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Abstract 9 

Background: The ovarian granulosa-lutein cells injury and apoptosis induced by 10 

oxidative stress may be responsible for female luteal phase deficiency. The 11 

antioxidant function of resveratrol has been confirmed, however, its effect on the 12 

expression of antioxidant enzymes and regulatory mechanism in ovarian 13 

granulosa-lutein cells remains unclear.  14 

Results: The H2O2 treatment induced the primary ovarian granulosa-lutein cells 15 

injury shown as decreased cell viability, impaired cellular morphology, decreased 16 

levels of progesterone and estradiol. The H2O2 treatment also exacerbated cell 17 

apoptosis demonstrated as more apoptotic cells stained by Hoechst staining, decreased 18 

level of anti-apoptosis protein Bcl-2 and increased level of pro-apoptosis protein Bax. 19 

These effects of cell injury and apoptosis induced by H2O2 can be ameliorated by 20 

resveratrol. Resveratrol also alleviated oxidative stress induced by H2O2 supported by 21 

decreased superoxide anion and cellular total ROS, decreased levels of 22 
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malondialdehyde and protein carbonyl, increased total antioxidant capacity and 23 

biological activity of SOD. Western blot results demonstrated resveratrol reversed the 24 

H2O2-induced decrease in levels of antioxidant enzymes containing ARE sequences 25 

and activated SIRT1/Nrf2 pathway. Further treatment by siRNA-Nrf2 suggested 26 

resveratrol was unable to activate the expression of antioxidant enzymes under a 27 

condition of inhibition of Nrf2.  28 

Conclusions: In conclusion, these results indicated that resveratrol attenuated 29 

oxidative stress to protect H2O2-induced rat ovarian granulosa-lutein cells injury and 30 

apoptosis via SIRT1/Nrf2/ARE signaling pathway.  31 

Keywords: Ovarian granulosa-lutein cells, resveratrol, oxidative stress, 32 

SIRT1/Nrf2/ARE signaling pathway 33 

 34 

Introduction 35 

Ovary is the most important reproductive organ of women. The corpus luteum 36 

evolved from ovulating follicles in the ovary is a temporary, capillary-rich cell mass 37 

with endocrine function. The corpus luteum plays an important role in the regulation 38 

of normal menstrual cycle, follicle development, early embryo implantation and early 39 

pregnancy safety [1]. Luteal phase deficiency (LPD) caused by dysfunction or 40 

premature degeneration of the corpus luteum is characterized as reduced luteal phase 41 

lasting less than 9 days with insufficient progesterone secretion, which has been 42 

implicated as the cause of irregular menstrual bleeding, infertility and recurrent 43 

pregnancy loss [2]. 44 
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Under normal physiological conditions, the antioxidant system can neutralize 45 

reactive oxygen species (ROS) to prevent cell damage caused by excessive oxidative 46 

stress response. Excessive oxidative stress refers to the molecular mechanism of the 47 

increased production of free radicals in the body, which leads to the damage of lipids, 48 

nucleic acids, and proteins, and then leads to various diseases [3]. Oxidative stress is 49 

one of the important mechanisms leading to ovarian function degeneration and LPD. 50 

Our previous studies found that ovarian function declines in menopausal rats 51 

accompanied by a significant down-regulation of antioxidant functions [4, 5]. Some 52 

other studies have also reported that serum lipid peroxide levels in LPD patients were 53 

significantly higher than that in normal women [6]. In addition, supplementation of 54 

antioxidants, such as vitamin C and melatonin, helps to increase serum progesterone 55 

levels in LPD patients [7]. In vitro studies also confirmed the relationship between 56 

ovarian cell function and oxidative stress. Cui et al. found that the oxidative stress 57 

response of mouse ovarian granulosa cells (OGC) induced by alginic acid resulted in 58 

the decrease of estradiol and progesterone levels and the up regulation of autophagy 59 

related protein expression [8].  60 

Resveratrol (RES) is a natural polyphenol compound, which has many biological 61 

effects such as anticancer, anti-inflammatory and antioxidant [9]. Resveratrol 62 

regulates the level of oxidative stress by regulating the production of reactive oxygen 63 

species and antioxidant capacity. Kim et al. found that resveratrol treatment could 64 

improve the renal function of aging C57BL/6 mice by activating the expressions of 65 

antioxidant proteins heme oxygenase 1 (HO-1) and NAD(P)H quinone dehydrogenase 66 
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1 (NQO1) [10]. Zhuang et al. found that 20 μM and 50 μM resveratrol pretreatment 67 

for 6 hours could significantly inhibit H2O2-induced oxidative damage in IPEC-J2 68 

cells, inhibit the generation of ROS, and activate the antioxidant proteins superoxide 69 

dismutase (SOD) and catalase (CAT) expression [11].  70 

Some key signaling molecules have been found to be involved in the regulation 71 

of oxidative stress by resveratrol. Sirtuin-1 (SIRT1) is a deacetylase with multiple 72 

functions of repairing DNA damage and regulating cell cycle. Fu et al. reported that 73 

resveratrol can regulate the acetylated states of transcription factors, by activating 74 

SIRT1 expression, thereby increasing the expression of downstream antioxidant 75 

enzymes and scavenging ROS [12]. Another key signal protein, nuclear factor E2 76 

related factor 2 (Nrf2), can mediate the expression of antioxidant enzymes containing 77 

antioxidant response element (ARE), which plays an important role in regulating 78 

oxidative stress. Farzane et al. found that resveratrol can increase the expression of 79 

antioxidant enzyme mediated by Nrf2/ARE signaling to protect neurons from 80 

oxidative stress injury, and up-regulate the expression of antioxidant factors HO-1 and 81 

NQO1 via Nrf2/ARE
 
[13].  82 

Based on these studies, we hypothesized and analyzed that resveratrol may 83 

activate the SIRT1/Nrf2/ARE signaling pathway, enhance the antioxidant capacity to 84 

resist oxidative stress, thereby protect H2O2 induced ovarian granulosa-lutein cells 85 

(GLC) injury.  86 

 87 

Results 88 
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Resveratrol protected GLC against H2O2-induced injury 89 

To investigate the effect of resveratrol on the viability of GLC, cells were treated 90 

with 200 µM H2O2 and resveratrol (10 µM, 20 µM, 50 µM, 100 µM ) for 24 h. The 91 

results in Fig. 1A showed that 200 µM H2O2 treatment significantly reduced the cell 92 

viability by approximately 39% compared with the control group (P < 0.001). The 93 

addition of 20 µM resveratrol could reverse the impairment of cell viability induced 94 

by H2O2 treatment (P < 0.001). This result indicated that 20 µM resveratrol protected 95 

GLC against H2O2-induced injury. This conclusion was also confirmed by the 96 

morphological changes of cells observed by phase contrast microscope in Fig. 1B.  97 

To further detect the effect of resveratrol on the sex hormone secretion in GLC, 98 

the levels of progesterone (P) and estradiol (E2) in GLC were analyzed by 99 

radioimmunoassay. The results showed that compared with the control group, the 100 

secretions of progesterone (P < 0.01) and estradiol (P < 0.001) in H2O2 group were 101 

significantly decreased, while resveratrol rescued the reduced secretions of 102 

progesterone (P < 0.001) and estradiol (P < 0.001) induced by H2O2 (Fig. 1C-D). 103 

These results suggested that resveratrol protected GLC against H2O2-induced injury.  104 

 105 

Resveratrol protected GLC against H2O2-induced apoptosis 106 

To investigate the effect of resveratrol on the apoptosis in GLC, Hoechst 33258 107 

staining and Western blot were used. Hoechst 33258 staining showed that there were 108 

more apoptotic cells in H2O2 group than in control group. However, resveratrol 109 

exerted a protective effect on the cell apoptosis induced by H2O2 treatment. Compared 110 
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with the H2O2 group, the positive rate of apoptotic cells in H2O2 + resveratrol group 111 

was significant decreased by approximately 26% (P < 0.001; Fig. 2A).  112 

In addition, the protein expressions of apoptosis marker Bcl-2 and Bax were 113 

detected using Western blot (Fig. 2B). Compared with the control group, the 114 

expression of Bcl-2 in H2O2 group decreased significantly (P < 0.01), and the 115 

expression of Bax increased significantly (P < 0.001). On the contrary, compared with 116 

the H2O2 group, resveratrol significantly up-regulated the expression of Bcl-2 (P < 117 

0.05) and down-regulated the expression of Bax (P < 0.01). These results suggested 118 

that resveratrol protected GLC against H2O2-induced apoptosis. 119 

 120 

Resveratrol protected GLC against H2O2-induced injury by resisting oxidative 121 

stress 122 

To investigate the mechanisms of resveratrol protected H2O2-induced GLC injury 123 

and apoptosis, the content of cellular superoxide anion, ROS, and the biological 124 

activity of oxidative stress related indices (MDA, Protein carbonyl, T-AOC, SOD) in 125 

GLC were detected by DHE staining, DCFH-DA staining, and biochemical method 126 

respectively.  127 

As shown in Fig. 3A-B, compared with the control group, the superoxide anion 128 

(red fluorescence) and total ROS (green fluorescence) in H2O2 group increased 129 

significantly. However, after treatment with resveratrol, the fluorescence intensity of 130 

superoxide anion (P < 0.001) and total ROS (P < 0.05) decreased significantly 131 

compared with the H2O2 group. 132 
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Then, the oxidative stress levels of cellular lipids and proteins were evaluated by 133 

detecting the content of MDA and protein carbonyl in GLC. The result was shown in 134 

Fig. 3C-D. Compared with the control group, the content of MDA (P < 0.001) and 135 

protein carbonyl (P < 0.001) in the H2O2 group were significantly increased. 136 

Compared with the H2O2 group, resveratrol treatment reduced the increase of MDA 137 

(P < 0.05) and protein carbonyl (P < 0.01) induced by H2O2. 138 

The biological activity of T-AOC and SOD in GLC were detected to evaluate 139 

resistance to oxidative stress. Compared with the control group, the Trolox-Equivalent 140 

(P < 0.001) and SOD viability (P < 0.01) in the H2O2 group were significantly 141 

decreased. On the contrary, in the H2O2 + resveratrol group, resveratrol enhanced the 142 

reduced levels of Trolox-Equivalent (P < 0.001) and SOD viability (P < 0.01) 143 

compared with the H2O2 group (Fig. 3E-F).  144 

These results indicated that resveratrol protected GLC against H2O2-induced 145 

injury by resisting oxidative stress.  146 

 147 

Resveratrol up-regulated ARE products to resist oxidative stress in 148 

H2O2-induced GLC 149 

To further determine whether resveratrol protected GLC against H2O2-induced 150 

injury by up-regulating the expression of antioxidant genes containing anti-oxidative 151 

response element (ARE), the proteins expressions of CAT, GSS, NQO1, HO-1 and 152 

SOD-1 were detected using Western blot. Based on the results, compared with the 153 

control group, the protein expression levels of CAT, GSS, NQO1, HO-1 and SOD-1 in 154 
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the H2O2 group were decreased significantly, indicating that H2O2 induced the decline 155 

of antioxidant function of GLC. However, compared with the H2O2 group, 156 

significantly increased protein expression levels of CAT, GSS, NQO1, HO-1 and 157 

SOD-1 were observed in the H2O2 + resveratrol group (Fig. 4). These results 158 

demonstrated resveratrol activated ARE products to resist oxidative stress in 159 

H2O2-induced GLC. 160 

 161 

Resveratrol activated SIRT1/Nrf2 pathway in H2O2-induced GLC 162 

To further investigate the possible role of SIRT1/Nrf2 pathway in resveratrol 163 

protecting GLC against H2O2-induced injury, the protein expressions of SIRT1 and 164 

Nrf2 were detected by Western Blot. Compared with the control group, the protein 165 

levels of SIRT1 (P < 0.05) and Nrf2 (P < 0.05) in the H2O2 group were significantly 166 

decreased. On the contrary, in the H2O2 + resveratrol group, resveratrol enhanced the 167 

protein expression levels of SIRT1 (P < 0.05) and Nrf2 (P < 0.05) compared with the 168 

H2O2 group. In addition, negative control siRNA (siRNA-NC) and siRNA specific for 169 

SIRT1 (siRNA-SIRT1) were administered into GLC to confirm the activation effects 170 

of resveratrol on SIRT1/Nrf2 pathway. Compared with the H2O2 + resveratrol group, 171 

the H2O2 + resveratrol + siRNA-SIRT1 group had a significantly decreased SIRT1 172 

level (P < 0.05), which indicated siRNA-SIRT1 interference inhibited SIRT1 173 

expression effectively. Further results showed siRNA-SIRT1 interference also induced 174 

decreased Nrf2 level (P < 0.05) in the H2O2 + resveratrol + siRNA-SIRT1 group, 175 

which demonstrated SIRT1 may be the upstream regulator of Nrf2 (Fig. 5). These 176 
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results suggested that resveratrol was involved in the regulation of antioxidant 177 

function of GLC by activating SIRT1/Nrf2 pathway. 178 

 179 

Resveratrol resisted oxidative stress by activating SIRT1/Nrf2/ARE pathway  180 

To further confirm the mechanism of resveratrol resisting oxidative stress, siRNA 181 

specific for Nrf2 (siRNA-Nrf2) were administered into GLC to determine 182 

SIRT1/Nrf2/ARE pathway participated in the regulation of resveratrol on oxidative 183 

stress. The protein expression levels of of Nrf2, CAT, GSS, NQO1, HO-1 and SOD-1 184 

were detected using Western blot. Firstly, compared with H2O2 + resveratrol group, 185 

decreased level of protein of Nrf2 induced by siRNA-Nrf2 were observed in H2O2 + 186 

resveratrol + siRNA-Nrf2 group, which indicated that siRNA-Nrf2 interference 187 

inhibited Nrf2 expression effectively. Additionally, the protein levels of downstream 188 

ARE products were detected to evaluate the effects of siRNA-Nrf2 interference on 189 

resveratrol against oxidative stress. As the results shown in Fig. 6, compared with 190 

H2O2 + resveratrol group, the protein levels of ARE products had decreased 191 

significantly in H2O2 + resveratrol + siRNA-Nrf2 group. Based on these results, the 192 

activation of resveratrol on the ARE products decrease in condition of siRNA-Nrf2 193 

interference, indicating that the regulation of resveratrol on oxidative stress depended 194 

on Nrf2 as the key signal of SIRT1/Nrf2/ARE pathway. 195 

 196 

Discussion 197 

In this study, we found that resveratrol increased the antioxidant capacity and 198 
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resisted oxidative stress via SIRT1/Nrf2/ARE pathway, so as to protect GLC against 199 

H2O2-induced injury and apoptosis.  200 

H2O2 is a widely used inducer of cell injury which has a broad impact on cell 201 

viability, morphology and endocrine functions. Our previous studies have reported 202 

decreased cell viability and damaged morphology in H2O2-induced HT22 cells and 203 

ovarian granulosa cells [4, 14]. In this study, we found that H2O2 treatment 204 

significantly inhibited the secretion of progesterone and estradiol in GLC. Wang et al. 205 

also reported the decreased concentrations of estradiol and progesterone in the culture 206 

medium of H2O2-induced bovine granulosa cells [15]. Based on these results, we 207 

suggested H2O2-induced GLC injury effectively. 208 

As an exogenous oxidative stress inducer, H2O2 can induce apoptosis through 209 

various pathways, such as mitochondrial apoptosis pathway, death receptor pathway, 210 

and endoplasmic reticulum stress pathway. In our study, we found that more cell 211 

apoptosis in H2O2-induced GLC, and increased expression of pro-apoptotic protein 212 

Bax and decreased expression of anti-apoptotic protein Bcl-2. Consistently, Chen et al. 213 

confirmed that H2O2 markedly increased the early apoptosis rate, late apoptosis and 214 

necrosis rate of IPEC-J2, as well as decreased the percentage of normal cells [16]. Wu 215 

et al. noted that H2O2 treatment decreased the expression of Bcl-2 and increased the 216 

expression of Bax and Cyt-C in cardiomyocytes, resulting in increased apoptosis [17]. 217 

According to these results, we indicated that H2O2 treatment induced apoptosis in 218 

GLC.   219 

Resveratrol is a polyphenol compound which is abundant in wine, berries, and 220 
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peanuts and has a wide range of biological effects, including resistance to cell injury, 221 

apoptosis, oxidative stress, inflammation, neurodegeneration, and several types of 222 

cancer [18]. In this study, we found resveratrol reversed the cell injury and apoptosis 223 

induced by H2O2, and the protective effects of resveratrol were reported in some other 224 

researches. Zhu et al. confirmed that resveratrol alleviated apoptosis and alveolar 225 

epithelial cell injury induced by hyperoxia by reducing the total ROS and mtROS 226 

production, increasing the mitochondrial membrane potential, up-regulating SIRT1, 227 

PGC-1a, NRF1, and TFAM, and down-regulating Ac-p53 [19]. Ding et al. reported 228 

that resveratrol restored the decrease of cell viability and the increase of apoptosis by 229 

activating the E2F3 pathway to attenuate high glucose-induced vascular endothelial 230 

cell injury [20]. In addition, in this study, we found that the protective effect of 231 

resveratrol on GLC was not dose-dependent. Consist with our results, Liu et al. 232 

reported that concentrations of resveratrol (5-20 μM) achieved protective effects on 233 

anti-fibrosis and cell viability, while high concentrations of resveratrol (more than 40 234 

μM) induced high levels of cytotoxicity and fibrotic phenotypes in HK-2 cells [21]. 235 

Oxidative stress is widely involved in biological processes such as growth, 236 

development, aging, apoptosis and normal cell functions. In this study, we found that 237 

H2O2 promoted the increase of cellular ROS and oxidative stress related indices in 238 

GLC, while resveratrol suppressed oxidative stress induced by H2O2. Consistently, Yu 239 

et al. reported that resveratrol significantly reduced ROS production, inhibited total 240 

mitochondrial MDA production and stimulated the activity of catalase, glutathione 241 

peroxidase and total mitochondrial SOD in primary rat cardiomyocytes [22]. 242 
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Furthermore, we found that resveratrol up-regulated the expressions of antioxidant 243 

related proteins CAT, GSS, NQO1, HO-1 and SOD-1 in GLC. The findings of several 244 

published studies are consistent with our data. Zhuang et al. reported resveratrol 245 

significantly increased the mRNA expression of SOD-1, CAT and HO-1 in 500 μM 246 

H2O2 treated IPEC-J2 cells [11]. Zhou et al. reported resveratrol up-regulated mRNA 247 

levels of NQO1, HO-1 and SOD-2 in aflatoxin B1 induced cow mammary epithelial 248 

cell line [23]. Few studies focused on the regulation of resveratrol on GSS, while we 249 

found resveratrol activated the expression of GSS in H2O2-induced GLC, indicating 250 

the metabolic process of glutathione may be involved in the regulation of oxidative 251 

stress by resveratrol. 252 

SIRT1/Nrf2 pathway participates the regulation of multiple biological functions 253 

such as NLRP3 inflammasome activation and oocyte aging [24, 25]. In this study, we 254 

found that resveratrol activated SIRT1/Nrf2 pathway and the activation of SIRT1/Nrf2 255 

pathway may stimulate the expression of downstream antioxidants containing ARE. 256 

Some published studies supported this point. In Zhuang’s study, formononetin 257 

regulated the SIRT1/Nrf2/ARE pathway to prevent the deposition of extracellular 258 

matrix and improve oxidative stress [26]. Furthermore, siRNA-Nrf2 was administered 259 

to GLC to investigate whether resveratrol activated SIRT1/Nrf2/ARE pathway to 260 

achieve the regulation to oxidative stress. We found the inhibition of Nrf2 attenuated 261 

the expression of ARE products activated by resveratrol. Consistent with our data, in 262 

Kim’s study, si-Nrf2 treatment abolished the activation to Nrf2, HO-1, NQO1, SOD-1 263 

and SOD-2 induced by resveratrol in H2O2 treated HK2 cells [10]. In Lv’s study, 264 
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siRNA-Nrf2 treatment reduced the levels of Nrf2 and HO-1 activated by polydatin in 265 

lipopolysaccharides-treated murine microglia BV2 cells [27]. These results further 266 

support our hypothesis that resveratrol regulate oxidative stress to protect GLC via 267 

SIRT1/Nrf2/ARE pathway. 268 

 269 

Materials and methods 270 

Ovarian granulosa-lutein cells (GLC) culture and treatment 271 

Three-weeks-old female Sprague-Dawley (SD) rats were subcutaneously injected 272 

with 50 IU of pregnant mare serum gonadotropin (PMSG) for 48 h, and then 273 

intraperitoneally injected with 50 IU of human chorionic gonadaotrophin (hCG) to 274 

induce ovaries luteinized. After 7 days, ovaries were collected for granulosa-lutein 275 

cells isolation. The animals were obtained from the animal experiment center of 276 

Harbin Medical University and the procedures for animal experiments were approved 277 

by the Institutional Animal Care and Use Committee (IACUC) of Harbin Medical 278 

University.  279 

Primary GLC were isolated and cultured according to the pulished method [28]. 280 

Briefly, luteinized ovaries were washed by phosphate-buffered saline (PBS) and cut 281 

into paste with fine scissors. Luteal tissue was mixed with 0.25% collagenase II 282 

(Gibco, USA) and digested with shaking for 30 min at 37℃. The digested GLC were 283 

filtered with a 200-μm stainless steel filter and transferred to 15 ml test tube. After the 284 

centrifugation at 500 × g for 10 min, the cells were resuspended with DMEM/F12 285 

medium supplemented with 10% FBS and 1% penicillin/streptomycin, then 286 
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inoculated on the cell culture plate in 5% CO2 incubator at 37℃.  287 

 288 

Cell viability analysis 289 

Cell viability was determined by Cell Counting Kit-8 (CCK-8) assay. Briefly, 290 

GLC were seeded at a density of 1×10
4
 in each well of 96-well plates. At the end of 291 

treatment, cells were incubated in 100 μL DMEM/F12 supplemented with 10 μL of 292 

CCK-8 reagent at 37℃ for 2 h. The absorbance value of each well detected at a 293 

wavelength of optical density (OD) 450 nm by a microplate reader. The relative cell 294 

viability was calculated according to the manufacturer’s instructions.  295 

 296 

Apoptosis Staining 297 

The apoptosis of GLC was evaluated by Hoechst 33258 staining kit (Beyotime 298 

Biotechnology, China). GLC were washed by PBS and incubated with staining 299 

fixative at room temperature for 10 min. After washing, GLC were incubated with 300 

Hoechst 33258 staining working solution avoiding light at room temperature for 5 301 

min. Then, abandoned the staining solution and washed by PBS, GLC were observed 302 

and captured under a fluorescence microscope. The image results were captured under 303 

EVOS™ M5000 Imaging System. 304 

 305 

ROS Staining 306 

The level of cellular ROS in GLC was evaluated by Dihydroethidium (DHE) 307 

staining and DCFH-DA staining. Both Dihydroethidium and Reactive Oxygen 308 
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Species Assay Kit were purchased from Beyotime Biotechnology, China. GLC were 309 

washed by PBS and incubated with DHE solution or DCFH-DA solution avoiding 310 

light at 37℃ for 1 h. Then, abandoned the staining solution and washed by PBS, GLC 311 

were observed and captured under a fluorescence microscope. The image results were 312 

captured under EVOS™ M5000 Imaging System. ImageJ software (version 1.46r, 313 

National Institutes of Health, USA) was performed to calculate the mean fluorescence 314 

intensity. 315 

 316 

Measurement of oxidative stress related indices 317 

The content or biological activity of oxidative stress related indices (MDA, 318 

Protein carbonyl, T-AOC, SOD) in GLC homogenate was detected by commercial 319 

biochemical kits (Nanjing Jiancheng Bioengineering Institute, China) according to the 320 

Manufacturer’s instructions. 321 

 322 

Western blot analysis 323 

The protein expression levels were determined by Western blot analysis. Briefly, 324 

10 μg total proteins extracted from GLC were separated on 10% SDS-PAGE gels and 325 

transferred onto polyvinylidene difluoride (PVDF) membranes. After blocking with 326 

TBST containing 5% skim milk at room temperature for 2 h, the membranes were 327 

incubated with primary rabbit polyclonal antibodies (β-Actin, CAT, GSS, SOD-1,  328 

Santa Cruz Biotechnology; NQO1, HO-1, Nrf2, Abcam; Bcl-2, Bax, SIRT1, Affinity 329 

Biosciences) at 4℃ overnight. Then, the membranes were incubated with horseradish 330 
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peroxidase (HRP)-conjugated goat anti-rabbit IgG antibody at room temperature for 1 331 

h. Pierce ECL Western Blotting Substrate Kit (Engreen Biosystem, China) was 332 

administered to visualize the protein bands. The relative band densities normalized by 333 

β-Actin as the endogenous control were assessed by ImageJ software. 334 

 335 

RNA interference 336 

SiRNA-SIRT1 (50 nM, sense: 5'-CCCUGUAAAGCUUUCAGAATT-3', 337 

antisense: 5'-UUCUGAAAGCUUUACAGGGTT-3'), siRNA-Nrf2 (50 nM, sense: 338 

5'-GGGUAAGUCGAGAAGUGUUTT-3', antisense: 339 

5'-AACACUUCUCGACUUACCCTT-3'), and Negative control siRNA were 340 

purchased from Shanghai Genepharma, China. Transfection of siRNA was performed 341 

with Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer’s 342 

instructions. 343 

 344 

Hormone detection 345 

The levels of progesterone (P), estradiol (E2) in GLC culture supernatant were 346 

detected using commercial radioimmunoassay kits (Sino-UK Institute of Biological 347 

Technology, Beijing, China). 348 

 349 

Statistical analysis 350 

Data were presented as means ± standard deviation (SD). Statistical significance 351 

was analyzed by Student’s t-tests between two groups using SPSS 19.0 (SPSS, IL, 352 



 17 

USA) and values of P < 0.05 were considered statistically significant. 353 

 354 

List of Abbreviations 355 

LH: luteinizing hormone; LPD: luteal phase deficiency; ROS: reactive oxygen 356 

species; OGC: ovary granulosa cells; GLC: granulosa-lutein cells; RES: resveratrol; 357 

HO-1: heme oxygenase 1; NQO1: NAD(P)H quinone dehydrogenase 1; SOD: 358 

superoxide dismutase; CAT: catalase; GSS: glutathione synthetase; SIRT1: sirtuin-1; 359 

Nrf2: nuclear factor E2-related factor 2; ARE: antioxidant response element; PMSG: 360 

pregnant mare serum gonadotropin; hCG: human chorionic gonadaotrophin; DHE: 361 

dihydroethidium; P: progesterone; E2: estradiol; MDA: malondialdehyde; T-AOC: 362 

total antioxidant capacity. 363 

 364 

Declarations 365 

Ethics approval and consent to participate 366 

The procedures for all animal experiments were approved by the Institutional 367 

Animal Care and Use Committee (IACUC) of Harbin Medical University.  368 

 369 

Consent for publication 370 

Not applicable. 371 

 372 

Availability of data and materials 373 

The datasets used and/or analysed during the current study are available from the 374 



 18 

corresponding author on reasonable request. 375 

 376 

Competing interests 377 

The authors declare that they have no competing interests. 378 

 379 

Funding 380 

This work was supported by grants from Harbin Medical University graduate 381 

innovative research projects (MHC, 2021), and the Fundamental Research Funds for 382 

the Provincial Universities (MHC, 2019; JW, 2017-KYYWF-0297).  383 

 384 

Authors' contributions 385 

MHC designed the study, acquired data and drafted the manuscript; JW, HJS and 386 

QG acquired data; CZ, HXY, CZ and YHJ analyzed data; HZ designed the study and  387 

revised manuscript. All authors read and approved the final manuscript. 388 

 389 

Acknowledgements 390 

Not applicable. 391 

 392 

References 393 

1. Chou CH, Chen MJ. The Effect of Steroid Hormones on Ovarian Follicle Development. Vitam 394 

Horm. 2018;107:155-75. 395 

2. Labarta E, Rodriguez C. Progesterone use in assisted reproductive technology. Best Pract Res Clin 396 



 19 

Obstet Gynaecol. 2020;69:74-84. 397 

3. Jelic MD, Mandic AD, Maricic SM, Srdjenovic BU. Oxidative stress and its role in cancer. J 398 

Cancer Res Ther. 2021;17(1):22-8. 399 

4. Wang J, Qian X, Gao Q, Lv C, Xu J, Jin H, et al. Quercetin increases the antioxidant capacity of 400 

the ovary in menopausal rats and in ovarian granulosa cell culture in vitro. J Ovarian Res. 401 

2018;11(1):51. 402 

5. Li Q, Cai M, Wang J, Gao Q, Guo X, Jia X, et al. Decreased ovarian function and autophagy gene 403 

methylation in aging rats. J Ovarian Res. 2020;13(1):12. 404 

6. Scarpellini F, Mastrone M, Sbracia M, Scarpellini L. Serum lipoperoxide level variations in 405 

normal and luteal phase defect cycles. Gynecol Obstet Invest. 1996;42(1):28-30. 406 

7. Fang L, Li Y, Wang S, Yu Y, Li Y, Guo Y, et al. Melatonin induces progesterone production in 407 

human granulosa-lutein cells through upregulation of StAR expression. Aging (Albany NY). 408 

2019;11(20):9013-24. 409 

8. Cui J, Li Y, Zhang W, Qian H, Zhang Z, Xu K. Alginic acid induces oxidative stress-mediated 410 

hormone secretion disorder, apoptosis and autophagy in mouse granulosa cells and ovaries. 411 

Toxicology. 2022;467:153099. 412 

9. Chudzinska M, Rogowicz D, Wolowiec L, Banach J, Sielski S, Bujak R, et al. Resveratrol and 413 

cardiovascular system-the unfulfilled hopes. Ir J Med Sci. 2021;190(3):981-6. 414 

10. Kim EN, Lim JH, Kim MY, Ban TH, Jang IA, Yoon HE, et al. Resveratrol, an Nrf2 activator, 415 

ameliorates aging-related progressive renal injury. Aging (Albany NY). 2018;10(1):83-99. 416 

11. Zhuang Y, Wu H, Wang X, He J, He S, Yin Y. Resveratrol Attenuates Oxidative Stress-Induced 417 

Intestinal Barrier Injury through PI3K/Akt-Mediated Nrf2 Signaling Pathway. Oxid Med Cell 418 



 20 

Longev. 2019;2019:7591840. 419 

12. Fu B, Zhao J, Peng W, Wu H, Zhang Y. Resveratrol rescues cadmium-induced mitochondrial 420 

injury by enhancing transcriptional regulation of PGC-1alpha and SOD2 via the Sirt3/FoxO3a 421 

pathway in TCMK-1 cells. Biochem Biophys Res Commun. 2017;486(1):198-204. 422 

13. Sivandzade F, Bhalerao A, Cucullo L. Cerebrovascular and Neurological Disorders: Protective 423 

Role of NRF2. Int J Mol Sci. 2019;20(14). 424 

14. Gao Q, Guo X, Cao Y, Jia X, Xu S, Lu C, et al. Melatonin Protects HT22 Hippocampal Cells from 425 

H2O2-induced Injury by Increasing Beclin1 and Atg Protein Levels to Activate Autophagy. Curr 426 

Pharm Des. 2021;27(3):446-54. 427 

15. Wang M, Li Y, Molenaar A, Li Q, Cao Y, Shen Y, et al. Vitamin E and selenium supplementation 428 

synergistically alleviate the injury induced by hydrogen peroxide in bovine granulosa cells. 429 

Theriogenology. 2021;170:91-106. 430 

16. Chen Z, Yuan Q, Xu G, Chen H, Lei H, Su J. Effects of Quercetin on Proliferation and 431 

H(2)O(2)-Induced Apoptosis of Intestinal Porcine Enterocyte Cells. Molecules. 2018;23(8). 432 

17. Wu H, Zhu H, Zhuang Y, Zhang J, Ding X, Zhan L, et al. LncRNA ACART protects 433 

cardiomyocytes from apoptosis by activating PPAR-gamma/Bcl-2 pathway. J Cell Mol Med. 434 

2020;24(1):737-46. 435 

18. Galiniak S, Aebisher D, Bartusik-Aebisher D. Health benefits of resveratrol administration. Acta 436 

Biochim Pol. 2019;66(1):13-21. 437 

19. Zhu X, Wang F, Lei X, Dong W. Resveratrol alleviates alveolar epithelial cell injury induced by 438 

hyperoxia by reducing apoptosis and mitochondrial dysfunction. Exp Biol Med (Maywood). 439 

2021;246(5):596-606. 440 



 21 

20. Ding X, Yao W, Zhu J, Mu K, Zhang J, Zhang JA. Resveratrol Attenuates High Glucose-Induced 441 

Vascular Endothelial Cell Injury by Activating the E2F3 Pathway. Biomed Res Int. 442 

2020;2020:6173618. 443 

21. Liu S, Zhao M, Zhou Y, Wang C, Yuan Y, Li L, et al. Resveratrol exerts dose-dependent 444 

anti-fibrotic or pro-fibrotic effects in kidneys: A potential risk to individuals with impaired kidney 445 

function. Phytomedicine. 2019;57:223-35. 446 

22. Yu D, Xiong J, Gao Y, Li J, Zhu D, Shen X, et al. Resveratrol activates PI3K/AKT to reduce 447 

myocardial cell apoptosis and mitochondrial oxidative damage caused by myocardial 448 

ischemia/reperfusion injury. Acta Histochem. 2021;123(5):151739. 449 

23. Zhou Y, Jin Y, Yu H, Shan A, Shen J, Zhou C, et al. Resveratrol inhibits aflatoxin B1-induced 450 

oxidative stress and apoptosis in bovine mammary epithelial cells and is involved the Nrf2 451 

signaling pathway. Toxicon. 2019;164:10-5. 452 

24. Arioz BI, Tastan B, Tarakcioglu E, Tufekci KU, Olcum M, Ersoy N, et al. Melatonin Attenuates 453 

LPS-Induced Acute Depressive-Like Behaviors and Microglial NLRP3 Inflammasome Activation 454 

Through the SIRT1/Nrf2 Pathway. Front Immunol. 2019;10:1511. 455 

25. Ma R, Liang W, Sun Q, Qiu X, Lin Y, Ge X, et al. Sirt1/Nrf2 pathway is involved in oocyte aging 456 

by regulating Cyclin B1. Aging (Albany NY). 2018;10(10):2991-3004. 457 

26. Zhuang K, Jiang X, Liu R, Ye C, Wang Y, Wang Y, et al. Formononetin Activates the Nrf2/ARE 458 

Signaling Pathway Via Sirt1 to Improve Diabetic Renal Fibrosis. Front Pharmacol. 459 

2020;11:616378. 460 

27. Lv R, Du L, Zhang L, Zhang Z. Polydatin attenuates spinal cord injury in rats by inhibiting 461 

oxidative stress and microglia apoptosis via Nrf2/HO-1 pathway. Life Sci. 2019;217:119-27. 462 



 22 

28. Boyuk G, Arzu Yigit A, Aydogan I. Co-culture of rat luteal cells with islet cells enhances islet 463 

viability and revascularization. In Vitro Cell Dev Biol Anim. 2018;54(9):640-7. 464 

 465 

 466 

 467 

 468 

 469 

 470 

 471 

 472 

 473 

 474 

 475 

 476 

 477 

 478 

 479 

 480 

 481 

 482 

 483 

 484 



 23 

Figure legends  485 

 486 

 487 

 488 

Fig. 1 Resveratrol protected GLC against H2O2-induced injury. (A) The relative cell 489 

viability was detected using the CCK-8 assay (n=6). Compared with the control group, 490 

*** 
P < 0.001; compared with the H2O2 group, 

## 
P < 0.01, 

### 
P < 0.001. (B) GLC 491 

culture images captured by a phase-contrast microscope. Scale bar: 10 µm. (C-D) The 492 

secretions of progesterone and estradiol in GLC were detected using 493 

radioimmunoassay (n=4). Compared with the control group, 
** 

P < 0.01, 
*** 

P < 0.001; 494 

compared with the H2O2 group, 
### 

P < 0.001. 495 

 496 

 497 

 498 
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 499 

 500 

Fig. 2 Resveratrol protected GLC against H2O2-induced apoptosis. (A) Apoptosis was 501 

detected using Hoechst 33258 staining. The lower left corner of the images was 4 502 

times magnification of the white dotted frame. Scale bar: 20 µm. The rate of apoptotic 503 

cells was analyzed by ImagJ software (n=4). Compared with the control group, 
*** 

P < 504 

0.001; compared with the H2O2 group, 
### 

P < 0.001. (B) The protein expressions of 505 

Bcl-2 and Bax were detected by Western Blot. Compared with the control group, 
** 

P 506 

< 0.01, 
*** 

P < 0.001; compared with the H2O2 group, 
# 

P < 0.05, 
## 

P < 0.01. 507 
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 515 

 516 

Fig. 3 Resveratrol protected GLC against H2O2-induced injury by resisting oxidative 517 

stress. (A) Superoxide anion was detected using Dihydroethidium (DHE) staining 518 

(n=4). Scale bar: 10 µm. (B) Cellular total ROS was detected using DCFH-DA 519 

staining and analyzed by ImageJ software (n=4). Scale bar: 10 µm. Oxidative stress 520 

related indices were detected using commercial biochemical kits (n=4). (C) MDA 521 

content. (D) Protein carbonyl content. (E) Total antioxidant capacity (T-AOC). (F) 522 

SOD viability. Compared with the control group, 
* 
P < 0.05, 

** 
P < 0.01, 

*** 
P < 0.001; 523 

compared with the H2O2 group, 
# 

P < 0.05, 
## 

P < 0.01, 
### 

P < 0.001. 524 

 525 
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 526 

 527 

Fig. 4 Resveratrol up-regulated ARE products to resist oxidative stress in 528 

H2O2-induced GLC. Protein expression levels of CAT, GSS, NQO1, HO-1 and SOD-1 529 

were detected using Western blot (n=3). Compared with the control group, 
* 
P < 0.05; 530 

compared with the H2O2 group, 
# 

P < 0.05, 
## 

P < 0.01. 531 

 532 
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 545 

 546 

 547 

Fig. 5 Resveratrol activated SIRT1/Nrf2 pathway in H2O2-induced GLC. Protein 548 

expression levels of SIRT1 and Nrf2 were detected using Western blot (n=3). 549 

Compared with the control group, 
* 

P < 0.05; compared with the H2O2 group, 
# 

P < 550 

0.05; compared with the H2O2 +RES group, 
&

 P < 0.05. 551 

 552 

 553 

 554 

 555 

 556 

 557 
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 564 

Fig. 6 Resveratrol resisted oxidative stress by activating SIRT1/Nrf2/ARE pathway. Protein 565 

expression levels of Nrf2, CAT, GSS, NQO1, HO-1 and SOD-1 were detected using Western blot 566 

(n=3). Compared with the control group, 
* 
P < 0.05; compared with the H2O2 group, 

# 
P < 0.05, 

## 
567 

P < 0.01; compared with the H2O2 + RES group, 
&

 P < 0.05. 568 


