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Abstract 9 

Background 10 

Premature ovarian insufficiency (POI) is characterized by complex etiologies and currently lacks 11 

effective treatments, posing significant threats to women’s physical and psychological health. 12 

Quercetin (QUE) , a bioactive flavonoid inherent in traditional herbs such as Flos Sophorae and 13 

Cuscuta chinensis, demonstrates potent redox-modulating and anti-senescence capacities. This 14 

investigation validates its therapeutic efficacy against POI, specifically elucidating granulosa cell-15 

centric mechanisms. 16 

 17 

Methods 18 

POI mouse models and human ovarian granulosa cells KGN injury models were induced through 19 

the administration of cyclophosphamide (CTX). Subsequently, these models were treated with 20 

drugs such as QUE. Morphological changes in the ovaries of the mice were observed, and vaginal 21 
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smears were conducted to monitor the estrus cycles and patterns of the mice. ELISA was 22 

employed to detect sex hormone levels in various mouse groups, while Hematoxylin-eosin 23 

staining Staining(H&E) staining was utilized to assess the status of ovarian follicles at different 24 

stages. Moving forward, immunohistochemical analysis and Western blot were conducted to 25 

detect the expression levels of Sirtuin 1 (SIRT1), Hypoxia-Inducible Factor 1 Alpha (HIF-1α)，26 

and other apoptosis-related proteins. Ultimately, methods such as Terminal deoxynucleotidyl 27 

transferase dUTP Nick-End Labeling (TUNEL) assay, β-galactosidase staining, flow cytometry for 28 

apoptosis detection, and 5-Ethynyl-2′-deoxyuridine (EdU) Assay assay were utilized to evaluate 29 

the apoptosis, senescence, and proliferation of mouse ovarian tissues and human ovarian granulosa 30 

cells KGN. 31 

 32 

Results 33 

QUE ameliorated CTX-induced ovarian atrophy and follicular atresia by upregulating SIRT1 34 

expression. Furthermore, QUE partially restored estrous cyclicity, normalized sex hormone levels, 35 

and improved follicular counts through SIRT1/HIF-1α modulation. Concurrently, QUE suppressed 36 

apoptosis in both murine and human granulosa cells via the SIRT1/HIF-1α pathway. 37 

 38 

Conclusion 39 

Our findings demonstrate that QUE enhances ovarian reserve by inhibiting granulosa cells 40 

apoptosis via SIRT1/HIF-1α signaling, highlighting its therapeutic potential for POI management. 41 

 42 
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Clinical trial number 46 

Not applicable. 47 

 48 

Introduction 49 

POI refers to a condition affecting women under the age of 40, characterized by the cessation of 50 

ovulation and abnormal serum sex hormone levels, with an incidence rate as high as 3.7% [1]. 51 

According to the most recent guidelines (updated in 2023) of the European Society of Human 52 

Reproduction and Embryology, the diagnostic criteria for POI are as follows: the presence of 53 

amenorrhea or severe oligomenorrhea for four consecutive months or longer, accompanied by two 54 

sex hormone tests, conducted with an interval of more than four weeks, showing an follicle-55 

stimulating hormone (FSH) level exceeding 25 IU/L [2]. POI, being the later stage of ovarian 56 

function decline, often imposes dual pressures on women, both physiologically and 57 

psychologically, in clinical settings. Physiologically, the deterioration of ovarian function can lead 58 

to menstrual irregularities and even amenorrhea [3], while also potentially decreasing egg quality, 59 

thereby elevating the risks of miscarriage and fetal malformations [4] . Psychologically, numerous 60 

women experience anxiety and depression when confronted with reduced fertility, impacting their 61 

quality of life and mental wellbeing [5]. POI is a significant threat to women's health globally and 62 

a major public health concern. Meanwhile, POI can also be attributed to iatrogenic factors. CTX, a 63 
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widely administered chemotherapy drug, although effective in inhibiting breast tumors, may 64 

adversely affect ovarian function, leading to POI. Currently, hormone replacement therapy (HRT) 65 

stands as one of the primary treatments for POI patients, effectively mitigating symptoms arising 66 

from estrogen deficiency, such as hot flashes and vaginal dryness. However, the implementation of 67 

HRT in POI patients encounters numerous challenges, including a lower-than-anticipated adoption 68 

rate among patients, varying efficacy among individuals, and potential side effects [6, 7]. 69 

Therefore, finding effective POI treatments with minimal side effects is crucial. 70 

QUE, a flavonoid derived from Traditional Chinese Medicines, is ubiquitous in fruits and 71 

vegetables, demonstrating multiple bioactivities, including antioxidant properties [8, 9]. QUE's 72 

unique chemical structure confers strong pharmacological properties, making it valuable for 73 

preventing and treating various diseases, particularly in enhancing ovarian reserve. QUE 74 

significantly increases serum levels of Anti-Müllerian Hormone (AMH), estradiol (E2), and 75 

progesterone in mice. It also reduces FSH and luteinizing hormone (LH) levels, improves ovarian 76 

pathology, and reduces chemotherapy-induced ovarian damage [10]. Our prior study revealed 77 

QUE as the predominant bioactive constituent of Zuo Gui Pill for managing diminished ovarian 78 

reserve DOR through data mining approaches. Thus, QUE may become an effective POI 79 

treatment. 80 

Ovarian granulosa cells are indispensable in protecting ovarian function and maintaining fertility. 81 

Each step of follicle development, oocyte maturation, cumulus expansion, and ovulation relies on 82 

continuous and precise interactions with surrounding granulosa cells [11]. Previous research has 83 

indicated that QUE has the capacity to restore damaged ovarian granulosa cells to a certain degree 84 
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[12], but its mechanism of action remains inadequately explored. SIRT1 is a NAD+-dependent 85 

deacetylase that plays a role in diverse cellular processes, encompassing the cell cycle, 86 

metabolism, and stress responses. By deacetylating multiple proteins, SIRT1 regulates gene 87 

expression [13] and participates in biological processes such as cellular senescence and apoptosis, 88 

making it an important regulator in protecting cells against oxidative damage [14] . Therefore, 89 

SIRT1 may serve as an effective therapeutic target for treating POI.  90 

This investigation seeks to delineate the therapeutic efficacy and molecular basis of QUE for POI, 91 

thereby establishing an experimental foundation for its clinical translation. 92 

 93 

Materials and methods 94 

Animals 95 

Eight-week-old female BALB/c mice (SPF grade) were obtained from Guangdong PharmaGene 96 

Biotechnology Co., Ltd. and housed at the Laboratory Animal Center of Jinan University. The 97 

mice were maintained under standard conditions (12h/12h light-dark cycle) with ad libitum access 98 

to food and water. The study protocol was approved by the Animal Welfare and Ethics Committee 99 

of Jinan University (Approval No. IACUC-20241101-11). 100 

 101 

Animal Grouping and Treatment 102 

Animal experiments were divided into two parts: therapeutic experiments and reversal 103 

experiments. The therapeutic experiment was divided into three groups: the Control group, the 104 

model group (CTX group), and the QUE group, with six mice in each group. A singular 105 
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intraperitoneal administration of cyclophosphamide (CTX; 120 mg/kg, MedChemExpress，New 106 

Jersey, USA, Cat# HY-17420) was administered to induce POI in model (CTX) and therapeutic 107 

(QUE) cohorts, whereas control subjects received PBS in equivalent volumes. Vaginal cytology 108 

smears were continuously examined starting from day 1 of modeling. By day 14, most mice 109 

exhibited disordered estrous cycles, indicating successful model establishment. From day 14 110 

onward, mice in the QUE group received QUE via gavage (25 mg/kg, Selleck, Houston, USA, 111 

Cat# S2391), while mice in the Control and CTX groups received an equal volume of PBS via 112 

gavage, for a duration of 21 days. The reversal experiment was divided into four groups: the 113 

Control group, CTX group, QUE group, and QUE+EX527 group, with nine mice in each group. 114 

The administration methods and doses for the Control, CTX, and QUE groups were the same as 115 

above. The QUE+EX527 group received QUE (25 mg/kg) by gavage along with intraperitoneal 116 

injections of the SIRT1 inhibitor EX527 (2.5 mg/kg, Aladdin, China, Cat# E129892) starting on 117 

day 14 post-CTX administration. Body weights were recorded weekly. Mice were anesthetized 118 

with isoflurane. All samples (including body weight measurements, blood, and ovarian tissues) 119 

were collected one day after the final treatment. 120 

 121 

Estrous Cycle 122 

Observation of the estrous cycle began on day 1 of drug administration for all animals and 123 

continued for 28 days. Vaginal secretions were collected daily in the morning. Using a pipette, 10 124 

μL of PBS buffer was aspirated and inserted 2–3 mm into the mouse vagina, followed by repeated 125 

pipetting. The collected exfoliated cell fluid was spread evenly on a glass slide, dried, and then 126 
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subjected to H&E staining. The slide was sealed and observed under a microscope (AXIO, model: 127 

Vert-A1) to determine stage of the estrous cycle. 128 

 129 

H&E Staining 130 

After dissection, the mouse ovaries were fixed by immersion in formaldehyde for 24 hours, 131 

embedded in paraffin, and sectioned at a thickness of 5 μm. The sections were dewaxed and 132 

stained with hematoxylin followed by eosin counterstaining, then dehydrated and sealed. Vaginal 133 

secretions from the mice were fixed in formaldehyde for 10 minutes and directly stained with 134 

hematoxylin and eosin, then dehydrated and sealed. 135 

 136 

Observation and Counting of Ovarian Follicles in Mice 137 

Follicles were classified into developmental stages according to the method described by Pedersen 138 

and Peters (1968), the number of follicles at each stage (primordial follicles, preantral follicles, 139 

antral follicles, and atretic follicles) was recorded for each section, and the results were expressed 140 

as mean ± SEM [15]. 141 

 142 

Enzyme-linked immunosorbent assay (ELISA) 143 

The SIRT1 levels in the mice were quantified according to the Experimental Procedure Guide of 144 

the ELISA kit (ELK Biotechnology, Wuhan, China; Cat# ELK6397). Additionally, the levels of 145 

AMH, FSH, and E2 were determined according to the manufacturer's protocol (Wellbio, Shanghai, 146 

China; Cat# EM30583; EM30584; EM3066). 147 
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 148 

Western blot Analysis 149 

Protein lysates from mouse ovaries and KGN granulosa cells were prepared through 30-minute 150 

incubation with lysis buffer on ice. The lysates were centrifuged at 12,000 ×g for 10 minutes at 151 

4°C, and the supernatants were collected. Protein concentrations were determined using a BCA kit 152 

(Wuhan Sevier Biotechnology, China, Cat# G2026) and equalized before adding 5× loading 153 

buffer. Samples were heat-denatured at 100°C for 10 minutes. Proteins (10 µL per sample) were 154 

separated by electrophoresis and transferred to PVDF membranes for 40 minutes at room 155 

temperature. Membranes were blocked for 10 minutes using rapid blocking buffer, then incubated 156 

overnight at 4°C with primary antibodies against Sirt1, HIF-1α (Abcam, UK, Cat# ab189494, 157 

ab179483), Bcl-2, Bax, Caspase-3, and β-Tubulin (Abmart, China, Cat# T40056S, T40051M, 158 

TD6879S, P60039S). After incubation with HRP-conjugated secondary antibody (Abmart, China, 159 

Cat# M21002S) for 1 hour at room temperature, protein bands were visualized using a gel imaging 160 

system and analyzed with ImageJ. 161 

 162 

Identification of POI Targets and Construction of Protein-Protein Interaction 163 

(PPI) Networks 164 

Through OMIM (http://www.omim.org/) [16] and GeneCards (https://www.genecards.org/）[17] , 165 

using "Premature Ovarian Failure" (a previous name for POI) as the keyword, a total of 6,872 POI 166 

targets were identified. On the SwissTargetPrediction (http://www.swisstargetprediction.ch/) and 167 

Super-PRED (https://prediction.charite.de/) websites, 198 targets of QUE were obtained. The 168 
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intersection of these two datasets yielded 145 targets of QUE associated with POI. Finally, using 169 

the STRING database [18]（https://string-db.org/）with a minimum interaction coefficient 170 

greater than 0.700, a PPI network was constructed. This network was visualized using Cytoscape 171 

software [19] , and the top 10 relevant targets were confirmed. 172 

 173 

Gene Ontology (GO) functional annotation and Kyoto Encyclopedia of Genes 174 

and Genomes (KEGG) pathway enrichment analysis 175 

GO analysis [20] annotates differentially expressed genes between different groups, revealing 176 

their Biological Process (BP), Cell Component (CC), and Molecular Function (MF). KEGG [21] 177 

is a frequently used database that provides detailed information on genomes, diseases, biological 178 

pathways, and drugs. We performed GO and KEGG pathway enrichment analysis on 145 targets 179 

of QUE associated with POI using the R package clusterProfiler29. 180 

 181 

Immunohistochemistry 182 

Ovarian paraffin sections were dewaxed and subjected to antigen retrieval. Endogenous 183 

peroxidase activity was quenched with 3% H₂O₂ for 25 minutes at room temperature in the dark. 184 

After blocking with 3% BSA for 30 minutes, sections were incubated overnight at 4°C with 185 

primary antibodies (Sirt1, HIF-1α, Caspase-3; 1:500 dilution). HRP-conjugated secondary 186 

antibody was applied for 50 minutes at room temperature. Staining was developed using DAB 187 

substrate, counterstained with hematoxylin, and mounted for microscopic examination. Brown 188 

staining indicated positive immunoreactivity, which was quantified using Image J. 189 
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 190 

TUNEL 191 

Ovarian apoptosis was detected using the CF488 TUNEL Kit (Servicebio, China, Cat# G1504) 192 

according to the manufacturer's protocol. Paraffin sections underwent antigen retrieval, membrane 193 

permeabilization, equilibration, and labeling before nuclear counterstaining. Apoptotic cells were 194 

visualized by fluorescence microscopy at 488 nm excitation wavelength.   195 

 196 

Cell Culture and Treatment 197 

KGN cells were purchased from Shanghai Bide Pharmaceutical Technology Co., Ltd. (Cat# 198 

BD02215448) and authenticated by STR profiling at Bide Technology. The cells were cultured at 199 

37°C with 5% CO₂ in DMEM/F-12 medium (Gibco, California, USA, Cat# C11330500BT) 200 

supplemented with 10% fetal bovine serum (Servicebio, Wuhan, China, Cat# G8003) and 1% 201 

penicillin-streptomycin (Gibco, California, USA, Cat# 15140122). Treatments were administered 202 

when cell confluency reached 70–80%. Based on preliminary results, the cells were divided into 203 

four groups: the Control, CTX (200 μmol/L, 24 h), QUE (200 μmol/L CTX + 10 μmol/L QUE, 24 204 

h), and QUE+EX527 (200 μmol/L CTX + 10 μmol/L QUE + 10 μmol/L EX527, 24 h) groups. 205 

 206 

EdU Detection 207 

Prepare a cell suspension at 1×10⁴ cells/well in a 96-well plate. After treatment, follow the kit 208 

instructions (Servicebio, Wuhan, Cat# G1601) to perform EDU labeling, fixation, and 209 

permeabilization of KGN cells. Add the EDU click reaction mix and incubate at room temperature 210 
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in the dark for 30 minutes, followed by nuclear staining. Visualize under an inverted fluorescence 211 

microscope and analyze using Image J. 212 

 213 

Annexin V-FITC/PI Double Staining for Apoptosis Detection 214 

Harvest KGN cell pellets from each group. Resuspend the pellet in 500 μL Binding Buffer 215 

according to the kit instructions (Biosharp, Beijing, Cat# BL110A), then add 5 μL Annexin V-216 

FITC and 5 μL PI, and mix well. Incubate at room temperature in the dark for 10 minutes, then 217 

analyze using a flow cytometer (BioTek, Model: Synergy H1). 218 

 219 

β-Galactosidase Staining 220 

Cells were incubated with 1 mL β-galactosidase staining fixative for 15 min at room temperature. 221 

After fixative removal, three consecutive PBS washes were performed (3 min/wash). After 222 

aspirating PBS, add 1 mL staining working solution (Beyotime, Shanghai, Cat# C0602) to each 223 

well. Cover the 6-well plate with plastic wrap and incubate overnight at 37°C. Examine under a 224 

microscope. 225 

 226 

Statistical Analysis 227 

Data were analyzed using GraphPad Prism 9.1 (San Diego, CA, USA). Experimental data are 228 

presented as mean ± SD. One-way ANOVA was used for statistical analysis. Statistical 229 

significance was set at P < 0.05, with P ≥ 0.05 indicating non-significant differences. 230 

 231 
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Results 232 

QUE exerts protective effects on ovarian function in POI mice 233 

To investigate how QUE affects mouse body weight and ovaries, we established a POI model by 234 

administering a single intraperitoneal injection of 120 mg/kg CTX. Within seven days post-235 

modeling, the mice experienced temporary weight loss, which gradually recovered by the eighth 236 

day but remained. The CTX group exhibited significantly lower body weight than the control 237 

group (Fig. 1B). QUE treatment partially reversed CTX-induced weight loss (Fig. 1B). Ovarian 238 

morphology, ovarian index, and the number of atretic follicles are key indicators for assessing 239 

ovarian reserve function, and we evaluated these three parameters. The results demonstrated that 240 

relative to control group, CTX-exposed ovaries exhibited significant atrophy, enhanced fragility, 241 

and diminished ovarian indices (Fig. 1C-D). Increased atretic follicle burden (Fig. 1E-F) 242 

collectively validated successful POI modeling. Following QUE treatment, both ovarian size and 243 

ovarian index showed partial recovery, while the number of atretic follicles was significantly 244 

reduced. Collectively, these data establish QUE-mediated protection against ovarian reserve 245 

impairment in POI mice.  246 
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 247 

Figure 1. QUE exerts protective effects on ovarian function in POI mice. A Schematic diagram of 248 

experimental groups and drug administration. B Changes in body weight during the experiment 249 

(n = 6), * P < 0.05 vs. CTX. C Macroscopic morphology of ovaries from different groups at 250 

endpoint (n = 3). D Ovarian organ index (ovary weight/body weight ratio, n = 6). E Representative 251 

H&E staining images of ovarian sections. F Quantification of atretic follicles across groups 252 

(n = 6). * P<0.05; ** P<0.01; *** P<0.001. 253 

 254 

QUE protects ovaries in POI mice by activating SIRT1 255 

To investigate the SIRT1's role in QUE 's protective mechanism in POI mice, we performed 256 
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Western blot analysis of ovarian tissues and used SIRT1 ELISA kit assays on serum. The CTX 257 

group exhibited a significantly reduced SIRT1expression in Western blot analysis (Fig. 2A, B). 258 

Similarly, SIRT1 concentration was significantly lower in the CTX group as measured by ELISA 259 

(Fig. 2C). Interestingly, the QUE group showed increased SIRT1 protein expression and serum 260 

concentration. Therefore, SIRT1 activation potentially underlies QUE-mediated ovarian reserve 261 

preservation in POI models. 262 

 263 

Figure 2. QUE exerts protective effects in POI mice through SIRT1 upregulation. Sample 264 

collection was performed to detect the expression level of SIRT1 protein in mouse ovaries and the 265 

concentration of SIRT1 in mouse serum (n=4) for each group. A Representative Western blot 266 

images of SIRT1 protein expression across groups. B Quantification of protein expression levels 267 

of SIRT1. C Serum SIRT1 concentrations in experimental groups. *P < 0.05, **P < 0.01, ***P < 268 

0.001. 269 

 270 

QUE ameliorates CTX-induced POI by upregulating SIRT1 271 

To further confirm the role of SIRT1 in QUE's prevention and treatment of POI, we added a 272 

SIRT1 inhibitor treatment group (QUE+EX527 group) for a reversal experiment. The animals 273 

were divided into the control group, CTX group, QUE group, and QUE+EX527 group for 274 
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observation of various aspects of ovarian function. The estrus cycle in mice is an important 275 

indicator of periodic changes in the reproductive system and is regulated by sex hormones 276 

secreted by the ovaries. 277 

Therefore, we monitored the estrus cycle and sex hormones FSH, E2, and AMH to assess ovarian 278 

function. First, we evaluated the estrus cycle of mice by performing vaginal smears and H&E 279 

staining on vaginal secretions. The four different estrus cycles exhibited specific morphological 280 

changes in vaginal epithelial cells (Fig. 3A). The control group mice had an estrus cycle duration 281 

of approximately 5 days, with all cycles regular. Following CTX intervention, the estrus cycle 282 

duration was significantly prolonged and the cycle became irregular. However, after QUE 283 

treatment, the estrus cycle duration in POI mice was shortened and tended to become regular. 284 

Interestingly, the QUE+EX527 group could not restore the estrus cycle duration and rhythm to the 285 

same level as the QUE group (Fig. 3B, C).  286 

FSH, AMH, and E2 are essential for ovarian follicular development and key ovarian function 287 

marker. Similar to the hormonal characteristics of ovarian aging, the CTX group and QUE+EX527 288 

group mice exhibited significantly elevated FSH levels in their serum. After QUE intervention, the 289 

QUE group showed low FSH levels (Fig. 3D). In the ELISA monitoring of E2 and AMH, the CTX 290 

group and QUE+EX527 group mice also exhibited low hormone levels. However, the QUE group, 291 

while unable to fully reach the high hormone levels of the control group, did show relatively high 292 

hormone levels (Fig. 3E, F). In summary, QUE can alleviate the adverse effects of CTX on the 293 

ovaries. However, when SIRT1 is inhibited, QUE cannot effectively exert its protective function. 294 

This indicates that the protective effect of QUE on POI mice is achieved through the upregulation 295 
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of SIRT1. 296 

 297 

Figure 3. QUE ameliorates CTX-induced POI by upregulating SIRT1. A Representative diagrams 298 

of estrous cycles at different stages: Proestrus, Estrus, Metestrus, and Diestrus. Proestrus is 299 

characterized by a large number of nucleated epithelial cells and a small number of keratinized 300 

cells; Estrus consists of a large number of flattened keratinized epithelial cells; Metestrus shows 301 

coexistence of keratinized epithelial cells and white blood cells; Diestrus is dominated by a large 302 

number of white blood cells and a small amount of mucus (scale bar = 200 μm). B Number of 303 

estrous cycle days in each group (n=8). C Regularity of estrous cycles in each group (n=8). D-F 304 

ELISA-based serum levels of FSH, E2, and AMH in each group of mice (n=5). *P < 0.05, **P < 305 

0.01, ***P < 0.001. 306 

 307 

QUE improves follicle quality in POI mice by upregulating SIRT1 308 

The aforementioned experimental approaches confirmed QUE's regulation of sex hormones. 309 
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Nevertheless, given the ovary's dual functionality in endocrine secretion and gamete generation, 310 

follicular ontogeny was comparatively quantified for all developmental stages: primordial, 311 

preantral (primary/secondary), antral, and atretic follicles. After H&E staining, we compared the 312 

follicle conditions of each group under three magnifications (40x, 100x, and 200x) under a 313 

microscope (Fig. 4A).  314 

Compared to the control group, the ovarian slices of the CTX and QUE+EX527 groups showed 315 

smaller ovarian volume, more atretic follicles, and significantly reduced numbers of primordial, 316 

preantral, and antral follicles, with loose granulosa cells arrangements. Compared to the CTX 317 

group, the QUE group exhibited increased numbers of growing follicles, reduced atretic follicles, 318 

and a denser granulosa cells arrangement. No statistically significant intergroup variations in 319 

corpus luteum numbers were detected. (Fig. S1A). These results indicate that QUE activates 320 

SIRT1 to improve follicle quality in POI mice. 321 

 322 
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 323 

Figure 4 QUE improves follicle quality in POI mice by upregulating SIRT1. A Ovarian sections at 324 

magnifications of 40x, 100x, and 200x; B-E Numbers of primordial follicles, preantral follicles, 325 

antral follicles, and atretic follicles in groups of mice (n=6). Green arrows indicate primordial 326 

follicles; orange arrows indicate preantral follicles; blue arrows indicate antral follicles; red arrows 327 

indicate atretic follicles. *P < 0.05, **P < 0.01, ***P < 0.001. 328 

 329 

Network pharmacological analysis of QUE-improved POI-related targets and 330 

pathways   331 

To further investigate the downstream pathways mediated by SIRT1 upregulation induced by 332 

QUE, a network pharmacology analysis was conducted. The study intersected the target points of 333 
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QUE and POI and presented the results using a Venn diagram. The results showed that QUE and 334 

POI shared 145 common gene targets (Fig. 5A). Subsequently, "Cytoscape " was used for PPI 335 

interaction network analysis to demonstrate the interconnections among the targets (Fig. 5B) and 336 

identify the Top 10 associated targets (Fig. 5C), including AKT, SRC, mTOR, NFκB, EGFR, 337 

GSK3B, and others. 338 

To gain a more comprehensive understanding of the biological functions of these key targets, GO 339 

and KEGG pathway enrichment analyses were performed, and the results were visualized using 340 

bubble charts (Fig. 5D). GO analysis results indicate that QUE primarily exerts a protective effect 341 

on the ovaries through aspects such as protein serine/threonine kinase activity, positive regulation 342 

of phosphorylation, and the cellular secretory granule lumen. Additionally, the KEGG pathway 343 

enrichment analysis (Fig. 5E) reveals enrichment in the PI3K/AKT and HIF-1 pathways. The top 344 

10 associated targets are closely related to the HIF-1α pathway, with AKT, mTOR, EGFR, PTK2, 345 

and GSK3B regulating the synthesis or stability of HIF-1α [22-25]. HIF-1α regulates the 346 

expression of NFκB and SRC [26, 27], while MMP2/9 are key effector molecules mediating HIF-347 

1α-induced invasion and angiogenesis [28]. Interestingly, SIRT1, an upstream factor of HIF-1α, 348 

can influence the expression and activity of HIF-1α by regulating the AMPK and mTOR signaling 349 

pathways [29, 30]. Therefore, we hypothesize that QUE may alleviate POI in mice through the 350 

SIRT1/HIF-1α pathway. 351 
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 352 

Figure 5 Network pharmacological analysis of QUE ameliorating POI-related targets and 353 

signaling pathways. A Venn diagram of QUE drug targets and POI disease targets. B Construct a 354 

PPI network using the STRING database and use Cytoscape for visualization. C The top 10 355 

targets for QUE treatment of POI obtained from the MCC algorithm. D GO analysis of biological 356 

processes. F KEGG pathway analysis of signaling pathways. 357 

 358 

QUE alleviates POI in mice via the SIRT1/HIF-α pathway   359 
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We performed immunohistochemistry on ovarian paraffin sections and Western blot analysis of 360 

mouse ovarian tissues to validate the roles of SIRT1 and HIF-1α in QUE treatment for POI. We 361 

found that SIRT1 is expressed not only in the ovarian cortex and medulla but also in granulosa 362 

cells and oocytes (Fig. 6A). After CTX treatment, SIRT1 expression was significantly reduced, 363 

while HIF-1α expression increased. The QUE+EX527 group showed a similar trend, whereas the 364 

QUE group showed the opposite trend (Fig. 6A, B, and C). Additionally, Western blot analysis of 365 

SIRT1 and HIF-1α expression levels confirmed the immunohistochemistry results (Fig. 6D, E). 366 

It was worth noting that, given the role of ovarian granulosa cells in nutrient supply and 367 

information transfer to oocytes, we observed the expression of SIRT1 and HIF-1α in granulosa 368 

cells of each group and found that their expression levels also showed differences. Therefore, we 369 

concluded that the protective effect of QUE on POI mice is mediated through the influence on 370 

granulosa cells via the SIRT1/HIF-1α pathway. 371 
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 372 

Figure 6 QUE alleviates POI through the SIRT1/HIF-1α pathway. A Representative 373 

immunohistochemical images of ovarian SIRT1 and HIF-1α expression at different magnifications 374 

(scale bar = 200 μm; scale bar = 50 μm). B-C Quantitative analysis of SIRT1 and HIF-1α 375 

expression (n = 4). D Representative Western blot images of SIRT1 and HIF-1α in each group of 376 

mice. E-F Quantification of protein expression levels of SIRT1 and HIF-1α (n = 4). *P < 0.05, 377 

**P < 0.01, ***P < 0.001. 378 

 379 

QUE protects against granulosa cells apoptosis in POI mice by modulating the 380 

SIRT1/HIF-1α pathway 381 

Initially, we conducted a TUNEL assay to label apoptotic cells in ovarian tissue with CF488-382 

dUTP. The results indicated that CTX promotes apoptosis, predominantly in ovarian granulosa 383 
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cells, whereas QUE can partially ameliorate this apoptosis in ovarian granulosa cells (Fig. 7A). 384 

Consistent with the TUNEL findings, the pro-apoptotic protein Caspase-3 is predominantly 385 

expressed in ovarian granulosa cells (Fig. 7B), with notable increases observed in both the CTX 386 

group and the QUE+EX527 group. 387 

Furthermore, in addition to assessing the protein levels of Caspase-3 through Western blot 388 

experiments, we also examined the classic pro-apoptotic protein Bax and the anti-apoptotic 389 

protein Bcl-2. The results indicated that QUE could mitigate the apoptotic effects of CTX on 390 

ovarian tissue to a certain extent. Nevertheless, the QUE+EX527 group, where SIRT1 was 391 

inhibited, was unable to fully exert the protective role of QUE against ovarian senescence (Fig. 392 

7D-G). In summary, CTX primarily triggers apoptosis in ovarian granulosa cells, resulting in POI, 393 

whereas QUE alleviates granulosa cells apoptosis and exerts a protective effect on the ovaries. 394 
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Figure 7 QUE protects against granulosa cells apoptosis in POI Mice by Modulating the 396 

SIRT1/HIF-1α Pathway. A TUNEL staining of ovarian apoptosis (Scale bar=100 μm; green 397 

fluorescence indicates apoptotic cells). B Immunofluorescence images of Caspase-3 expression at 398 

different magnifications (Scale bar = 200 μm; scale bar = 50 μm). C Quantitative analysis of 399 

Caspase-3 expression (n = 4). D Representative Western blot images of Caspase-3, Bax, and Bcl-2 400 

in each group of mice. E-G Quantification of protein expression levels of Caspase-3, Bcl-2 and 401 

Bax (n = 4). *P < 0.05, **P < 0.01, ***P < 0.001. 402 

 403 

QUE ameliorates senescence and apoptosis in human granulosa KGN cells 404 

To further clarify QUE's functional mechanisms, we performed in vitro cultures of human ovarian 405 

granulosa cells, establishing CTX-induced cellular injury models. Initially, we investigated the 406 

impact of various CTX concentrations (0，50, 100, 200, and 400 μmol/L) on KGN cell apoptosis 407 

(Fig. S1B) and selected a CTX concentration of 200 μmol/L with a 24-hour exposure period to 408 

establish the KGN cell injury model. Subsequently, based on the results of the preliminary 409 

assessment (Fig. S1C), we administered 10 μmol/L QUE and 10 μmol/L EX527 for 24 hours for 410 

subsequent experiments. Flow cytometry apoptosis assays and β-galactosidase staining results 411 

(Fig. 8A, B) demonstrated that CTX induced senescence and apoptosis in KGN cells, whereas a 412 

24-hour QUE intervention markedly suppressed these effects. Similarly, EDU assay results (Fig. 413 

8C) revealed that the CTX group exhibited notable proliferation defects with decreased cell 414 

proliferation rates. In contrast, the QUE group exhibited higher proliferation rates compared to the 415 

CTX group. Therefore, QUE inhibits CTX-induced senescence and apoptosis in KGN cells and 416 



 26 

ameliorates proliferation defects. However, when SIRT1 was inhibited by EX527, the beneficial 417 

effects of QUE on KGN cells were significantly attenuated.  418 

 419 

Figure 8 QUE ameliorates Senescence and Apoptosis in KGN Cells. A Flow cytometry analysis of 420 

apoptosis in KGN cells under different treatments. B Apoptosis rate quantification (n=4). C β-421 

galactosidase staining of senescent KGN cells (blue indicates senescent cells, , scale bar = 200 422 

μm).  D Senescence rate quantification (n=4). E EdU proliferation assay (green fluorescence 423 

indicates proliferating cells, scale bar = 100 μm). F Proliferation rate quantification (n=3). *P < 424 

0.05, **P < 0.01, ***P < 0.001. 425 

 426 

QUE ameliorates senescence and apoptosis in human granulosa KGN cells via 427 

the SIRT1/HIF-1α pathway 428 
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In this study, we used Western blot to analyze differences in the expression levels of key pathway 429 

proteins (SIRT1 and HIF-1α) and apoptosis regulators (Caspase-3, Bax, and Bcl-2) in KGN cells 430 

(Fig. 9A). Mirroring the in vivo findings, QUE significantly counteracted CTX-induced effects, 431 

restoring SIRT1 levels while suppressing HIF-1α expression. Concurrently, QUE antagonistically 432 

regulated apoptosis-related proteins: elevating Bcl-2 expression while suppressing Caspase-3 and 433 

Bax levels. Notably, the QUE+EX527 group showed opposing protein expression trends 434 

compared to the QUE group. In summary, QUE ameliorate CTX-induced senescence and 435 

apoptosis in KGN cells by upregulating SIRT1 while downregulating HIF-1α, thereby correcting 436 

the dysregulation of apoptosis-related proteins.437 

 438 
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Figure 9 QUE alleviates senescence and apoptosis in KGN cells through the SIRT1/HIF-1α 439 

pathway. A Representative Western blot images of pathway proteins SIRT1, HIF-1α, and 440 

apoptosis-associated proteins Caspase-3, Bcl-2, and Bax in KGN cells. B-F Quantification of 441 

protein expression levels of SIRT1, HIF-1α, Caspase-3, Bcl-2, and Bax (n=4). *P < 0.05, **P < 442 

0.01, ***P < 0.001. 443 

 444 

Graphical Abstract 445 

 446 

Figure 10 The mechanism of QUE in treating POI. Under the influence of CTX, the 447 

SIRT1 protein undergoes downregulation, which in turn activates the downstream 448 

factor HIF-1α. This activation promotes the expression of pro-apoptotic proteins 449 
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Caspase-3 and Bax, while simultaneously inhibiting the expression of the anti-450 

apoptotic protein Bcl-2. Consequently, this cascade leads to apoptotic damage in 451 

ovarian granulosa cells, manifesting as decreased follicle quality (characterized by a 452 

reduction in normal ovaries and an increase in atretic follicles) and abnormal 453 

ovulation (left panel). In stark contrast, QUE, an active ingredient derived from 454 

traditional Chinese medicine, effectively upregulates SIRT1 and inhibits HIF-1α, 455 

thereby diminishing the expression of Caspase-3 and Bax while enhancing the 456 

expression of Bcl-2. This action mitigates apoptosis in ovarian granulosa cells, 457 

safeguards follicles, and enhances ovarian function (right panel). 458 

 459 

Discussion 460 

POI poses considerable risks to women and warrants utmost attention. It is influenced by a 461 

multitude of internal and external factors, encompassing genetics, autoimmune disorders, lifestyle 462 

habits, and cancer treatments like chemotherapy [31, 32]. CTX, a widely utilized alkylating agent 463 

in cancer therapy, is renowned for its potent antitumor effects. Its pharmacological mechanism 464 

primarily entails the formation of DNA crosslinks, which inhibits cell division and proliferation, 465 

ultimately leading to the demise of tumor cells. Nevertheless, CTX can directly impair ovarian 466 

tissue, inducing follicular apoptosis, particularly impacting primordial follicles [33]. Furthermore, 467 

metabolites of CTX, such as aldophosphamide, are regarded as primary sources of its toxic 468 

effects. These metabolites further exacerbate ovarian damage through oxidative stress and 469 

inflammatory responses [34]. In this experiment, we successfully established a mouse model of 470 
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POI by administering CTX through intraperitoneal injection. We observed a series of notable 471 

physiological alterations, including prolonged and disrupted estrous cycles, a significant elevation 472 

in FSH levels, a marked decrease in E2 and AMH levels, an increased count of atretic follicles, 473 

and a corresponding decrease in the number of primordial, preantral, and antral follicles. These 474 

observations clearly indicate a substantial decline in ovarian function due to CTX. 475 

QUE, one of the effective components of traditional Chinese medicines such as Flos Sophorae, 476 

dodder, mulberry leaves, and scutellaria, is a flavonoid compound widely present in plants and 477 

exhibits various biological activities. The antioxidant, anti-inflammatory, and antibacterial 478 

properties of QUE have garnered widespread attention in the fields of medicine and nutrition. 479 

Numerous studies have demonstrated that QUE can improve ovarian damage induced by CTX in 480 

mice and rats [35], and have verified its potential role in delaying aging and apoptosis to some 481 

extent [36]. Our research results also confirm the positive effects of QUE on the ovaries. After 21 482 

days of oral treatment with QUE, we observed that the estrus cycle in the QUE group was 483 

significantly shorter than that in the CTX group, gradually becoming more regular. The level of 484 

the sex hormone FSH also decreased, while the levels of E2 and AMH significantly increased. The 485 

number of atretic follicles decreased, while the numbers of primordial follicles, preantral follicles, 486 

and antral follicles increased. These results indicate that QUE can improve ovarian damage caused 487 

by CTX to some extent, demonstrating its potential therapeutic effect. 488 

SIRT1, as a deacetylase, is involved in various cellular processes, including cell cycle regulation, 489 

metabolic regulation, and stress responses. HIF-1α is a key transcription factor for cellular 490 

responses to hypoxia, and it is regulated by SIRT1 through its deacetylation activity, controlling 491 
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the expression of genes related to cell metabolism, proliferation, and survival. SIRT1 activators, 492 

such as resveratrol, have been found to inhibit the overexpression of HIF-1α by enhancing SIRT1 493 

activity, thereby alleviating hypoxia-induced cellular damage [37, 38]. Additionally, numerous 494 

studies have shown that the interaction between SIRT1 and HIF-1α extends beyond deacetylation, 495 

involving cross-talk among multiple signaling pathways. For instance, SIRT1 regulates the HIF-1α 496 

signaling pathway through Phd3, effectively reducing apoptosis and enhancing cardiomyocyte 497 

viability [39]；SIRT1 downregulates the phosphorylated extracellular signal-regulated kinase (p-498 

ERK)/ERK pathway to modulate HIF-1α levels, increasing cerebral blood flow, improving 499 

neurological function, and reducing neuronal apoptosis [40]. In addition, the efficacy of QUE in 500 

ameliorating hypoxia-related disorders has been established, enhancing cellular adaptation to 501 

hypoxic conditions through modulation of SIRT1 expression [41, 42]. Despite numerous studies 502 

focusing individually on QUE's impact on SIRT1 and HIF-1α, the precise mechanism by which 503 

QUE influences these two factors to safeguard ovarian reserve function remains elusive. 504 

Consequently, this study pioneers the investigation into the relationship between QUE, the 505 

SIRT1/HIF-1α pathway, and premature ovarian aging. Initially, we evaluated serum SIRT1 levels 506 

across diverse groups, observing a marked decrease in SIRT1 levels in both serum and ovarian 507 

tissue of mice in the CTX group, whereas the QUE group exhibited a notable increase in SIRT1 508 

concentrations and protein expression. This allows us to logically deduce that QUE exerts 509 

beneficial effects on ovarian function by upregulating SIRT1 expression. Further validation of 510 

QUE's mechanism was conducted using the SIRT1 inhibitor EX527, revealing that mice in the 511 

QUE+EX527 group failed to exhibit the same improvements in ovarian function as those in the 512 
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QUE-only group. Additionally, immunohistochemical and Western blot analyses confirmed that 513 

QUE upregulates SIRT1 while inhibiting HIF-1α, thereby conferring protective effects on the 514 

ovaries. This finding partially fills the research gap in the field of ovarian premature aging 515 

concerning SIRT1 and HIF-1α, offering new perspectives and directions for future studies. 516 

Granulosa cells play a pivotal role in ovarian development and the sustenance of ovarian function. 517 

They not only facilitate the growth of oocytes but also modulate the physiological state of the 518 

ovaries by secreting hormones and cytokines. Research has demonstrated that the proliferation and 519 

differentiation of granulosa cells are essential for normal follicular development, whereas their 520 

dysfunction may result in ovarian endocrine abnormalities and a decline in ovarian reserve [43]. In 521 

patients with diminished ovarian reserve, granulosa cells exhibit an elevated apoptosis rate 522 

compared to those with normal ovarian reserve [44]. Numerous studies have indicated that QUE 523 

can markedly inhibit granulosa cells apoptosis, potentially paving the way for novel approaches 524 

and therapies in the treatment of related reproductive disorders [45]. The mechanism of action of 525 

QUE primarily revolves around its regulation of cellular signaling pathways, particularly exerting 526 

a significant impact on pathways associated with oxidative stress and apoptosis [46]. For instance, 527 

QUE can notably upregulate anti-apoptotic genes (such as Bcl-2) and downregulate pro-apoptotic 528 

genes (such as Bax and Caspase-3), thereby mitigating the incidence of apoptosis [47]; 529 

furthermore, by activating the autophagy pathway, QUE can afford additional protection to 530 

granulosa cells against oxidative damage and apoptosis [48]. These mechanisms offer a theoretical 531 

foundation for the application of QUE in safeguarding ovarian granulosa cells. Our experimental 532 

findings align well with these observations. The TUNEL assay conducted in this study revealed 533 
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that CTX triggers apoptosis, predominantly in granulosa cells, whereas apoptosis in the granulosa 534 

cells of the QUE group was markedly suppressed, hinting that QUE's protective effect on mice 535 

could be mediated through inhibiting granulosa cells apoptosis. Caspase-3, serving as the pivotal 536 

executor of apoptosis (programmed cell death), is responsible for the ultimate dismantling of 537 

cellular structures, propelling the apoptosis process into its irreversible phase [49]. In vivo 538 

experiments in this study employed immunohistochemical staining and Western blot analysis to 539 

detect alterations in Caspase-3 expression, revealing notable differences in Caspase-3 expression 540 

across groups, predominantly in ovarian granulosa cells. Intriguingly, apoptosis-associated 541 

proteins Bax and Bcl2 also exhibited corresponding expression variations. To delve deeper into 542 

the effects of QUE on ovarian granulosa cells, an in vitro model was established using KGN cells 543 

and CTX. Analogous to the outcomes from the in vivo animal model, QUE exhibited a 544 

pronounced ameliorative effect on granulosa cells senescence, apoptosis, and proliferation 545 

impairments. In summary, QUE inhibits granulosa cells senescence and apoptosis, thereby 546 

enhancing ovarian function and mitigating POI. These mechanisms provide a theoretical 547 

foundation for the utilization of QUE in protecting ovarian granulosa cells. 548 

Although this study has demonstrated that QUE inhibits senescence and apoptosis in ovarian 549 

granulosa cells via the SIRT1/HIF-1α pathway, it still possesses certain limitations. KEGG 550 

analysis reveals that the PI3K pathway is similarly enriched in the context of QUE treatment for 551 

POI; however, it was not included in this study. Our research team aims to delve deeper into the 552 

relationships among SIRT1, HIF-1α, and PI3K in future endeavors. Furthermore, there is a notable 553 

absence of research on the mechanisms underlying HIF-1α activation or inhibition, necessitating 554 
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further expansion and refinement of the current data. Finally, QUE exhibits promising therapeutic 555 

effects in both in vivo and in vitro models, yet its clinical efficacy and safety await further 556 

validation.  557 

 558 

Conclusion 559 

QUE alleviates CTX-induced POI in mice and damage to the human ovarian granulosa cells line 560 

KGN. Mechanistic studies indicate that QUE regulates the expression of apoptosis-related proteins 561 

Caspase-3, Bax, and Bcl-2 by upregulating SIRT1 and inhibiting HIF-1α expression, thereby 562 

exerting anti-senescence and anti-apoptosis effects on ovarian granulosa cells and enhancing 563 

ovarian function. 564 

 565 

Data Availability 566 

Data and materials from this study are available on request. 567 
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HIF-1α: Hypoxia-Inducible Factor 1 Alpha 583 

HRT： Hormone replacement therapy  584 

KEGG： Kyoto Encyclopedia of Genes and Genomes  585 

LH:  Luteinizing Hormone 586 

MF： Molecular Function  587 

POI:  Premature ovarian insufficiency 588 

PPI：Protein-Protein Interaction  589 

QUE：Quercetin 590 

SIRT1: Sirtuin 1 591 

 592 

References 593 

1. Yahyavi Y, Kheradi N, Karimi A, Ebrahimi-Kalan A, Ramezani F, Yousefi S, et al. Novel 594 

Advances in Cell-Free Therapy for Premature Ovarian Failure (POF): A Comprehensive 595 

Review. Adv Pharm Bull. 2024;14(3):543-57. 596 



 36 

2. Moustaki M, Kontogeorgi A, Tsangkalova G, Tzoupis H, Makrigiannakis A, Vryonidou A, et 597 

al. Biological therapies for premature ovarian insufficiency: what is the evidence? Front Reprod 598 

Health. 2023;5:1194575. 599 

3. Hazarika S, Dasari P, Chanu SM, Basu S. Factors Associated with Poor Ovarian Reserve in 600 

Young Infertile Women: A Hospital-based Cohort Study. J Hum Reprod Sci. 2023;16(2):140-7. 601 

4. Tan Z, Gong X, Wang CC, Zhang T, Huang J. Diminished Ovarian Reserve in Endometriosis: 602 

Insights from In Vitro, In Vivo, and Human Studies-A Systematic Review. Int J Mol Sci. 603 

2023;24(21). 604 

5. Younis JS, Taylor HS. The impact of ovarian endometrioma and endometriotic cystectomy on 605 

anti-Müllerian hormone, and antral follicle count: a contemporary critical appraisal of 606 

systematic reviews. Front Endocrinol (Lausanne). 2024;15:1397279. 607 

6. Kapoor E. Premature Ovarian Insufficiency. Curr Opin Endocr Metab Res. 2023;28. 608 

7. Vogt EC, Russell HNB, Øksnes M, Lund A. [Premature ovarian insufficiency]. Tidsskr Nor 609 

Laegeforen. 2022;142(11). 610 

8. Xu D, Hu MJ, Wang YQ, Cui YL. Antioxidant Activities of Quercetin and Its Complexes for 611 

Medicinal Application. Molecules. 2019;24(6). 612 

9. Liu Z, Zhao J, Li W, Shen L, Huang S, Tang J, et al. Computational screen and experimental 613 

validation of anti-influenza effects of quercetin and chlorogenic acid from traditional Chinese 614 

medicine. Sci Rep. 2016;6:19095. 615 

10. Chen Y, Zhao Y, Miao C, Yang L, Wang R, Chen B, et al. Quercetin alleviates 616 

cyclophosphamide-induced premature ovarian insufficiency in mice by reducing 617 



 37 

mitochondrial oxidative stress and pyroptosis in granulosa cells. J Ovarian Res. 618 

2022;15(1):138. 619 

11. Uyar A, Torrealday S, Seli E. Cumulus and granulosa cell markers of oocyte and embryo 620 

quality. Fertil Steril. 2013;99(4):979-97. 621 

12. Wang X, Fan G, Wei F, Bu Y, Huang W. Hyperoside protects rat ovarian granulosa cells 622 

against hydrogen peroxide-induced injury by sonic hedgehog signaling pathway. Chem Biol 623 

Interact. 2019;310:108759. 624 

13. Vazquez MJ, Toro CA, Castellano JM, Ruiz-Pino F, Roa J, Beiroa D, et al. SIRT1 mediates 625 

obesity- and nutrient-dependent perturbation of pubertal timing by epigenetically controlling 626 

Kiss1 expression. Nat Commun. 2018;9(1):4194. 627 

14. Imai S, Armstrong CM, Kaeberlein M, Guarente L. Transcriptional silencing and longevity 628 

protein Sir2 is an NAD-dependent histone deacetylase. Nature. 2000;403(6771):795-800. 629 

15. Miao H, Miao C, Li N, Han J. Human umbilical cord mesenchymal stem cell-derived 630 

extracellular vesicles harboring IGF-1 improve ovarian function of mice with premature 631 

ovarian insufficiency through the Nrf2/HO-1 pathway. J Ovarian Res. 2024;17(1):224. 632 

16. Zhu Y, Yu J, Zhang K, Feng Y, Guo K, Sun L, et al. Network Pharmacology Analysis to 633 

Explore the Pharmacological Mechanism of Effective Chinese Medicines in Treating 634 

Metastatic Colorectal Cancer using Meta-Analysis Approach. The American Journal of 635 

Chinese Medicine. 2021;49(08):1839-70. 636 



 38 

17. Stelzer G, Rosen N, Plaschkes I, Zimmerman S, Twik M, Fishilevich S, et al. The GeneCards 637 

Suite: From Gene Data Mining to Disease Genome Sequence Analyses. Curr Protoc 638 

Bioinformatics. 2016;54:1.30.1-1..3. 639 

18. Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J, et al. STRING v11: 640 

protein-protein association networks with increased coverage, supporting functional 641 

discovery in genome-wide experimental datasets. Nucleic acids research. 2019;47(D1):D607-642 

d13. 643 

19. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. Cytoscape: a 644 

software environment for integrated models of biomolecular interaction networks. Genome 645 

Res. 2003;13(11):2498-504. 646 

20. Mi H, Muruganujan A, Ebert D, Huang X, Thomas PD. PANTHER version 14: more 647 

genomes, a new PANTHER GO-slim and improvements in enrichment analysis tools. 648 

Nucleic Acids Res. 2019;47(D1):D419-D26. 649 

21. Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 650 

2000;28(1):27-30. 651 

22. Weng ML, Chen WK, Chen XY, Lu H, Sun ZR, Yu Q, et al. Fasting inhibits aerobic 652 

glycolysis and proliferation in colorectal cancer via the Fdft1-mediated AKT/mTOR/HIF1α 653 

pathway suppression. Nat Commun. 2020;11(1):1869. 654 

23. Geng P, Ye F, Dou P, Hu C, He J, Zhao J, et al. HIF-1α-HPRT1 axis promotes tumorigenesis 655 

and gefitinib resistance by enhancing purine metabolism in EGFR-mutant lung 656 

adenocarcinoma. J Exp Clin Cancer Res. 2024;43(1):269. 657 



 39 

24. Zhou F, Sun J, Ye L, Jiang T, Li W, Su C, et al. Fibronectin promotes tumor angiogenesis 658 

and progression of non-small-cell lung cancer by elevating WISP3 expression via 659 

FAK/MAPK/ HIF-1α axis and activating wnt signaling pathway. Exp Hematol Oncol. 660 

2023;12(1):61. 661 

25. Flügel D, Görlach A, Kietzmann T. GSK-3β regulates cell growth, migration, and 662 

angiogenesis via Fbw7 and USP28-dependent degradation of HIF-1α. Blood. 663 

2012;119(5):1292-301. 664 

26. Gao L, Xu QH, Ma LN, Luo J, Muyayalo KP, Wang LL, et al. Trophoblast-derived Lactic 665 

Acid Orchestrates Decidual Macrophage Differentiation via SRC/LDHA Signaling in Early 666 

Pregnancy. Int J Biol Sci. 2022;18(2):599-616. 667 

27. Ni J, Wang X, Stojanovic A, Zhang Q, Wincher M, Bühler L, et al. Single-Cell RNA 668 

Sequencing of Tumor-Infiltrating NK Cells Reveals that Inhibition of Transcription Factor 669 

HIF-1α Unleashes NK Cell Activity. Immunity. 2020;52(6):1075-87.e8. 670 

28. Lin L, Wang Q, Xu F, Luo X, Xu J, Yan L, et al. BML-111, the lipoxin A(4) agonist, 671 

modulates VEGF or CoCl(2)-induced migration, angiogenesis and permeability in tumor-672 

derived endothelial cells. Immunol Lett. 2021;230:27-35. 673 

29. Sarlak Z, Eidi A, Ghorbanzadeh V, Moghaddasi M, Mortazavi P. miR-34a/SIRT1/HIF-1α 674 

axis is involved in cardiac angiogenesis of type 2 diabetic rats: The protective effect of 675 

sodium butyrate combined with treadmill exercise. Biofactors. 2023;49(5):1085-98. 676 



 40 

30. Wu K, Li B, Ma Y, Tu T, Lin Q, Zhu J, et al. Nicotinamide mononucleotide attenuates HIF-677 

1α activation and fibrosis in hypoxic adipose tissue via NAD(+)/SIRT1 axis. Front 678 

Endocrinol (Lausanne). 2023;14:1099134. 679 

31. Shelling AN, Ahmed Nasef N. The Role of Lifestyle and Dietary Factors in the Development 680 

of Premature Ovarian Insufficiency. Antioxidants (Basel). 2023;12(8). 681 

32. Ishizuka B. Current Understanding of the Etiology, Symptomatology, and Treatment Options 682 

in Premature Ovarian Insufficiency (POI). Front Endocrinol (Lausanne). 2021;12:626924. 683 

33. Luan Y, Yu SY, Abazarikia A, Dong R, Kim SY. TAp63 determines the fate of oocytes 684 

against DNA damage. Sci Adv. 2022;8(51):eade1846. 685 

34. Barberino RS, Silva RLS, Palheta Junior RC, Smitz JEJ, Matos MHT. Protective Effects of 686 

Antioxidants on Cyclophosphamide-Induced Ovarian Toxicity. Biopreserv Biobank. 687 

2023;21(2):121-41. 688 

35. Moradi S, Khazaei M, Rashidi Z. Synergistic Effects of Capsaicin and Quercetin Improved 689 

Induced Premature Ovarian Failure in Rat. Cell J. 2023;25(7):496-507. 690 

36. Wan Q, Tang L, Jin K, Chen X, Li Y, Xu X. Quercetin and tanshinone prevent mitochondria 691 

from oxidation and autophagy to inhibit KGN cell apoptosis through the SIRT1/SIRT3-692 

FOXO3a axis. Cell Mol Biol (Noisy-le-grand). 2024;70(2):257-63. 693 

37. Nishigaki A, Kido T, Kida N, Kakita-Kobayashi M, Tsubokura H, Hisamatsu Y, et al. 694 

Resveratrol protects mitochondrial quantity by activating SIRT1/PGC-1α expression during 695 

ovarian hypoxia. Reprod Med Biol. 2020;19(2):189-97. 696 



 41 

38. Hepp M, Werion A, De Greef A, de Ville de Goyet C, de Bournonville M, Behets C, et al. 697 

Oxidative Stress-Induced Sirtuin1 Downregulation Correlates to HIF-1α, GLUT-1, and 698 

VEGF-A Upregulation in Th1 Autoimmune Hashimoto's Thyroiditis. Int J Mol Sci. 699 

2021;22(8). 700 

39. Chen Y, Shan S, Xue Q, Ren Y, Wu Q, Chen J, et al. Sirtuin1 mitigates hypoxia-induced 701 

cardiomyocyte apoptosis in myocardial infarction via PHD3/HIF-1α. Mol Med. 702 

2025;31(1):100. 703 

40. Yang T, Liu X, Zhou Y, Du L, Fu Y, Luo Y, et al. Sanpian decoction ameliorates cerebral 704 

ischemia-reperfusion injury by regulating SIRT1/ERK/HIF-1α pathway through in silico 705 

analysis and experimental validation. J Ethnopharmacol. 2024;318(Pt A):116898. 706 

41. Jin T, Zhang Y, Botchway BOA, Huang M, Lu Q, Liu X. Quercetin activates the 707 

Sestrin2/AMPK/SIRT1 axis to improve amyotrophic lateral sclerosis. Biomed Pharmacother. 708 

2023;161:114515. 709 

42. Duan H, Wang F, Wang K, Yang S, Zhang R, Xue C, et al. Quercetin ameliorates oxidative 710 

stress-induced apoptosis of granulosa cells in dairy cow follicular cysts by activating 711 

autophagy via the SIRT1/ROS/AMPK signaling pathway. J Anim Sci Biotechnol. 712 

2024;15(1):119. 713 

43. Liu S, Li L, Li M, Zhang J. Effect of miR-26b-5p on cis-diamine dichloroplatinum-induced 714 

ovarian granulosa cell injury by targeting MAP3K9. In Vitro Cell Dev Biol Anim. 715 

2020;56(3):213-21. 716 



 42 

44. Zhao Z, Fan Q, Zhu Q, He R, Li Y, Liu C, et al. Decreased fatty acids induced granulosa cell 717 

apoptosis in patients with diminished ovarian reserve. J Assist Reprod Genet. 718 

2022;39(5):1105-14. 719 

45. Sirotkin AV, Štochmaľová A, Alexa R, Kádasi A, Bauer M, Grossmann R, et al. Quercetin 720 

directly inhibits basal ovarian cell functions and their response to the stimulatory action of 721 

FSH. Eur J Pharmacol. 2019;860:172560. 722 

46. Cai WY, Luo X. Investigation of Fructus Ligustri Lucidi for Premature Ovarian Insufficiency 723 

based on a Network Pharmacology and Experiment Verifications. Comb Chem High 724 

Throughput Screen. 2024. 725 

47. Kolesarova A, Roychoudhury S, Klinerova B, Packova D, Michalcova K, Halenar M, et al. 726 

Dietary bioflavonoid quercetin modulates porcine ovarian granulosa cell functions in vitro. J 727 

Environ Sci Health B. 2019;54(6):533-7. 728 

48. Cai M, Li Q, Cao Y, Huang Y, Yao H, Zhao C, et al. Quercetin activates autophagy to 729 

protect rats ovarian granulosa cells from H(2)O(2)-induced aging and injury. Eur J 730 

Pharmacol. 2024;966:176339. 731 

49. McIlwain DR, Berger T, Mak TW. Caspase functions in cell death and disease. Cold Spring 732 

Harb Perspect Biol. 2013;5(4):a008656. 733 

 734 

Acknowledgements 735 

The authors thank the technical support provided by the Fangzheng Laboratory of the Faculty of 736 

Traditional Chinese Medicine at Jinan University. 737 



 43 

 738 

Funding 739 

This work was supported by The National Natural Science Foundation of China (No. 82405081 740 

and 82274294); Guangdong Basic and Applied Basic Research 741 

Foundation (No.2021A1515011271,  No.2023A1515011686 and 2025A1515011267) ; National 742 

postdoctoral research program (No. GZC20230979); China Postdoctoral Science Foundation (No. 743 

2023TQ0135, 2024M751136); Guangzhou Basic and Applied Basic Research(No. 744 

2025A04J3397); Fundamental Research Funds for the Central Universities (No.21624362) and  745 

The Seventh Batch of National Traditional Chinese Medicine Experts Academic Experience 746 

Inheritance Project by the National Administration of Traditional Chinese Medicine 747 

(No.34022025). 748 

 749 

Author information 750 

Mei Wang and Hongling Chen contributed equally to this work and should be considered co-first 751 

authors. 752 

Authors and Affiliations 753 

China, Jinan University, 601 West Huangpu Avenue, Tianhe District, Guangzhou, Guangdong 754 

Province, 510632 755 

Mei Wang, Hongling Chen, Shaozi Lin, Zuyu Meng, Yiyao Zhang, Fang Liu, Menghai Li，756 

Chengjin Sun, Minxi Guan, Lingliang Song, Guoping Zhao, Di Zhang and Jiajia Qin. 757 

 758 



 44 

Contributions 759 

Mei Wang: writing—review & editing, validation, writing—original draft. Hongling Chen: 760 

writing—review & editing, data curation. Shaozi Lin: writing—original draft, methodology. Zuyu 761 

Meng, Yiyao Zhang, Fang Liu, Menghai Li: data curation, validation. Chengjin Sun, Minxi Guan, 762 

Lingliang Song, Guoping Zhao: data curation, formal analysis. Di Zhang and Jiajia Qin: writing—763 

review & editing, writing—original draft, funding acquisition. All authors read and approved the 764 

final manuscript. 765 

 766 

Corresponding author 767 

1. Jiajia Qin. E-mail: jiajia_bamboo@163.com 768 

2. Di Zhang. E-mail: dizhang0915@jnu.edu.cn 769 

 770 

Ethics declarations 771 

Ethics declarations and consent to participate 772 

The study protocol was approved by the Animal Welfare and Ethics Committee of Jinan 773 

University (Approval No. IACUC-20241101-11). 774 

 775 

Consent for publication 776 

Not applicable. 777 

 778 

Competing interests 779 



 45 

The authors declare no competing interests. 780 



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

Fig.S1.pptx

Supplementary2.docx

https://assets-eu.researchsquare.com/files/rs-6972937/v1/dede39bc8b07c67f086a9cba.pptx
https://assets-eu.researchsquare.com/files/rs-6972937/v1/5c07a987522b8220e64ff21e.docx

