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Abstract. Oxidative stress has been suggested to induce 
granulosa cell apoptosis, which contributes to follicular 
atresia. However, the mechanism via which oxidative stress 
mediates granulosa cell apoptosis remains elusive. Therefore, 
the aim of this study was to elucidate the molecular 
mechanisms regulating oxidative stress‑induced granulosa 
cell apoptosis. The present study demonstrated that reactive 
oxygen species induced by H2O2 resulted in human granulosa 
COV434 cell apoptosis via the regulation of sirtuin 1 
(SIRT1)‑mediated p53 activity. Endogenous SIRT1 expres‑
sion was alleviated by H2O2 treatment of COV434 cells in 
a time‑dependent manner. In addition, knockdown or inhi‑
bition of SIRT1 promoted H2O2‑induced poly(ADP‑ribose) 
polymerase (PARP) cleavage and p53 acetylation, which led 
to an increase in COV434 cell apoptosis. Treatment with 
H2O2 enhanced the expression levels of the p53‑dependent 
proteins, p53‑upregulated modulator of apoptosis (PUMA) 
and phorbol‑12‑myristate‑13‑acetate‑induced protein 1 
(PMAIP1), as well as those of p53; however, knockdown of 
p53 decreased cleaved PARP, PUMA and PMAIP1 expression 
levels induced by H2O2 treatment. Moreover, knockdown of 
PUMA or PMAIP1 attenuated the H2O2 induction of PARP 
cleavage and COV434 cell apoptosis. In conclusion, the 
present findings suggested that H2O2‑induced oxidative stress 
causes granulosa COV434 cell apoptosis via the upregulation 
of p53 activity by SIRT1 suppression, indicating a mecha‑
nistic role of the SIRT1/p53 axis in H2O2‑induced granulosa 
cell apoptosis.

Introduction

Most follicles undergo degeneration during ovarian follicular 
development in a process called follicular atresia (1). It has 
been reported that women ovulate ~400 primary oocytes from 
the 2 million cells present at birth (2). Commonly, ~20 follicles 
mature each month, but only one follicle is ovulated, and the 
remaining cells undergo follicular atresia (1). Furthermore, 
diseases such as premature ovarian insufficiency (POI) are 
observed with increased follicular atresia (3). Granulosa cell 
apoptosis has been revealed to cause follicular atresia (4,5). 
It has been demonstrated that granulosa cells are essential in 
determining follicular growth or atresia, and are considered 
initial cell populations that undergo apoptosis in atretic 
follicles earlier than oocytes and theca cells, indicating their 
role as the trigger of follicular atresia (1). It has been proposed 
that granulosa cells are in continuous communication with the 
oocyte (6). Additionally, granulosa cells provide the oocyte 
with biological products, including sugars, amino acids and 
nucleotides, that sustain its metabolic activity, as well as 
signals that regulate its differentiation or maturation (7). 
Therefore, the regulation of granulosa cell apoptosis is impor‑
tant for the maintenance of ovarian health. It has also been 
reported that oxidative stress induced by 3‑nitropropionic acid 
decreases the number of large follicles, increases follicular 
atresia in mouse ovaries and downregulates SIRT1 expression, 
leading to FoxO1 activation and granulosa cell apoptosis (8,9). 
Furthermore, knockout of mouse double minute 2 (Mdm2), 
a major p53‑negative regulator, results in a decline in the 
number of growing follicles in the ovaries (10,11). These find‑
ings suggest that Mdm2 regulating p53 serves a critical role 
in ovary health, ultimately affecting follicular atresia or POI.

Sirtuin1 (SIRT1) is a NAD(+)‑dependent histone 
deacetylase protein and is involved in various cellular 
processes, including proliferation, inflammation, aging and 
apoptosis, via its deacetylase activity (12‑17). It has been 
suggested that SIRT1 acts as an anti‑apoptotic effector 
in granulosa cell apoptosis (18). p53 is a known tumor 
suppressor protein and is a transcription factor regulated 
by SIRT1 (19). The activity of p53 as a transcription factor 
controls the expression of target genes, such as p21, PUMA 
and Bax, and induces cell cycle arrest, senescence and cell 
death (20,21). Activated p53 can also induce apoptosis via the 
Bcl‑2‑regulated pathway initiated by upregulation of BH3‑only 
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members of the Bcl‑2 protein family, including BCL2 like 11 
(BIM), p53‑upregulated modulator of apoptosis (PUMA) and 
phorbol‑12‑myristate‑13‑acetate‑induced protein 1 (PMAIP1), 
which are direct transcriptional targets of p53 (22). PUMA or 
PMAIP1 directly bind to Bax or Bcl2 antagonist/killer 1 to 
increase their proapoptotic activity. Additionally, p53 has been 
implicated in granulosa cell apoptosis (23). However, to the 
best of our knowledge, there is no mechanistic information 
linking SIRT1 with p53 activity in granulosa cell apoptosis.

The present study aimed to elucidate the regulatory 
mechanism of granulosa cell apoptosis. Hydrogen peroxide 
was used to generate reactive oxygen species. Flow cytometry 
and TUNEL assays were employed to measure cell apoptosis, 
while small interfering (si)RNA and short hairpin (sh)RNA 
against PUMA, PMAIP1 or p53 were used to suppress target 
gene expression. Furthermore, immunoblotting and reverse 
transcription‑quantitative (RT‑qPCR) were performed to 
examine the expression of PARP, caspase‑3, p53, PUMA and 
PMAIP1.

Materials and methods

Cell lines and reagents. Human granulosa COV434 cells were 
purchased from Sigma‑Aldrich (Merck KGaA), and were 
maintained in high glucose DMEM (Thermo Fisher Scientific, 
Inc.) supplemented with 10% FBS (Atlas Biologicals, Inc.), 
2 mM L‑glutamine (Sigma‑Aldrich; Merck KGaA), 1% peni‑
cillin/streptomycin (Thermo Fisher Scientific, Inc.) at 37˚C in a 
CO2 incubator. 293T cells were purchased from the American 
Type Culture Collection, and were maintained in high glucose 
DMEM supplemented with 10% FBS, 1% penicillin/strepto‑
mycin at 37˚C in a CO2 incubator.

Rabbit anti‑SIRT1 (cat. no. ab32441), mouse anti‑p53 
(cat. no. ab26) and mouse anti‑PMAIP1 (cat. no. ab13654) 
antibodies (1:2,000) were purchased from Abcam. Rabbit 
anti‑cleaved caspase‑3 (cat. no. sc7148; 1:500) antibody 
was purchased from Santa Cruz Biotechnology, Inc. 
Rabbit anti‑cleaved poly(ADP‑ribose) polymerase (PARP; 
cat. no. 9541), rabbit anti‑PUMA (cat. no. 4976) and 
rabbit anti‑acetyl p53 (Lys382; cat. no. 2525) antibodies 
(1:2,000) were purchased from Cell Signaling Technology, 
Inc. HRP‑conjugated goat anti‑rabbit IgG polyclonal 
(cat. no. ADI‑SAB‑300‑J) and HRP‑conjugated goat anti‑mouse 
IgG F(ab')2, polyclonal (cat. no. ADI‑SAB‑100‑J) antibodies 
(1:2,000) were purchased from Enzo Life Sciences, Inc. 
Z‑VAD‑FMK was purchased from Selleck Chemicals. Mouse 
anti‑β‑actin antibody (cat. no. A5441; 1:4,000), hexadimethrine 
bromide, H2O2, EX527 and N‑acetyl‑L‑cysteine (NAC) were 
purchased from Sigma‑Aldrich (Merck KGaA). SRT1720 was 
purchased from MedChemExpress. 2',7'‑Dichlorofluorescein 
diacetate (H2DCFDA), Annexin V‑FITC antibody and PI were 
purchased from Thermo Fisher Scientific, Inc. The TUNEL 
assay kit was purchased from Promega Corporation. The 
Transcriptor First Strand cDNA Synthesis kit and FastStart 
Essential DNA Green Master were purchased from Roche 
Diagnostics.

Plasmid and production of lentiviral vectors. ON‑TARGET 
plus non‑targeting control pool (cat. no. D‑001810‑10‑05), 
ON‑TARGET plus Human TP53 siRNA‑SMART pool 

(cat. no. L‑003329‑00‑0005), ON‑TARGET plus Human 
PUMA siRNA‑SMART pool (cat. no. L‑004380‑00‑0005) 
and ON‑TARGET plus Human PMAIP1 siRNA‑SMART 
pool (cat. no. L‑005275‑00‑0005) were purchased from 
GE Healthcare Dharmacon, Inc. pMDLg/pRRe (Addgene 
plasmid no. 12251), pRSV‑Rev (Addgene plasmid no. 12253) 
and pMD2.G (Addgene plasmid no. 12259) were gifted by 
Didier Trono. pLKO.1‑luc and SIRT1 MISSION short hairpin 
(sh)RNA were purchased from Sigma‑Aldrich (Merck KGaA).

A total of 1x106 293T cells were seeded in 100‑mm cell 
culture dishes. According to Trono Lab protocols, packaging 
plasmids 2 µg pMDLg/pRRe and 1 µg pRSV‑Rev plus envelope 
plasmid 1.2 µg pMD2.G were transfected with each 4 µg SIRT1 
knockdown vector or 4 µg pLKO.1‑luc control vector into 293T 
cells using Effectene transfection reagents (Qiagen GmbH). 
Following 48 h of transfection, media containing shRNA‑gener‑
ated lentivirus were collected, purified via 0.45‑µm syringe 
filters, concentrated using a Lenti‑X™ concentrator (Takara 
Bio, Inc.) and then titered using a Lenti‑X™ p24 Rapid titer kit 
(Takara Bio, Inc.). The absorbance was determined at 450 nm 
using SPECTROstar® Nano.

Gene silencing using siRNA and shRNA. COV434 cells 
(1x106) growing on 60‑mm cell culture dishes were incubated 
with fresh media with a final concentration of hexadimethrine 
bromide at 8 mg/ml to enhance transduction of most cell 
types. Lentivirus‑mediated SIRT1 shRNA transduction was 
performed at a multiplicity of infection of 10. Following 48 h 
of transduction, cells were collected and lysed.

For siRNA knockdown, COV434 cells (1x106) growing 
on 60‑mm cell culture dishes were transfected with 
40 nM non‑targeting siRNA or 40 nM p53 siRNA using 
Lipofectamine® 3000 (Invitrogen; Thermo Fisher Scientific, 
Inc.). Following 48 h of transfection, cells were collected and 
lysed.

Flow cytometry analysis. COV434 cells growing on 60‑mm 
dishes were pretreated with the SIRT1 inhibitor 20 µM EX527 
or the SIRT1 activator 1 µM SRT1720 for 2 h, and then treated 
with 0.5 mM H2O2 for 6 h at 37˚C. The time gradient was 
determined based on recent study (24). Additionally, COV434 
cells were transfected with non‑targeting siRNA or p53 
siRNA for 48 h, and then incubated with H2O2 for 6 h at 37˚C. 
Apoptosis analysis was performed using Annexin V‑FITC and 
PI according to the manufacturer's instructions (Thermo Fisher 
Scientific, Inc.). Data were acquired using FACSCalibur 
(BD Biosciences) and were analyzed using BD Cell Quest™ 
Pro version 6.5.1 (BD Biosciences). The apoptotic rate was 
calculated using the percentage of early and late apoptotic 
cells.

Cellular reactive oxygen species detection assay. COV434 
cells growing on confocal dishes at 80% confluency were 
pretreated with 5 mM NAC for 2 h and incubated at 37˚C with 
H2O2 for 2, 4 or 6 h. The conditioned media were removed, 
and fresh media containing 10 mM DCF‑DA were added. 
The cells were incubated at 37˚C for 20 min. After incuba‑
tion, the conditioned media were removed and washed with 
prewarmed PBS. The media were replaced with prewarmed 
PBS containing 1% FBS, and the cells were incubated at 37˚C 
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for 10 min. Data analysis was performed using a Zeiss LSM 
710 laser‑scanning confocal microscope (magnification, x20; 
Zeiss GmbH).

TUNEL assay. COV434 cells (1x106) were seeded on cover 
glasses in 6‑well plates. After 24 h, cells were pretreated with 
20 µM EX527 or 1 µM SRT1720 for 2 h, and then incubated 
at 37˚C with H2O2 for 6 h. Additionally, COV434 cells were 
transfected with 40 nM non‑targeting siRNA or 40 nM 
PMAIP1 siRNA for 48 h, and then treated with 0.5 mM H2O2 
for 6 h at 37˚C. Cells were washed with ice‑cold Dulbecco's 
PBS (DPBS; Welgene, Inc.) and fixed with 4% formaldehyde 
in DPBS at 4˚C for 25 min. Cells were washed with DPBS 
for 5 min at room temperature twice and permeabilized with 
0.2% Triton X‑100 solution in DPBS for 5 min. After rinsing 
the cover glasses using DPBS, equilibration buffer was added 
to pre‑equilibrate for 10 min at room temperature. The frag‑
mented DNA of apoptotic cells was stained with equilibration 
buffer, nucleotide mix and terminal deoxynucleotidyl trans‑
ferase (rTdT) for 1 h at 37˚C. 2X SSC was added to stop the 
reaction for 15 min at room temperature. After washing twice, 
cells were stained with 1:10,000 DAPI in DPBS for 15 min 
at room temperature. After washing twice, cover glasses were 
mounted using mounting medium (Thermo Fisher Scientific, 
Inc.). Equilibration buffer, nucleotide mix, rTdT and SSC were 
contained in the TUNEL assay kit (Promega Corporation) 
and their concentration was determined according to manu‑
facturer's instructions. Five sections of the cover glass were 
imaged at x20 magnification. Data analysis was performed 
using a laser‑scanning confocal microscope Zeiss LSM 710 
(Zeiss GmbH).

Immunoblot analysis. COV434 cells (1x106) grown on 
60 mm dishes were pretreated with 5 mM NAC, 50 µM 
Z‑VAD‑FMK, 20 µM Ex527 or DMSO at 37˚C for 2 h, and 
then treated with 0.5 mM H2O2 for 6 h at 37˚C. For immu‑
noblotting, COV434 cells were harvested and lysed using lysis 
buffer containing 0.5% Triton X‑100, 1 mM EDTA, 50 mM 
Tris‑HCl, pH 7.4 and 40 mM NaCl. Cell lysates were diluted 
at 1:1,000 in protein assay dye reagent (Bio‑Rad Laboratories, 
Inc.) and densitometry was measured at 595 nm by 
SPECTROstar®Nano. Briefly, 30 µg cell lysate was separated 
via 10, 12 or 16% SDS‑PAGE and transferred to nitrocellulose 
membranes (Bio‑Rad Laboratories, Inc.). The membranes 
were blocked with 5% skim milk in TBS with 1% Tween 20 
(TBST) for 1 h at room temperature, and then incubated with 
anti‑p53, acetyl p53, cleaved PARP, cleaved caspase‑3, SIRT1, 
PUMA, PMAIP1 or β‑actin antibodies at 4˚C overnight. 
The membranes were washed three times using TBST and 
then incubated with secondary antibodies, including goat 
anti‑rabbit polyclonal antibody and goat anti‑mouse polyclonal 
antibody at room temperature for 1 h. After washing, the 
blot was detected with a western detection kit (AbClon, Inc.), 
according to the manufacturer's instructions, and X‑ray film. 
Protein expression was analyzed using ImageJ 1.52t (National 
Institutes of Health).

RT‑qPCR. To quantify p53, BAX, BIM, PMAIP1, PUMA and 
GAPDH mRNA expression, cells were lysed with TRIzol® 
reagent (Ambion, Inc.). Total RNA (2 µg) was synthesized into 

cDNA using the Transcriptor First Strand cDNA Synthesis kit 
(Roche Diagnostics) according to the manufacturer's instruc‑
tions. qPCR was performed using FastStart Essential DNA 
Green Master mix (Roche Diagnostics). Data were obtained 
using a LightCycler® 96 Instrument (Roche Diagnostics) and 
consisted of three programs: Preincubation, 3‑step amplifi‑
cation and melting. The ‘preincubation’ program was set to 
a temperature of 95 ,̊ ramp of 4.4˚C/sec, duration of 600 sec 
and no acquisition mode. The ‘3‑step amplification’ program 
was set to a temperature of 95˚C for 10 sec, 60˚C for 10 sec 
and 72˚C for 10 sec, and the number of cycles was 40. The 
‘melting’ program was set to 95˚C for 10 sec, 65˚C for 60 sec 
and 97˚C for 1 sec. Data analysis was performed using 
LightCycler® 96 SW 1.1 (Roche Diagnostics). Relative gene 
expression data was analyzed with the 2‑∆∆Cq method (25). 
All primers were purchased from Bioneer Corporation, and 
their sequences were as follows: p53 forward, 5'‑AGG CCT 
TGG AAC TCA AGG AT‑3' and reverse, 5'‑CCC TTT TTG GAC 
TTC AGG TG‑3'; BAX forward, 5'‑TTG CTT CAG GGT TTC 
ATC CA‑3' and reverse, 5'‑AGA CAC TCG CTC AGC TTC TTG 
‑3'; BIM forward, 5'‑CAA GTT CAA GCG GTT CTC CT‑3' and 
reverse, 5'‑CAG CCT GCC TCA TGG AAG ‑3'; PUMA forward, 
5'‑GAC GAC CTC AAC GCA CAG TA‑3' and reverse, 5'‑AGG 
AGT CCC ATG ATG AGA TTG T‑3'; PMAIP1 forward, 5'‑GGA 
GAT GCC TGG GAA GAA G‑3' and reverse, 5'‑CCT GAG TTG 
AGT AGC ACA CTC G‑3; and GAPDH forward, 5'‑AGC CAC 
ATC GCT CAG ACA C‑3' and reverse, 5'‑GCC CAA TAC GAC 
CAA ATC C‑3'.

Statistical analysis. Data are presented as the mean ± SD 
of ≥3 independent experiments in duplicate. Statistical 
analysis was performed using one‑way ANOVA with Tukey's 
test or two‑way ANOVA followed by Bonferroni's correction. 
P<0.05 were considered to indicate a statistically significant 
difference.

Results

H2O2‑induced ROS production results in COV434 granulosa 
cell apoptosis and decreases SIRT1 expression. The effect of 
H2O2 on COV434 granulosa cell apoptosis was examined, and 
it was identified that H2O2 treatment induced granulosa cell 
apoptosis dose‑dependently (Fig. 1A). Next, it was investigated 
whether endogenous ROS were generated by H2O2 treatment 
in granulosa cells. COV434 cells were treated with or without 
H2O2 for 2, 4 or 6 h. The results indicated that endogenous ROS 
levels were slightly increased following 2 h of H2O2 treatment, 
but elevated ~1.5‑ or 2‑fold after 4 or 6 h of H2O2 treatment, 
respectively (Fig. 1B).

Subsequently, the effect of oxidative stress on COV434 cell 
apoptosis was evaluated. COV434 cells were incubated with or 
without H2O2 for 2, 4 or 6 h, and apoptotic cells were increased 
~2‑fold after 6 h of H2O2 treatment (Fig. 1C). Furthermore, 
the expression levels of cleaved PARP or caspase‑3 were 
significantly increased by H2O2 treatment in a time‑dependent 
manner (Fig. 1D). It has been suggested that SIRT1 provides 
resistance to apoptosis induced by oxidative stress (26). As 
expected, SIRT1 expression was decreased by H2O2 treatment 
(Fig. 1D), which may affect H2O2‑induced granulosa cell 
apoptosis.
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Figure 1. Granulosa cell apoptosis is induced time‑dependently, and endogenous SIRT1 expression is decreased upon H2O2 treatment. (A) COV434 cells were incu‑
bated with or without H2O2 for 6 h at the indicated concentrations. Apoptosis analysis was performed using flow cytometry. Quantitation of Annexin V‑positive 
cells is presented. (B) COV434 cells were incubated with or without H2O2 for the indicated times. DCF‑DA (10 mM) was added and incubated for 20 min. DCF 
fluorescence was determined using flow cytometry. Quantitation of DCF‑DA‑positive cells was conducted (scale bar, 100 µm). (C) COV434 cells were treated 
with or without H2O2 for the indicated times. Apoptosis analysis was performed using flow cytometry. (D) COV434 cells were incubated with or without H2O2 
for the indicated times. Immunoblotting using anti‑SIRT, anti‑cleaved PARP, anti‑cleaved caspase‑3 and‑actin antibodies was performed. *P<0.05, ***P<0.001 vs. 
without H2O2 group. (E) COV434 cells were pretreated with DMSO or NAC (5 mM) for 2 h and then incubated with or without H2O2 for 6 h. Immunoblotting 
using SIRT1 or cleaved PARP antibody was performed. (F) COV434 cells were pretreated with DMSO or Z‑VAD‑FMK for 2 h and then incubated with or 
without H2O2 for 6 h. Immunoblotting using cleaved PARP or caspase‑3 antibody was conducted. Representative images of three independent experiments are 
shown. **P<0.01, ***P<0.001; #P<0.05, ##P<0.01, ###P<0.001; &P<0.05, &&P<0.01, &&&P<0.001 (two‑way ANOVA with Bonferroni's correction). n.s. non‑significant; 
NAC, N‑acetyl‑L‑cysteine; SIRT1, sirtuin 1; PARP, poly(ADP‑ribose) polymerase; H2DCFDA, 2',7'‑Dichlorofluorescein diacetate. 
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The effective antioxidant NAC was used to block H2O2 
action. To investigate the effect of NAC on cleaved PARP or 
SIRT1 expression levels regulated by H2O2, COV434 cells 
were pretreated with NAC for 2 h and then incubated with 
or without H2O2 for 6 h. Cotreatment with NAC effectively 
restored H2O2‑downregulated SIRT1 expression and attenu‑
ated H2O2‑upregulated PARP expression compared with the 
H2O2 only group (Fig. 1E). Moreover, it was evaluated whether 
H2O2‑induced cell death was implicated in the caspase‑depen‑
dent apoptotic pathway. Cotreatment with Z‑VAD‑FMK, a 
well‑known pan caspase inhibitor, significantly decreased 
the expression levels of cleaved PARP and caspase‑3 upregu‑
lated by H2O2 compared with the H2O2 only group (Fig. 1F). 
These findings suggested that H2O2‑induced ROS production 
resulted in granulosa cell apoptosis in a caspase‑dependent 
manner, and that SIRT1 may serve a key role in oxidative 
stress‑induced granulosa cell apoptosis.

Inhibition of SIRT1 expression or activity promotes 
H2O2‑induced granulosa cell apoptosis and p53 acetylation. 
It has been reported that SIRT1 deacetylates p53, thereby 
suppressing stimuli‑induced apoptosis (27,28). Based on these 
studies, it was examined whether regulation of SIRT1 activity 
or expression affects p53 activity to contribute to H2O2‑induced 
granulosa cell apoptosis. COV434 cells were cotreated with or 
without H2O2 plus the SIRT1 inhibitor EX527. H2O2 treatment 
decreased SIRT1 expression, and increased cleaved PARP 
and acetylated p53 expression levels (Fig. 2A). In addition, 
cotreatment with EX527 resulted in a higher increase in PARP 
and acetylated p53 expression levels, but only affected SIRT1 
expression slightly. Knockdown of SIRT1 expression via 
lentivirus‑mediated SIRT1 shRNA abolished SIRT1 expres‑
sion and enhanced the expression levels of cleaved PARP and 
acetylated p53 induced by H2O2 treatment compared with the 
control shRNA group (Fig. 2B).

Next, the effect of a SIRT1 inhibitor or activator on 
H2O2‑induced granulosa cell apoptosis was investigated. The 
results demonstrated that cotreatment with the SIRT1 activator 
SRT1720 diminished H2O2‑induced granulosa cell apoptosis 
(Fig. 2C). By contrast, cotreatment with EX527 enhanced 
apoptosis. These results indicated that the expression level 
or activity of SIRT1 may be a key factor that determines 
H2O2‑induced granulosa cell apoptosis. Moreover, it was 
suggested that p53 activity regulated by SIRT1 activity or 
expression may contribute to apoptosis.

Knockdown of p53 decreases PUMA and PMAIP1 expres‑
sion levels and granulosa cell apoptosis induced by H2O2. 
To examine whether p53 serves a key role in H2O2‑induced 
granulosa cell apoptosis, each control siRNA or p53 siRNA 
was expressed in COV434 cells. The results indicated that 
knockdown of p53 attenuated granulosa cell apoptosis 
induced by H2O2 treatment (Fig. 3A). Next, to investigate the 
mRNA expression levels of p53 and its target genes BAX, 
BIM, PUMA and PMAIP1, COV434 cells were transfected 
with control siRNA or p53 siRNA. Following 48 h of trans‑
fection, cells were incubated with or without H2O2 for 6 h. 
RT‑qPCR analysis demonstrated that the mRNA expression 
levels of PUMA, PMAIP1 and BAX induced by H2O2 were 
significantly decreased by knockdown of p53 compared with 

the control siRNA + H2O2 group. Furthermore, p53 expres‑
sion was slightly decreased by p53 knockdown compared with 
the control siRNA + H2O2 group. Whereas, BIM expression 
was slightly increased by p53 knockdown compared with 
the control siRNA + H2O2 group (Fig. 3B). To confirm these 
findings, immunoblotting analysis was performed. The results 
indicated that knockdown of p53 significantly decreased the 
expression levels of p53, PUMA, PMAIP1 and cleaved PARP, 
and reduced SIRT1 expression slightly, compared with the 
control siRNA group (Fig. 3C). Thus, it was suggested that 
p53 may be a critical effector of H2O2‑induced granulosa cell 
apoptosis, and that PUMA and PMAIP1 may be implicated in 
the regulation of apoptosis.

Knockdown of PUMA or PMAIP1 attenuates H2O2‑induced 
granulosa cell apoptosis. As indicated by the results, PUMA 
and PMAIP1 are potential targets for p53‑mediated granulosa 
cell apoptosis upon H2O2 treatment. To examine whether 
knockdown of PUMA or PMAIP1 affects H2O2‑induced 
granulosa cell apoptosis, COV434 cells were transfected with 
PUMA or PMAIP1 siRNA for 48 h and then treated with H2O2 
for 6 h. Knockdown of PUMA decreased both cleaved PARP 
expression (Fig. 4A) and the apoptosis (Fig. 4B) induced by 
H2O2 compared with each control siRNA group. Additionally, 
the transfection of PMAIP1 siRNA significantly decreased 
H2O2‑induced cleavage PARP expression (Fig. 4C) and apop‑
tosis (Fig. 4D). Collectively, the results suggested that PUMA 
and PMAIP1 mediated H2O2‑induced granulosa cell apoptosis 
via the SIRT1/p53 axis.

Discussion

A previous study suggested that the apoptotic rate of granu‑
losa cells tended to be higher in patient who are infertile 
compared with a control group (29). Additionally, the inci‑
dence of granulosa cell apoptosis was higher in patients with 
<6 oocytes compared with patients with ≥6 oocytes, and was 
also increased in patients who are not pregnant compared 
with patients who are pregnant (30). Therefore, the regula‑
tion of granulosa cell apoptosis appears to be critical, and 
accumulating evidence indicates that factors associated with 
granulosa cell apoptosis can act as targets for clinical appli‑
cations (2,31). It has also been reported that granulosa cell 
apoptosis is increased in a SIRT1 knockdown group (18,32). 
Additionally, SIRT1 has been proposed to protect oocytes, 
and the activity of SIRT1 can preserve oocyte capacity in 
oxidative stress‑mediated ovarian dysfunction, including 
aging (33). Consistent with these studies, the present results 
indicated that SIRT1 knockdown accelerated oxidative 
stress‑induced COV434 granulosa cell apoptosis. The human 
COV434 granulosa cell line was used in the current study. 
It has been suggested that COV434 cells have three distinct 
properties that are essential in granulosa cells, including: 
Production of 17β‑estradiol in response to follicle stimulating 
hormone, the presence of specific molecular markers of 
apoptosis, such as bcl‑2/adenovirus E1B 19 kDa interacting 
protein (Nip)1, Nip2, bcl‑2 homologous antagonist/killer 
and Bax, enabling the induction of follicular atresia and 
the capacity to form intercellular connections with cells 
surrounding an oocyte (34).
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It has been reported that p53 mediates granulosa 
cell apoptosis and that p53 induction in granulosa cells 
is harmful to ovarian function by disrupting oocyte 

quality (10,35). In addition, PUMA and PMAIP1 are down‑
stream targets of p53 and BH3‑only proteins that inhibit the 
pro‑survival Bcl2 family (36). PUMA knockout mice retain 

Figure 2. Regulation of SIRT1 activity affects H2O2‑induced p53 acetylation and granulosa cell apoptosis. (A) COV434 cells were pretreated with DMSO 
or EX527 for 2 h and then incubated with or without H2O2 for 6 h. Immunoblotting using anti‑SIRT1, anti‑cleaved PARP, anti‑p53, anti‑Ac‑p53 and β‑actin 
antibodies was performed. ***P<0.001 vs. DMSO; ###P<0.001 vs. EX527; &&&P<0.001 (two‑way ANOVA with Bonferroni's correction). (B) COV434 cells were 
transduced with sh‑LUC or sh‑SIRT1 for 48 h and then treated with or without H2O2 for 6 h. Immunoblotting was performed using the indicated antibody. 
**P<0.01, ***P<0.001; ###P<0.001; &&&P<0.001 (two‑way ANOVA with Bonferroni's correction). (C) COV434 cells were pretreated with DMSO, EX527 or 
SRT1720 for 2 h and then incubated with or without H2O2 for 6 h. Cells were fixed and then analyzed for apoptosis via TUNEL assay. Nuclei were stained with 
DAPI. The ratio of TUNEL‑positive cells to DAPI‑positive cells is presented. Representative images of three independent experiments are provided (scale bar, 
50 µm). ***P<0.001 vs. DMSO; ###P<0.001. N.S., non‑significant; sh‑LUC, lentivirus‑mediated LUC shRNA; sh‑SIRT1, SIRT1 shRNA; SIRT1, sirtuin 1; PARP, 
poly(ADP‑ribose) polymerase; Ac, acetylated. 
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Figure 3. Knockdown of p53 attenuates H2O2‑induced PUMA and PMAIP1 expression levels and granulosa cell apoptosis. (A) COV434 cells were treated with 
DMSO or transfected with control siRNA or p53 siRNA. Following 48 h of transfection, cells were incubated with or without H2O2 for 6 h and then analyzed for 
apoptosis using flow cytometry. Quantification of Annexin V‑positive cells is presented. ***P<0.001; ###P<0.001; &&P<0.01 (two‑way ANOVA with Bonferroni's 
correction). (B) COV434 cells were transfected with control siRNA or p53 siRNA for 48 h, and then cells were treated with or without H2O2 for 6 h. Reverse 
transcription‑quantitative PCR analysis was performed using the indicated primers. The relative mRNA expression normalized to GAPDH expression is 
displayed. *P<0.05, **P<0.01, ***P<0.001; ##P<0.01, ###P<0.001; &P<0.05, &&P<0.01 (two‑way ANOVA with Bonferroni's correction). (C) COV434 cells were 
transfected with control siRNA or p53 siRNA. Following 48 h of transfection, cells were treated with or without H2O2 for 6 h. Protein expression levels of 
SIRT1, cleaved PARP, p53, Ac‑p53, PUMA and PMAIP1 were estimated using immunoblotting. Representative results of three independent experiments are 
shown. *P<0.05, ***P<0.001; #P<0.05, ##P<0.01, ###P<0.001; &P<0.05, &&P<0.01, &&&P<0.001 (two‑way ANOVA with Bonferroni's correction). N.S., non‑signif‑
icant; Ac, acetylated; SIRT1 shRNA; SIRT1, sirtuin 1; PARP, poly(ADP‑ribose) polymerase; siRNA, small interfering RNA; BIM, Bcl2 like 11; PUMA, 
p53‑upregulated modulator of apoptosis; PMAIP1, phorbol‑12‑myristate‑13‑acetate‑induced protein 1.  
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primordial follicles and preserve their reproductive func‑
tion in DNA‑damaging conditions compared with wild‑type 
mice, and primordial follicular oocytes from PUMA or 
PUMA/PMAIP1 double‑knockout mice are protected from 

DNA damage‑induced apoptosis and can produce healthy 
offspring (37,38). Collectively, these studies demonstrate that 
p53 and its targets, PUMA and PMAIP1, are critical effectors 
regulating granulosa cell apoptosis.

Figure 4. Knockdown of PUMA or PMAIP1 decreases H2O2‑induced granulosa cell apoptosis. (A) COV434 cells were transfected with control siRNA or 
PUMA siRNA for 48 h and then treated with or without H2O2 for 6 h. Immunoblotting using PUMA or cleaved PARP antibodies was performed. ***P<0.001; 
###P<0.001; &&P<0.01, &&&P<0.001 (two‑way ANOVA with Bonferroni's correction). (B) COV434 cells were transfected with control siRNA or PUMA siRNA 
for 48 h and then incubated with or without H2O2 for 6 h. Cells were subjected to flow cytometry for apoptosis analysis. Quantitation of Annexin V‑positive 
cells is presented. **P<0.01; &P<0.05 (two‑way ANOVA with Bonferroni's correction). (C) COV434 cells were transfected with control siRNA or PMAIP1 
siRNA for 48 h and then treated with or without H2O2 for 6 h. Immunoblotting using PMAIP1 or cleaved PARP antibodies was performed. ***P<0.001; ##P<0.01, 
###P<0.001; &&P<0.01 (two‑way ANOVA with Bonferroni's correction). (D) COV434 cells were transfected with control siRNA or PMAIP1 siRNA for 48 h and 
then incubated with or without H2O2 for 6 h. Cells were subjected to TUNEL assay for apoptosis analysis. Nuclei staining was performed with DAPI. The ratio 
of TUNEL‑positive cells to DAPI‑positive cells is indicated, as well as representative results of three independent experiments (scale bar, 50 µm). ***P<0.001; 
&P<0.05 (two‑way ANOVA with Bonferroni's correction). N.S., non‑significant; PARP, poly(ADP‑ribose) polymerase; siRNA, small interfering RNA; BIM, 
BCL2 like 11; PUMA, p53‑upregulated modulator of apoptosis; PMAIP1, phorbol‑12‑myristate‑13‑acetate‑induced protein 1. 
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ROS‑mediated oxidative stress can induce apoptosis and 
is associated with several diseases, including cancer, diabetes 
and liver fibrosis (39). It has been suggested that under 
oxidative stress conditions, SIRT1 regulates the activity of 
the transcription factor p53, a tumor suppressor and inducer 
of apoptosis, and the FOXO family to affect cell survival 
or apoptosis (19). Based on these reports, the present study 
aimed to elucidate the mechanism linking SIRT1 with p53 
in oxidative stress‑induced granulosa cell apoptosis. The 
current results indicated that p53 acetylation upregulated 
by SIRT1 suppression upon H2O2 treatment promoted 
granulosa cell apoptosis. Moreover, it has been reported that 
cytoplasmic p53 deacetylation by ROS‑activated SIRT1 in 
mouse embryonic stem cells suppresses p53 nuclear trans‑
location, leading to p53 translocation into mitochondria, its 
binding to Bcl2 and cytochrome c release, suggesting a role 
for SIRT1 in p53 transcription‑independent apoptosis (40). 
Taken together, these findings demonstrate that oxidative 
stress may induce cell type‑specific apoptosis by activating 
or inactivating SIRT1 in a p53 transcription‑dependent 
or p53 transcription‑independent manner, indicating the 
significance of SIRT1 activity against p53.

In conclusion, the present study demonstrated that SIRT1 
downregulation by H2O2 treatment promoted p53 activity, 
thereby accelerating granulosa cell apoptosis. The findings 
of this study improve the understanding of the mechanistic 
role of the SIRT1/p53 axis in the regulation of oxidative 
stress‑induced granulosa cell apoptosis, and suggest the poten‑
tial use of SIRT1 activators as a strategy to inhibit granulosa 
cell apoptosis. However, the present study did not identify 
the detailed underlying molecular mechanism via which the 
SIRT1/p53 regulatory axis regulates granulosa cell apoptosis. 
Thus, future studies will aim to investigate novel target 
proteins regulated by SIRT1 in the H2O2 response, as well as 
examine the effect of p53 post‑translational modification on 
oxidative stress‑induced granulosa cell apoptosis.
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