StAR, Beclin-1, and 
LC3B, as well as MDA, were significantly reduced, while CYP19A1, p62, GSH, and SOD were significantly increased. Finally, 
semaglutide alleviates ovarian oxidative stress and autophagy via the PI3K/AKT/mTOR pathway.
Conclusion: Semaglutide alleviates autophagy and ovarian oxidative stress via the PI3K/AKT/mTOR pathway in mice with PCOS.
Keywords: polycystic ovary syndrome, semaglutide, oxidative stress, autophagy

Introduction
Polycystic ovary syndrome (PCOS), a typical reproductive endocrine system disease with high incidence rate among 
childbearing age women, has developed into one of the important pathological factors leading to female infertility. 
Approximately 15% of women of childbearing age globally are affected by this syndrome, which can potentially exert 
long-term and profound negative impacts on patients’ health.1 PCOS is primarily characterized by ovulatory dysfunction, 
hyperandrogenemia, and polycystic ovarian morphology. This condition often presents with symptoms such as metabolic 
disorders, irregular menstruation, and clinical manifestations associated with high androgen levels.2 However, the 
mechanisms underlying these impairments are not yet fully understood. Inflammation, insulin resistance, ovarian 
oxidative stress and autophagy are the common pathogenesis mechanisms associated with PCOS.3,4 Currently, no 
specific treatment for PCOS exists. Therefore, it is particularly necessary to seek new treatment strategy for PCOS.
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The phenomenon of oxidative stress originates from the imbalance between intracellular oxidants and antioxidant 
systems, and this biochemical process is essential to the pathological mechanism of PCOS. Excessive reactive oxygen 
species (ROS) cannot be promptly eliminated, leading to a series of pathological reactions.5 ROS can trigger ion channel 
opening, lipid peroxidation, protein modification, DNA oxidation, resulting in damage to cell structure and function, and 
even leading to cell apoptosis.6 Literature has found that oxidative stress is closely associated with a series of negative 
impacts, including abnormal endocrine function, endometrial damage, poor follicular development, and decreased oocyte 
quality. These factors collectively contribute to the occurrence and progression of PCOS.7 Therefore, inhibiting oxidative 
stress is considered a potential means for the prevention and treatment of PCOS.

Autophagy is a crucial molecular mechanism aimed at maintaining the homeostasis of cells and the entire organism.8 

This cellular process achieves the maintenance of homeostasis in cells, tissues, and organisms by forming autophago-
somes and relying on the lysosomal pathway to degrade organelles and cytoplasmic proteins.9 Recent studies have shown 
that cells can recognize oxidative stress signals under ischemic and hypoxic environmental conditions, thereby promoting 
an increase in autophagy activity.10 Furthermore, there is a close association between autophagy and metabolic disorders 
caused by PCOS. As stated by Zhang et al,11 an increase in autophagy levels within granulosa cells exacerbates insulin 
resistance. Simultaneously, the accumulation of autophagosomes within the ovary may trigger the death of granulosa 
cells and inhibit the developmental potential of oocytes.12 In women with PCOS, the levels of autophagy marker proteins 
were observed to rise in a dose-dependent manner in response to varying concentrations of testosterone.13 PI3K/AKT/ 
mTOR signaling pathway is considered to be the main pathway involved in the initiation and regulation of autophagy, 
and its activation can inhibit autophagy.14 Quinoa can ameliorate PCOS via regulating gut microbiota through PI3K/ 
AKT/mTOR pathway and autophagy.15 PI3K/AKT/mTOR pathway is also an important signaling pathway to promote 
cell metabolism and regulate oxidative stress.16,17 Protocatechuic acid can alleviate the symptoms of PCOS in mice via 
PI3K signaling in granulosa cells (GCs) to relieve ROS pressure and apoptosis.18

GLP-1 receptor agonists (GLP-1RAs) are usually used to treat type 2 diabetes and its complications. Recently, 
research on GLP-1 RAs mainly focus on the field of obesity. GLP-1 RAs act on GLP-1R in the central and peripheral 
nervous system to control appetite and delay gastric emptying, thereby increasing satiety and achieving weight loss.19 

Due to their significant positive effects on weight loss and metabolic abnormalities, GLP-1RAs serve as clinical 
treatment options for PCOS in recent years.20 However, the mechanism by which GLP-1RAs improve PCOS is not 
fully understood. Several studies attribute the improvement of PCOS by GLP-1 to its weight loss effect.20,21 Our previous 
study found that semaglutide, a novel GLP-1RA, could resist ovarian inflammation through AMPK/SIRT1/NF-κB 
pathway.22 Existing research have demonstrated that GLP-1RAs can effectively alleviate oxidative stress, decrease 
endoplasmic reticulum stress, regulate autophagy processes, and promote metabolic balance.23–26 This study aimed to 
explore whether semaglutide could improve PCOS-related symptoms by regulating ovarian oxidative stress and autop-
hagy in vivo.

Materials and Methods
Animals
High-fat diet (67% maintenance diet for rats and mice +10% lard +20% sucrose +2.5% cholesterol +0.5% sodium 
cholate) feedstuff and 3-week-female C57BL/6J mice were purchased from Pengyue Experimental Animal Breeding Co 
Ltd. (License No. SCXK (Shandong) 2023–0002). The experimental environment is set at a temperature of 20°C and 
a relative humidity of 60% −80%. During the experiment, the mice can eat and drink freely.

PCOS Model Establishment and Intervention
The mice were randomly divided into 2 groups after adaptive feeding for 3 days, namely normal control group (NC, n=6) 
and model group (n=22). NC group: 0.2 mL sesame oil was subcutaneously injected into the back of neck every day and 
fed with ordinary feed; The model group was treated with dehydroepiandrosterone (DHEA) dissolved in 0.2 mL sesame 
oil at 60 mg/kg/d, subcutaneously injected into the back of neck every day, and fed with high-fat diet for 21 days.27,28 

Four mice were randomly sacrificed to observe the ovarian morphology and evaluate the modeling. We randomly divided 
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the successfully modeled PCOS mice into three groups: PCOS group (PCOS, n=6), PCOS+semaglutide 0.42 mg/kg/w 
group (S-Low, n=6), and PCOS+semaglutide 0.84 mg/kg/w group (S-High, n=6). Mice in S-Low and S-High groups 
were subcutaneously injected with semaglutide lasting for one month. The mice in the NC group and PCOS group were 
subcutaneously injected with the same volume of physiological saline. We measured the weight of mice once a week and 
collected vaginal smears every day until the experiment is completed. After the intervention, blood samples and ovarian 
tissue were obtained. The experimental flowchart is shown in Figure 1.

Estrous Cycle Observation
In the experimental operation, the vaginal area needs to be exposed first, and a cotton swab soaked in physiological saline 
should be used to wipe the external genitalia. Subsequently, inject 5 milliliters of physiological saline into the vagina and 
repeat this process 4 to 5 times. Next, the absorbed droplets were transferred to a slide and stained with basic methylene 
blue. The slides were placed under a light microscope to observe the estrous cycle. The estrus cycle is judged by the 
following: Proestrus, mainly composed of nuclear epithelial cells; Estrus, mainly composed of large, flat, irregularly 
anucleated keratinocytes; Diestrus, few white blood cells and nucleated epithelial cells appear; Metestrus, mainly 
composed of white blood cells and nucleated epithelial cells.

Intraperitoneal Glucose Tolerance Tests (IPGTT) and Body Weight Measurement
After fasting 12h, the weight of mice was weighed, and the blood glucose was measured before glucose injection. 
Glucose (0.2g/mL) was injected intraperitoneally according to body weight (100μL/10g). Tail blood glucose was 
measured at 15, 30, 60, 90, and 120 min after injection.

Ovarian Dehydration Embedding
Fresh ovarian tissue with 4% paraformaldehyde fixed for 24 hours, and then used tap water rinse 1–2 hours, reoccupy 
graded ethanol dehydration, embedding xylene to cool naturally. Finally, it was sliced at 4um and stored at 4 °C.

H&E Staining
The experiment was conducted according to the instructions of the HE staining kit (Solarbio, G1120).29 Ovarian tissue 
slices were first stored at 4 °C and then transferred to a 60 °C environment for baking for 3 to 4 hours. Next, xylene and 
ethanol would be used for dewaxing treatment. In the staining step, stained with hematoxylin for 2 to 20 minutes, then 
soaked the slices in distilled water for 2 minutes. Subsequently, the sections were differentiated with differentiation 
solution for 30 seconds and washed twice with tap water for 5 minutes each time. Then counterstained with eosin for 

Figure 1 The operational flowchart of the entire experiment.
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1 min. Finally, dehydrated with graded ethanol, made xylene transparent, sealed with neutral resin, and took photos under 
the microscope (Olympus, Japan).

Immunohistochemistry
The experiment was conducted according to the instructions of the immunohistochemistry kit (Boster Biological 
Technology, Wuhan, China. Catalog#SA1020).30 Ovarian sections were oven-dried at 60 °C for 3–4 hours, hyalinized 
with xylene twice for 10 minutes each, and then dehydrated through a graded ethanol series (75% ethanol for 2 minutes, 
85% ethanol for 2 minutes, 90% ethanol for 2 minutes, 95% ethanol for 2 minutes, 100% absolute ethanol twice for 
2 minutes). Subsequently, washed twice with phosphate buffered saline (PBS, Servicebio, CHINA), followed by 
a 10 minutes repair treatment with sodium citrate solution, and washed twice again with PBS. Subsequently, washed 
with peroxidase inhibitor for 10 minutes and blocked with bovine serum albumin (BSA, BOSTER, CHINA) for 
30 minutes. Prepare the antibody at a dilution ratio of 1:100, then incubated overnight at 4 °C, and finally performed 
reheating treatment at room temperature. The antibodies used in the study were CYP19A1 antibodies (No. ba3704, 
BOSTER, China; dilution 1:50;), Beclin-1 antibodies (dilution 1:100; No.#3495, CST, USA), p62 antibodies (dilution 
1:500; No. #23214, CST, USA), LC3B antibodies (dilution 1:200; No.#83506, CST, USA) was increased for half an hour 
and then observed.

Immunofluorescence
For immunofluorescence staining purposes, ovarian tissue sections were processed in the following manner. First 
performed was the deparaffinization and hydration steps. To block nonspecific binding, bovine serum albumin treatment 
was applied. Primary antibodies then were incubated overnight at 4°C - CYP17A1 (No. A00615-3, BOSTER, China; 
dilution 1:400) and StAR (No. 67130-1-ig, San Ying, China; dilution 1:400) Secondary antibodies subsequently were 
added, with incubation at room temperature lasting one hour. For nuclear counterstaining, 4′,6-diamidino-2-phenylindole 
(DAPI, #P0131, Beyotime) was used for five minutes. The slices treated with anti-fading sealant need to be sealed and 
observed under a fluorescence microscope (Olympus, Japan).31

Sex Hormone Measurement
A chemiluminescence immunoassay analyzer (Spring C2200, Zhonghong Detection, China) was used to determine serum 
estradiol (E2), progesterone hormone (P) and testosterone (T).

Oxidative Stress Index Analysis
Ovarian tissues were collected. Oxidative stress markers were measured with a lipid peroxidation (MDA) detection kit 
(A003-1-2, Nanjing Jiancheng Bioengineering Institute, China) Antioxidant markers, including superoxide dismutase 
(SOD) and glutathione (GSH), were evaluated using superoxide dismutase activity detection kit (A001-3-2, Nanjing 
Jiancheng Bioengineering Institute, China) and glutathione detection kit (A006-2-1, Nanjing Jiancheng Bioengineering 
Institute, China).

Western Blot
Mice ovarian tissues were immersed in Ripa buffer and phosphatase inhibitors and protease inhibitors were added. The 
tissue was lysed on ice for 30 min, then triturated with a tissue homogenizer and centrifuged to obtain the supernatant, 
which was called tissue protein sample. Protein concentration was measured with BCA protein assay reagent (No. 
AR0146, BOSTER, China). Then an appropriate amount of protein loading buffer was added and electrophoretic 
separation was performed on SDS-PAGE gels (7.5% or 15%). Proteins were electrophoresed at 80 V (stacking gel) 
and 120 V (separating gel) using SDS-PAGE. The target protein is then transferred onto a polyvinylidene fluoride 
(PVDF) membrane (Millipore, USA). Proteins were transferred to PVDF membranes at 400 mA constant current for 
90 min in ice-cold transfer buffer. Subsequently, skim milk powder was used for sealing treatment at room temperature 
for a duration of 2 hours. After the membrane was cut according to the molecular size, the primary antibody was 
incubated. After sealing, the membrane was incubated with the following antigen-specific primary antibody at 4 °C 
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overnight: PI3K (dilution 1:1000; No. 4292S, CST, USA), p-AKT (dilution 1:1000; No. 4060S, CST, USA), AKT 
(dilution 1:1000; No. 4691S, CST, USA), mTOR (diluted, 1:1000; No.# 2983, CST, USA), p-mTOR (diluted, 1:1000; 
No. #2971, CST, USA), p62 (diluted, 1:1000; No. #23214, CST, USA), LC3B (diluted, 1:1000; No.#83506, CST, USA), 
Beclin-1 (diluted, 1:1000; No.#3495, CST, USA), β-actin (dilution 1:5000; No. BM0627, BOSTER, China). After three 
membrane washing steps, a diluted secondary antibody solution was introduced and incubated at room temperature for 
2 hours to detect the presence of specific reaction products.

Statistical Analysis
The SPSS software (version 26.0, IBM) was performed for all statistical analysis. P-value <0.05 was statistically 
significant (two side). Data compartment between two groups were used for the Student's t-test, and one-way ANOVA 
was used to compare data among multiple groups.

Results
Semaglutide Alleviates Sex Hormone Disorders
Serum sex hormones were detected (Figure 2A–C). Compared to NC mice, serum T content of PCOS mice increased 
significantly, serum E2 content decreased, and serum P content did not change significantly. After treatment with 
semaglutide, the T content was significantly reduced and a significant rise in E2 levels was dose dependent, but the 
content of P did not change significantly.

Semaglutide Restores Ovarian Morphology and Estrous Cycle
As shown in Figure 3A, the ovaries of the control group mice exhibited normal follicle distribution at all developmental 
stages, and no cystic follicle formation was observed. In contrast, the PCOS model group mice exhibited significant 
structural abnormalities in their ovaries, characterized by an increase in the number of vesicles, a decrease in the number 
of corpora lutea, and a thinning of the granulosa cell layer. It is worth noting that after intervention with semaglutide, the 
number of corpus luteum in the experimental group of mice significantly increased, while the number of cystic follicles 
decreased significantly. This result confirms the reversal effect of semaglutide on the pathological development of 
ovarian tissue. Through the observation of vaginal smears in Figure 3B, it can be further found that the estrous cycle of 
the PCOS model group mice is significantly disrupted. As shown in Figure 3C, the estrous cycle of the normal control 
group mice was maintained within the physiological range of 4–5 days, while the PCOS model group mice showed 
sustained elongation of the estrous cycle. Experimental data show that semaglutide intervention can effectively improve 
the disorder of the estrous cycle, which is consistent with the expected results.

Figure 2 (A–C) The change of sex hormones in peripheral blood. Data are presented as mean±SD. Vs NC, ##P <0.01; Vs PCOS, *P <0.05, **P <0.01; n=6 per group.
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Semaglutide Improves Impaired Glucose Tolerance
PCOS mice body weight is significantly higher than in NC group (Figure 4A). The same trend appeared in the 
comparison of fasting glucose and AUC in IPGTT between the NC group and PCOS group (Figure 4B–C). After 
treatment with semaglutide, the body weight decreased in a dose-dependent manner. Simultaneously, the impaired 
glucose tolerance was also improved in a dose-dependent manner.

Semaglutide Regulates the Expression of Ovarian Steroidogenic Enzymes
The immunofluorescence results of CYP17A1 and StAR are shown in (Figure 5A–C). As shown in the figure, the 
expression of CYP17A1 and StAR in the ovary of PCOS mice increased, while the expression of them decreased after 
semaglutide treatment. The results demonstrated a significant reduction of CYP19A1 in PCOS mice detected by 
immunohistochemistry technology. Further research found that after implementing intervention measures, the relative 
expression level of CYP19A1 showed a clear dose–response relationship, that is, with the increase of intervention dose, 
its expression level correspondingly increased (Figure 5D and E).

Semaglutide Inhibits Oxidative Stress
To evaluate the role of semaglutide on oxidative stress in ovarian tissues, we examined the levels of oxidative stress 
markers. Compared to NC mice, the mice in PCOS group had significantly higher MDA levels, while lower SOD and 
GSH levels. After semaglutide intervention, the content of the 3 markers showed dose-dependent improvement and 
tended towards normal (Figure 6A–C).

Figure 3 (A) Ovarian morphology (H&E staining). (B) Vaginal smears. The normal estrous cycle sequence is proestrus, estrus, metestrus, and diestrus; (C) Estrous cycle, 
change of the estrus cycle (10 days before the end of the experiment). 
Abbreviations: P, Proestrus; E, Estrus; M, Metestrus; D, Diestrus.
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Semaglutide May Regulate Autophagy in the Ovary of PCOS Mice
To evaluate the effect of semaglutide on ovarian autophagy, we detected the autophagy related proteins in the ovary by 
immunohistochemistry and Western blot. The content of Beclin-1 and LC3B in PCOS group was significantly higher 
than that in NC group, while the content of p62 was significantly lower than that in NC group. Compared with PCOS 
group, the expression of Beclin-1 and LC3B showed a significant downward trend after semaglutide treatment, while p62 
was significantly higher than that in PCOS group (Figure 7A–H).

Effect of Semaglutide on PI3K/AKT/mTOR Pathway
To explore the mechanism by which semaglutide alleviates ovarian oxidative stress and inhibits autophagy, we detected 
PI3K/AKT and downstream signaling molecules. Compared to NC group, we found that PI3K/β-actin, p-AKT/AKT, and 
the ratio of p-mTOR/mTOR was down regulated, while semaglutide up-regulated the above proteins in a dose- response 
manner (Figure 8A–D).

Discussion
The abnormal synthesis and accumulation of androgens in PCOS may be the cause of hyperandrogenism in PCOS. The 
upregulation of CYP17A1 expression in follicular membrane cells of PCOS patients leads to excessive accumulation of 
androgens and dysregulation of endogenous steroidogenesis. Meanwhile, the downregulation of CYP19A1 expression in 
GCs inhibits the conversion of androgens to estrogens. Here, the application of semaglutide significantly reversed the 
effects. In the present study, we found that semaglutide can improve the characterization of PCOS mice by improving 
autophagy and oxidative stress of ovarian tissue. Mechanistically, semaglutide can upregulate the PI3K/AKT/mTOR 
signaling pathway to improve PCOS. Our data provide new theoretical basis for the promotion of semaglutide in the 
clinical application of PCOS.

Although PCOS is a very common disorder among women of childbearing age, there are currently no pharmacolo-
gical options available to address all clinical manifestations encountered in clinical practice. Clinical evidence has 

Figure 4 (A-C) Changes in body weight and glucose tolerance. (A) Weight; (B) Fasting glucose; (C) Data of IPGTT and AUC. Data are presented as mean±SD. Vs NC, 
##P <0.01; Vs PCOS, *P <0.05, **P <0.01; n=6 per group.

Drug Design, Development and Therapy 2025:19                                                                             https://doi.org/10.2147/DDDT.S522730                                                                                                                                                                                                                                                                                                                                                                                                   4303

Guo et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



demonstrated the effectiveness of using GLP-1RAs to treat overweight/obese PCOS patients. Salamun et al found that 
liraglutide increases pregnancy rates in obese PCOS women with poor response to first-line reproductive treatments.32 

A randomized clinical trial from Denmark concluded that liraglutide therapy can improve the ovarian dysfunction in an 
overweight PCOS population and decrease free testosterone levels.33 Similar data was confirmed by a study from China. 

Figure 6 (A) SOD activity; (B) GSH content; (C) MDA content. Data are presented as mean±SD. Vs NC, ##P <0.01; Vs PCOS, *P <0.05, **P <0.01; n=6 per group.

Figure 5 (A) Immunofluorescence images; (B) CYP17A1 expression area; (C) StAR expression area; (D) CYP19A1 (Immunohistochemistry); (E) CYP19A1 expression 
area. Data are presented as mean±SD. Vs NC, ##P <0.01; Vs PCOS, *P <0.05, **P <0.01; n=6 per group.
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The research results indicate that for overweight PCOS patients, compared to the treatment plan of using metformin 
alone, the combination of metformin and liraglutide shows more significant therapeutic effects in regulating endocrine 
disorders and improving reproductive function.34 The above study attributed the improvement of PCOS symptoms by 
GLP-1RAs to their weight loss effect. In line with these findings, after treatment with semaglutide, our PCOS mice 
showed significant weight loss. Can GLP-1RAs treat PCOS through other mechanisms besides weight loss? Xiong et al35 

Figure 7 (A) Immunohistochemical images of LC3B, Beclin-1 and p62. Expression area: (B) LC3B; (C) Beclin-1; (D) p62. (E-H) Western blot data of LC3B, Beclin-1, and 
p62. Data are presented as mean±SD. Vs NC, #P <0.05; ##P <0.01; Vs PCOS, *P <0.05, **P <0.01; n=6 per group.

Figure 8 (A) Western blot of PI3K/AKT/mTOR signaling; (B–D) Protein quantification statistics. Data are presented as mean±SD. Vs NC, ##P <0.01; Vs PCOS, *P <0.05, 
**P <0.01; n=6 per group.
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concluded that both semaglutide and liraglutide can improve metabolic and reproductive disorders via modulating the 
whole structure of gut microbiota in PCOS. Findings from Sun et al suggest that the GLP-1/GLP-1R axis acts on ovarian 
granulosa cells by modifying the phosphorylation site of forkhead box protein O1 to promote their viability, thereby 
promoting oocyte maturation in PCOS.36 Besides, Zhang et al37 verified that GLP-1RAs induce browning of white 
adipose tissue and decrease hyperinsulinemia and hyperandrogenemia in PCOS mice. Our previous study confirmed 
semaglutide could alleviate ovarian inflammation through AMPK/SIRT1/NF-κB pathway.22 In addition to the mentioned 
effects, could GLP-1 RAs treat PCOS through other mechanisms?

PCOS is characterized by a state of persistent mild oxidative stress and inflammation, which is closely linked to a range 
of clinical and metabolic irregularities.38 MDA is an indicator of chronic oxidative stress caused by lipid peroxidation, 
commonly used to assess the effectiveness of antioxidant interventions.39,40 Antioxidants, including GSH, SOD, and CAT, 
are crucial for sustaining low levels of ROS. This regulation is essential for the proper functioning of cellular processes.41 

Currently, PCOS is considered as a condition characterized by lower levels of antioxidants and oxidative stress.42 The 
research results showed that in the PCOS group, MDA levels significantly increased, while SOD and GSH activities 
decreased. The changes in this series of biochemical indicators confirm the crucial role of oxidative stress response in the 
formation of polycystic ovary syndrome in mice. Therefore, inhibiting oxidative stress may be a potentially effective 
strategy for the therapeutic of PCOS. Sun et al43 found that kisspeptin improves proliferation and alleviates apoptosis and 
oxidative stress in GCs. In detail, kisspeptin overexpression enhanced the levels of the antioxidants GSH, SOD and 
alleviated the accumulation of MDA and ROS in GCs, indicating that kisspeptin protects GCs from oxidative stress.43 

PI3K/AKT/mTOR signaling pathway is the main regulatory pathway of oxidative stress.44 Protocatechuic acid can alleviate 
the symptoms of PCOS in mice via PI3K signaling in GCs to relieve ROS pressure and apoptosis.18 GLP-1 has been proven 
to improve endothelial cell function through antioxidant stress.45–47 Recently, Li et al48 declared that semaglutide attenuates 
the doxorubicin-induced mitochondrial damage through the PI3K/AKT pathway. Consistent with this, in our study, we also 
found that semaglutide can effectively reduce oxidative stress markers in ovarian tissue of PCOS mice.

During the process of follicular atresia, the accumulation of autophagosomes once reaching a certain level can induce 
apoptosis in GCs.49 In PCOS patients, the autophagic activity of GCs is abnormally enhanced, which is manifested in the 
significantly increased expression of autophagy-related protein Beclin1.50 In addition, the expression of Beclin1 was 
positively correlated with serum T and anti-Mullerian hormone. These findings suggest a significant association between 
abnormal regulation of autophagy in GCs and elevated androgen levels and follicular development disorders in PCOS 
patients.50 As is well known that the PI3K/AKT/mTOR signaling pathway plays a crucial role in regulating the 
autophagy process of GCs and oocytes.51 Autophagy is activated after inhibiting the PI3K/AKT/mTOR pathway, leading 
to degeneration and apoptosis of GCs cells, which in turn triggers follicular atresia.52 Some drugs regulate cell apoptosis 
and autophagy in PCOS through the PI3K pathway, thereby improving several pathological changes of PCOS. Xie et al53 

found that melatonin regulates autophagy in PCOS through the PI3K/AKT pathway, thereby improving ovarian 
dysfunction. In addition to improving insulin resistance, metformin can also alleviate cellular autophagy via regulating 
the PI3K/AKT/mTOR pathway to improve ovarian function.54,55 GLP-1 RAs have been found to treat many diseases by 
alleviating autophagy.56,57 In line with the literatures, our data showed that the expression of autophagy-related proteins 
LC3II/I and Beclin1 decreased and the expression of autophagy substrate p62 increased after semaglutide treatment. 
Further, we ascertain that semaglutide inhibits ovarian autophagy by activating PI3K/AKT/mTOR pathway.

This study explored the effects of weekly formulations of GLP-1RAs in PCOS mice; however, there are also some 
limitations. First, the study only conducted in vivo experiments and lacked data from cellular experiments. Second, the 
intervention time is relatively short, and it has not been observed whether PCOS characterization in mice will reappear 
after stopping the intervention. Third, due to experimental conditions and funding constraints, our study did not use 
inhibitors of relevant signaling pathways to further validate the mechanism of action of semaglutide.

In conclusion, the current study probed the function and mechanism of semaglutide in improving PCOS in vivo 
experiments, and found that it can be achieved via regulating the PI3K/AKT/mTOR signaling pathway to reduce 
oxidative stress and autophagy (Figure 9). This study aims to establish a theoretical framework for the clinical 
application of GLP1-RAs in non-diabetes domains. Notably, these findings require further research to confirm.
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The mechanism by which semaglutide improves PCOS through the PI3K/AKT/mTOR pathway has potential, but its 
application needs to be optimized through more rigorous clinical research and precision medicine strategies. In the future, 
the focus should be on its reproductive safety, long-term efficacy, and integration with other therapies, ultimately 
achieving effective transformation from basic research to clinical practice.
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