
Redox Biology 62 (2023) 102684

Available online 20 March 2023
2213-2317/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

miR-484 mediates oxidative stress-induced ovarian dysfunction and 
promotes granulosa cell apoptosis via SESN2 downregulation 

Xiaofei Wang a, Jiahao Yang a, Huiying Li a, Hongbei Mu a, Ling Zeng c, Siying Cai a, Ping Su a,b, 
Huaibiao Li a,**, Ling Zhang a,b,***, Wenpei Xiang a,b,* 

a Institute of Reproductive Health, Tongji Medical College, Huazhong University of Science and Technology, 13 Hangkong Road, Wuhan, 430030, China 
b Wuhan Huake Reproductive Hospital, 128 Sanyang Road, Wuhan, 430013, China 
c Medical Genetics Center, Maternal and Child Health Hospital of Hubei Province, Wuhan, 430070, China   

A R T I C L E  I N F O   

Keywords: 
miR-484 
Oxidative stress 
Granulosa cells 
Ovarian dysfunction 
Mitochondria 
Apoptosis 

A B S T R A C T   

Ovarian dysfunction is a common cause of female infertility, which is associated with genetic, autoimmune and 
environmental factors. Granulosa cells (GCs) constitute the largest cell population of ovarian follicles. Changes in 
GCs, including oxidative stress (OS) and excessive reactive oxygen species (ROS), are involved in regulating 
ovary function. miR-484 is highly expressed in 3-NP-induced oxidative stress models of ovaries and GCs. miR- 
484 overexpression aggravated GCs dysfunction and thereby intensified ovarian oxidative stress injury in 
mice. Moreover, bioinformatic analyses, luciferase assays and pull-down assays indicated that LINC00958 acted 
as a competing endogenous RNA (ceRNA) for miR-484 and formed a signaling axis with Sestrin2(SESN2) under 
oxidative stress conditions, which in turn regulated mitochondrial functions and mitochondrial-related apoptosis 
in GCs. Additionally, the inhibition of miR-484 alleviated GCs dysfunction under ovarian oxidative stress con
dition. Our present study revealed the role of miR-484 in oxidative stress of ovaries and GCs and the function of 
LINC00958/miR-484/SESN2 axis in mitochondrial function and mitochondria-related apoptosis.   

1. Introduction 

According to World Health Organization’s estimation, infertility will 
become the third largest disease in the 21st century following tumors 
and cardiovascular diseases, affecting almost 45 million couples 
worldwide [1,2]. The incidence of infertility is currently increasing and 
it is estimated that 10%–15% of couples in China are infertile, with male 
and female factors contributing equally [3,4]. Several factors have been 
proved to cause women’s infertility; age, genetic factors, immune fac
tors, unhealthy lifestyle and environmental pollution have received 
widespread attention over the past few decades [5,6]. 

Ovarian granulosa cells (GCs) are one of the key components of the 
follicular microenvironment, which communicate directly with oocytes 
through gap junctions. Their interaction with oocytes determines the 
quality of follicle development, female fertility and the outcome of 
assisted reproductive technologies [7–9]. Changes in the follicular 

microenvironment, including oxidative stress (OS) and excessive reac
tive oxygen species (ROS), are important pathological factors which may 
affect ovary function and induce female infertility [10,11]. According to 
recent studies, excessive oxidative stress in GCs can impose negative 
effects on follicle development, oocyte maturation and ovulation, affect 
ovarian reserve and even lead to female infertility [12,13]. 

The miRNA is a small non-coding RNA (19-22 nt) which acts as a 
post-transcriptional regulator of gene expression in various biological 
processes including proliferation, oxidative stress, inflammation, 
apoptosis and angiogenesis. miRNAs are a key regulator to multiple 
ovarian diseases, such as premature ovarian failure (POF), endometri
osis, ovarian inflammation and ovarian tumors [14–16]. The 
miRNA-mRNA interaction network participates in the regulation of 
oxidative stress induced GCs injury. Te Liu et al. found that miR-15b can 
induce premature ovarian failure in mice by inhibiting the expression of 
α-Klotho in GCs [17]. Therefore, searching for the key miRNAs 
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regulating the oxidative stress of GCs and revealing its mechanisms are 
of great value for further clarifying the pathophysiological mechanisms 
underlying female infertility and screening therapeutic targets in the 
future. 

miR-484 is a newly discovered non-coding RNA which has been re
ported to be closely related to mitochondrial fission and fusion. Wang K 
and other researchers have found that miR-484 directly targets Fis1 to 
regulate cardiomyocyte apoptosis [18]. Our previous study found that 
miR-484 was significantly increased in follicular fluid-derived GCs in 
patients who were diagnosed as diminished ovarian reserve (DOR), 
suggesting that miR-484 is relevant to ovarian reserve [19]. However, it 
is not clear whether miR-484 mediates GCs oxidative stress in the 
regulation of ovarian reserve dysfunction. 

The present study aims to unveil the role and mechanism of miR-484 
in regulating oxidative stress in GCs, therefore providing a theoretical 
basis for improving the GCs function and alleviating ovarian oxidative 
stress to ameliorate ovarian dysfunction. 

2. Materials and methods 

2.1. Animals and experimental design 

2.1.1. The 3-NP-induced OS model of mouse establishment 
Eight-week-old female C57BL/6J mice were purchased from Beijing 

Vital River Laboratory Animal Technology Co., Ltd and fed with stan
dard food and water. All animal procedures and protocols were 
approved by the Institutional Animal Care and Use Committee of Tongji 
Medical College, Huazhong University of Science and Technology 
(IACUC number: S2564). In brief, 40 female C57BL/6J mice were 
randomly divided into two groups: (1) Control group; (2) OS (oxidative 
stress) group. The OS group, which received intraperitoneal injection 
with 20 mg/kg 3-nitropropionic acid (3-NP, Sigma, USA) diluted with 
phosphate-buffered saline (PBS, Procell, China) once a day for 2 weeks, 
whereas the control group, which received an equal volume of PBS. The 
mode and dose of administration were chosen based on previous studies 
[20–22]. 

2.1.2. AAV administration intra-ovarian injection 
The mice were injected with 1.17E+13 VG/mL adeno-associated 

virus 9 (AAV9) containing miR-484-specific small hairpin RNA (miR- 
484 inhibitor) via intra-ovarian injection to establish an ovary-specific 
miR-484 knockdown model. Likewise, mice received treatment of 
Flag-tagged AAV9(AAV vector) served as the control group. There are 
five groups, including the Control, OS, OS + AAV-vector, OS + AAV- 
inhibitor, and OS + Melatonin, and Melatonin (MCE, USA) was used as 
positive controls. 

2.2. Oxidative stress and ROS measurement 

The level of Malondialdehyde (MDA) was determined using an MDA 
Assay Kit. The activities of Total Superoxide Dismutase (SOD) and 
Glutathione Peroxidase (GSH-Px) were analyzed with SOD and GSH-Px 
Activity Assay Kits. All kits used were purchased from Nanjing Jian
cheng Bioengineering Institute. The level of ovarian ROS was measured 
by a ROS assay kit using DHE probe (Solarbio, China, BC1295). The level 
of intracellular ROS was measured by a ROS assay kit using DCFH-DA 
probe (Beyotime, China, S0033S). A MitoSOX Red Mitochondrial Su
peroxide Indicator (Invitrogen, USA, M36008) was used to quantify 
mitochondrial ROS (mtROS) production. Briefly, GCs were rinsed and 
incubated with the fluorescent probe in the dark at 37 ◦C for 25 min. The 
images were captured using a ZEISS confocal microscope (LSM900, 
Germany). The intracellular ROS and mtROS content were expressed as 
the area of intensity (AOI). 

2.3. Fluorescence in situ hybridization (FISH) 

The specific FISH probes to miR-484 and LINC00958 were designed 
and synthesized by Wuhan Servicebio Biotechnology Co. The hybridi
zation was performed by commercial FISH Kit (RiboBio, China) as pre
viously reported [19]. 

2.4. Paraffin embedding and hematoxylin-eosin staining 

Mouse ovaries were sectioned after fixation and dehydration with 
4% paraformaldehyde. Hematoxylin eosin staining was performed as 
previously reported [23]. 

2.5. Immunofluorescent staining 

Paraffin-embedded sections were blocked with QuickBlock (Beyo
time, China) for 1 h and then stained with an anti-Ki67 antibody (Pro
teintech, China) and a secondary antibody (Proteintech, China). Finally, 
the images were captured with a ZEISS Confocal Microscope (LSM 900, 
Germany). 

2.6. Serum hormone test 

Reagent kits for the anti-Müllerian hormone (AMH), estradiol (E2) 
and follicle-stimulating hormone (FSH) were purchased from Shanghai 
Enzyme-linked Biotechnology Co., Ltd. (Shanghai, China). These assays 
were performed following the manufacturer’s instructions. 

2.7. Measurement of estrous cycle 

Mouse estrous cycle phase was determined by observing vaginal 
mucus smear. Briefly, a cotton swab was moistened with saline, inserted 
into the vagina then coated on a slide. Then, the vaginal smears were 
stained with Giemsa staining and examined for histological changes 
under an Olympus microscope. The images of each cycle were diagnosed 
based on the previous literature [24]. 

2.8. TUNEL apoptosis assay 

A TUNEL Apoptosis Assay Kit (Abbkine, China) was used to evaluate 
TUNEL-positive sections in mouse ovaries. Briefly, ovarian slices were 
fixed with 4% paraformaldehyde then stained with TUNEL detection 
solution in the dark for 1h. The fluorescent images were captured with 
ZEISS Confocal Microscope (LSM 900, Germany). 

2.9. RNA extraction and quantitative real-time PCR (RT-qPCR) 

RNA extraction was performed using RNA-easy Isolation Reagent 
(Vazyme, China) based on the manufacturer’s instructions. The quan
titative expression of LINC00958, miR-484, SESN2 and other mRNAs 
was detected by the AceQ qPCR SYBR Green Master Mix (Vazyme, 
China). The 2− ΔΔCT method was used to calculated the relative gene 
expression level. The primers used in the study are showed in Table S1. 

2.10. Preparation of the cytoplasmic and mitochondrial fractions 

Cell Mitochondria Isolation Kit was used to separate cytoplasm and 
mitochondria proteins in accordance with the manufacturer’s in
structions. Samples of cytosol and mitochondria were dissolved in lyses 
buffer and proteins were subjected to Western blotting respectively. 

2.11. Western blot assay (WB) 

Total proteins from GCs were extracted by RIPA Lysis and Extraction 
Buffer (Thermo Fisher, USA). After separated by SDS-PAGE electro
phoresis, proteins were transferred to PVDF membranes and blocked 
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with Blocking Buffer (Beyotime, China). Following incubation with 
primary antibodies against BAX (Proteintech, China), BCL2 (Abmart, 
China), Cleaved Caspase-3 (CST, USA), cytochrome c (Abcam, UK), 
FOXO1 (Proteintech, China), SIRT1 (Proteintech, China),AMPKα(CST, 
USA), SOD2 (Proteintech, China), SESN2 (Abcam, UK), NF-κB (Abmart, 
China),PGC1α(Proteintech, China),FIS1(Proteintech, China), YAP1 
(CST, USA), and β-actin (Proteintech, China) in Trisbuffered saline (TBS) 
containing 0.1% Tween-20 (TBST) at 4 ◦C overnight, HRP-conjugated 
secondary antibodies and ECL HRP Substrate were used to visualize 
the protein bands according to our previous study [19]. 

2.12. Culture and identification of GCs 

Human ovarian granulosa cell line SVOG was purchased from 
Shanghai Hongshun Biotechnology Co., LTD. The GCs were cultured in 

T25 flasks (NEST, China) with DMEM high glucose medium containing 
10% FBS and 1% penicptomycin. The GCs was identified by FSHR 
immunofluorescent staining (Proteintech; China) according to our pre
vious study [19]. 

2.13. Cell treatment 

To mimic oxidative stress in GCs, cells were treated with 3-NP 
(Sigma, USA) at the dosage of 0, 0.25, 0.5, 1, 2.5, 5, 10, and 20 mM 
in 48-well plates for 24 h. Short interfering RNA for LINC00958 (si1- 
LINC00958, si2-LINC00958 and si3-LINC00958), short interfering RNA 
for SESN2 (si1-SESN2, si2-SESN2 and si3-SESN2), miR-484 mimic and 
its negative control (mimic-NC), miR-484 inhibitor and its negative 
control (inhibitor-NC) were purchased from RiboBio and genomeditech 
Biotechnology Co., LTD. The SESN2 overexpression plasmid and its 

Fig. 1. miR-484 is highly expressed in 3-NP-induced oxidative stress (OS) models of ovaries and GCs. (A) Ovarian ROS levels of C57BL/6J mice were measured using 
DHE probe in the Control and OS group after 2 weeks of PBS or 3-NP treatment (n = 6). Scale bar, 50 μm. (B) H&E staining to show ovarian structures in the Control 
and OS group and (E) the number of follicles was quantified for each group (n = 5). Scale bar, 500 μm. (C–D) The expression levels of miR-484 in ovarian tissues in 
the Control and OS group were determined using FISH and RT-qPCR (n ≥ 10). Scale bar, 50 μm. (F) Intercellular ROS contents of GCs (SVOG cells) were measured 
using DCFH-DA probe and quantified in the Control and OS group for PBS or 10 mM 3-NP treatment for 24h (n = 5). Scale bar, 50 μm. (G–H) The expression levels of 
miR-484 in ovarian tissues in the Control and OS group were determined using FISH and RT-qPCR. (n ≥ 10). Scale bar, 20 μm. Data represent the mean ± SD. *, P <
0.05; **, P < 0.01; ***, P < 0.001. 
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negative control (OE-control) were constructed by genomeditech 
(China). The transfection of DNA or RNA in GCs was performed using 
LipoFectMax™ 3000 Transfection Reagent (ABP Biosciences, USA) at 
70% confluence according to the manufacturer’s instructions. 

2.14. Cell viability assay 

Cell Counting Kit-8 assay (Abbkine, China) was used to determine 
the cell viability. In brief, GCs were incubated with 200 μl working re
agent for 1 h in 48-well plates (NEST, China). The optical absorbance at 
450 nm of each well was measured with a luminescence microplate 
reader (Biotek, USA). 

2.15. Flow cytometry 

To detect apoptosis, the GCs were stained with both Annexin V-FITC/ 
PI (Abbkine, China). The percentages of early apoptotic cells and late 
apoptotic cells were measured with a flowcytometry system (BD Bio
Sciences, USA) 

2.16. EdU staining assay 

The GCs were cultured in 50 μM EdU containg medium for 2 h, and 
then fixed with 4% paraformaldehyde for 30 min. After incubated with 
2 mg/ml glycine and permeabilized with 0.2% Triton X-100, the GCs 
were stained with DAPI for nuclear staining. The fluorescent images 
were captured with ZEISS Confocal Microscope (LSM 900, Germany). 
Cell proliferation was analyzed by assessing the percentage of EdU- 
positive cells. 

2.17. Measurement of mitochondrial function and endoplasmic reticulum 
(ER) function 

Mitochondrial morphology, mtochondrial membrane potential 
(MMP) depolarization, ATP levels and ER specific fluorescence staining 
were assessed by MitoTracker Red (Beyotime, China), JC-1 assay kit 
(Beyotime, China), ATP Assay Kit (Beyotime, China) and ER-Tracker 
Red (Beyotime, China) following the manufacturer’s instructions, 
respectively. 

2.18. Luciferase reporter assay 

The 3′-UTR of LINC00958 and SESN2 contain conserved miR-484 
binding sites. QuikChange II XL Site-Directed Mutagenesis Kit (Stra
tagene) was used to synthesize the mutated fragment of 3′-UTR of 
LINC00958 and SESN2. The luciferase activity assays were performed in 
transiently transfected HEK-293T cells, the luciferase activity were 
assessed using the Dual Luciferase Reporter Assay kit (Promega) as 
previously described [19]. 

2.19. Pull-down assay 

Biotin-labeled miR-484 and biotin-labeled LINC00958 were synthe
sized using Pierce RNA 3′ End Desthiobiotinylation Kit (Thermo Fisher, 
USA). After incubated with the GCs lysates with streptavidin-coated 
magnetic beads using Pierce™ Magnetic RNA-Protein Pull-Down Kit 
(Thermo Fisher, USA) following the manufacturer’s recommendation, 
the binding RNAs were isolated by TRIzol and analyzed by RT-qPCR. 

2.20. RNA immunoprecipitation (RIP) 

The GCs were cultured in 10 cm dishes (NEST, China) and trans
fected with miR-484 mimic and mimic-NC. AGO2-RIP was performed as 
previously published studies [25,26]. Briefly, transfected cells were 
collected by centrifugation and then lysed in lysis buffer and incubated 
with BeyoMag™ Protein G Plus Magnetic Beads (Beyotime, China) for 2 

h at 4 ◦C. 10% lysates were used as the input and the remained lysates 
were incubated with Protein G Magnetic Beads conjugated with 
anti-AGO2 (Abmart, China) or anti-IgG (Beyotime, China) antibodies 
overnight at 4 ◦C. After that, the protein components were extracted and 
RNAs were isolated using TRIzol and Chloroform. The purified RNA was 
determined by RT-qPCR. 

2.21. Statistical analysis 

The differences between the two groups were analyzed by the stu
dent’s t-test using GraphPad Prism8 statistical software. N ≥ 3 biologi
cally independent samples Data. were presented as mean ± SD. P < 0.05 
was considered as statistically significant. 

3. Results 

3.1. miR-484 is highly expressed in 3-NP-induced oxidative stress models 
of ovaries and GCs 

miR-484 has been reported to be highly expressed in GCs from DOR 
patients in our previous study [19]. To investigate the exact expression 
level of miR-484 in ovaries and GCs after oxidative stress exposure, we 
used 3-nitropropionic acid (3-NP) to simulate the OS state of ovaries and 
GCs. 3-NP is an inhibitor of mitochondrial complex II, which can induce 
mitochondrial production and release of ROS, thus causing oxidative 
stress. 

We successfully established an ovarian oxidative stress model, in 
which the 3NP-treated mice in the OS group had reduced body weights, 
shortened estrus period, longer metoestrus period, decreased ovary-to- 
body-weight ratio and significantly reduced estradiol and AMH levels 
(Figs. S1A, B, C, D). Specifically, the results showed that the OS group 
exhibited an increase in ROS levels and MDA levels, as well as a decrease 
in SOD activity and GSH-Px levels (Fig. 1A and Fig. S1E). 

As shown in Fig. 1B and E, the follicles at all developmental stages 
could be found in the control group, and the GCs were arranged regu
larly, whereas the OS group showed increased fibrosis, increased atretic 
follicles and decreased primordial follicles. Next, we evaluated the status 
of GCs by TUNEL and Ki-67 staining. Compared with the control group, 
TUNEL-positive cells were increased and Ki-67 positive cells were 
significantly decreased in the OS group, indicating that GCs apoptosis 
was aggravated and the proliferative ability was impaired (Figs. S1F and 
G). 

Subsequently, FISH and fluorescence quantitative PCR were used to 
detect the expression level of miR-484 in ovaries under oxidative stress 
conditions. The results showed that miR-484 was significantly increased 
in the OS group in comparison to that in the control group (Fig. 1C and 
D), which is consistent with our expectations. 

To provide more evidence for the upregulation of miR-484 in GCs 
under oxidative stress conditions, we similarly established an in vitro 
model of oxidative stress in granulosa cell line SVOG using 3NP treat
ment. As shown in Fig. S2A, the SVOG cells were identified by detecting 
the expression of the specific GCs marker FSHR. By referring to the 
concentration of 3NP used in previous studies [27], we finally deter
mined the concentration of 3-NP as 10 mM for subsequent experiments 
(Fig. S2B). 

Compared with the control group, the intracellular ROS contents and 
the oxidative stress levels were increased, the antioxidant levels were 
decreased in the OS group (Fig. 1F, Figs. S2C and D). Furthermore, the 
results of flow cytometry and EdU proliferative assay showed that the 
apoptotic level of GCs was increased and the level of cell proliferation 
was decreased in the OS group, which were consistent with the results of 
in vivo experiments (Fig. S2E, Fig. S2F). We then examined the 
expression level of miR-484 in GCs. As a result, miR-484 is highly 
expressed in GCs after oxidative stress exposure (Fig. 1G and H). 

Collectively, these data demonstrated that miR-484 is significantly 
increased in 3-NP-induced oxidative stress models of ovaries and GCs. 
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3.2. Overexpression of miR-484 compromised GCs function by damaging 
mitochondrial functions and increasing apoptosis under oxidative stress 
conditions 

To further explored the role of miR-484 in GCs under oxidative stress 
conditions, miR-484 was overexpressed or inhibited in GCs. GCs were 
transfected with Cy3-labeled miR-484 mimic at different concentrations 
for different periods of time. Eventually we chose to transfect the GCs 

with 100 nM of miR-484 mimics for 24 h for subsequent experiments 
(Fig. S2G). After oxidative stress injury, miR-484 mimic obviously 
reduced cell viability and proliferative ability (Fig. 2A and B). In 
contrast, miR-484 inhibitor led to the opposite results (Fig. 2A and B). 
Additionally, miR-484 overexpression aggravated oxidative stress 
injury, as shown by the reduced SOD activities, decreased GSH-Px levels, 
elevated cellular ROS and mtROS levels, and MDA levels (Fig. 2C and D). 
The opposite trend was observed in miR-484 depleted GCs (Fig. 2C and 

Fig. 2. Overexpression of miR-484 compromised GCs function by damaging mitochondrial functions and increasing apoptosis under oxidative stress conditions. (A) 
CCK-8 assays were performed to measure the cell viability in silenced- or overexpressed-miR-484 in GCs under oxidative stress (n = 5). (B) EdU assays of GCs and the 
percentage of EdU-positive GCs (Green) were measured (n = 5). Scale bar, 100 μm. (C) Cellular ROS (Green) and mtROS (Red) in GCs were assessed using DCFH-DA 
probe and MitoSOX Red mitochondrial superoxide indicator (n = 5). Scale bar, 50 μm. (D) The MDA level and total SOD and GSH-Px activities of GCs (n = 5). (E) 
MitoTracker (red) was used to stain mitochondria, and mitochondrial morphology is counted (n = 5). Scale bar, 10 μm. (F) ATP levels were recorded following miR- 
484 knockdown or overexpression in GCs under oxidative stress (n = 5). (G) Western blot was used to measure the expression of apoptosis-associated proteins in GCs. 
(H) Mitochondrial membrane potential (MMP, ΔΨm) was measured by the JC-1 staining (n = 5). Scale bar, 50 μm. (I) Apoptotic cells were measured by flow 
cytometry in GCs (n = 3). Data represent the mean ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 
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Fig. 3. Prediction and confirmation of direct interaction between miR-484 and LINC00958 in GCs. (A) FISH was performed to detect the expression of LINC00958 in 
the Control and OS group (n = 6). Scale bar, 50 μm. (B–C) The predicted binding sites of LINC00958 and miR-484 and the luciferase reporter assay showed direct 
binding between the LINC00958-WT and the miR-484. (D–E) GCs were transfected with biotinylated wild-type miR-484 or biotinylated LINC00958. RNA pull-down 
assay showed that LINC00958 was associated with miR-484. (F–G) The RIP assay for LINC00958 was performed with an anti-AGO2 antibody in GCs transfected with 
miR-484 mimics or mimic-NC, and the expression of LINC00958 and miR-484 was measured. (H) EdU assays of GCs and the percentage of EdU-positive GCs (Green) 
were measured (n = 5). Scale bar, 100 μm. (I) Cellular ROS (Green) and mtROS (Red) in GCs were assessed using DCFH-DA probe and MitoSOX Red mitochondrial 
superoxide indicator (n = 5). Scale bar, 50 μm. (J) CCK-8 assays were performed to measure the cell viability in silencing LINC00958 of GCs under oxidative stress (n 
= 5). (K) MitoTracker (red) was used to stain mitochondria, and mitochondrial morphology is counted (n = 5). Scale bar, 10 μm. (L) ATP levels were measured 
following LINC00958 knockdown in GCs under oxidative stress (n = 5). (M) Western blot was used to measure the expression of apoptosis-associated proteins in GCs. 
(N) Mitochondrial membrane potential (MMP, ΔΨm) was measured by the JC-1 assays (n = 5). Scale bar, 50 μm. (O) Apoptotic cells were measured by flow 
cytometry in GCs (n = 3). Data represent the mean ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 
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Fig. 4. Inhibiting miR-484 alleviated LINC00958 depletion-aggravated GC injuries under oxidative stress conditions. (A) Relative cell viability was measured by the 
CCK-8 assay (n = 5). (B) EdU assays of GCs and the percentage of EdU-positive GCs (Green) were measured (n = 5). Scale bar, 100 μm. (C) Cellular ROS (Green) and 
mtROS (Red) in GCs were assessed using DCFH-DA probe and MitoSOX Red mitochondrial superoxide indicator (n = 5). Scale bar, 50 μm. (D) The MDA level and 
total SOD and GSH-Px activities of GCs (n = 5). (E) MitoTracker (red) was used to stain mitochondria, and mitochondrial morphology is counted (n = 5). Scale bar, 
10 μm. (F) ATP levels were measured (n = 5). (G) Western blot was used to measure the expression of apoptosis-associated proteins in GCs. (H) Mitochondrial 
membrane potential (MMP, ΔΨm) was measured by the JC-1 assays (n = 5). Scale bar, 50 μm. (I) Apoptotic cells were measured by flow cytometry in GCs (n = 3). 
Data represent the mean ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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D). 
Given that miR-484 has been previously reported to be associated 

with mitochondrial fission and fusion [18], we next focused on the effect 
of miR-484 on mitochondrial functions. Under oxidative stress condi
tions, CGs transfected with exogenous miR-484 showed more mito
chondrial fragments, increased MMP depolarization and reduced ATP 
levels (Fig. 2E, F, H). It seems that increased mitochondrial fragmenta
tion can lead to mitochondrial depolarization, which is an early indi
cator of mitochondrial apoptosis, so we next investigated the impact of 
miR-484 overexpression or knockdown on GCs apoptosis. As expected, a 
much higher ratio of apoptotic GCs was observed after miR-484 over
expression (Fig. 2I), which was associated with increased cytochrome C 
release and dysregulated expression of mitochondrial apoptosis-related 
proteins including increased BAX, cleaved-caspase3 and reduced BCL2 
(Fig. 2G, Fig. S4A). In contrast, an opposite trend was observed after 
miR-484 inhibition (Fig. 2G, I). 

Endoplasmic reticulum (ER) stress and senescence-associated secre
tory phenotype (SASP) play important roles in the development and 
pathogenesis of human ovarian diseases, which occurred in ovarian 
cells, affecting oocyte maturation, follicle formation and ovulation 
[28–30]. Thus, we sought to determine whether miR-484 regulate 
oxidative stress-induced ER stress in GCs. We detected the ER morpho
logical changes using ER-tracker and found that miR-484 mimic obvi
ously increased fluorescence signals (Fig. S2H). The expression of ER 
stress marker genes and UPR sensor proteins was measured and miR-484 
overexpression upregulated the mRNA expression level of GRP78, CHOP 
and XBP1s in GCS under oxidative stress conditions (Fig. S2J). There
fore, the effect of miR-484 to regulate the SASP was investigated ana
lysing the expression levels of proinflammatory cytokines, such as IL-1β 

and IL-6, as shown in Fig. S2K, the expression and secretion of TNF, IL-6 
and IL-1β as well as the expression of CCL2 were significantly increased 
in miR-484 overexpressed GCs. The opposite trend was observed in 
miR-484 depleted GCs. 

Collectively, these data proved that miR-484 had a negative effect on 
GCs functions by disrupting mitochondrial networks and supplying a 
pro-apoptotic environment for GCs under oxidative stress conditions. 

3.3. Prediction and confirmation of direct interaction between miR-484 
and LINC00958 in GCs 

It is well known that competing endogenous RNAs (ceRNA) can bind 
with microRNA through the response element (microRNA response el
ements, MREs). After screening in multiple prediction databases, we 
found 19 candidate lncRNAs, as shown in Fig. S3A. After the verification 
via RT-qPCR and FISH, it was speculated that LINC00958, which was 
significantly decreased in GCs under oxidative stress conditions, was the 
upstream ceRNA of miR-484 (Fig. 3A and Fig. S3B). 

Subsequently, we used a dual luciferase reporter assay to verify this 
prediction. The luciferase signal of the LINC00958-WT reporter was 
suppressed by miR-484, whereas LINC00958-Mut abolished the inhibi
tory effect of miR-484 (Fig. 3B and C). As demonstrated in Fig. 3F and G, 
the results of AGO2-RIP-qPCR showed that LINC00958 and miR-484 
was significantly enriched in the AGO2 IP sample compared to control 
IgG sample. Next, we analyzed the direct interaction between 
LINC00958 and miR-484 using RNA pull-down assay. Compared to the 
bio-NC pull-down group, LINC00958 was significantly higher in the bio- 
miR-484 pull-down group (Fig. 3D). Subsequently, biotin-labeled 
LINC00958 pull-down assays showed significantly increased miR-484 

Fig. 5. Sestrin2(SESN2) is a direct downstream mRNA target of miR-484 in GCs. (A)Venn diagram showing predicted target gene of miR-484 by four algorithms 
(miRanda, TargetScan, RNAhybrid, and PITA). (B–C) Dual luciferase reporter analysis showed that miR-484 could bind to the 3′-UTR of SESN2. (D) Enrichment of 
SESN2 pulled down by biotin-miR-484 or negative control. (E–G) The mRNA and protein expression of SESN2 was decreased or increased in a dose-dependent 
manner when miR-484 overexpressed or knockdown by RT-qPCR and Western blot assays (n = 3). Data represent the mean ± SD. *, P < 0.05; **, P < 0.01; 
***, P < 0.001. 
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interaction in the GCs compared to that in the control, suggesting that 
there was a direct interaction between LINC00958 and miR-484 
(Fig. 3E). 

We next explored the role of LINC00958 in regulating GCs functions 
by transfecting GCs with LINC00958-directed siRNAs. As shown in 
Fig. S3C, si2-LINC00958 showed the most obvious silencing effect and 
was selected for the subsequent experiments. Meanwhile, the expression 
level of miR-484 significantly increased after LINC00958 silencing, 
whereas LINC00958 expression was obviously suppressed by over
expression of miR-484 mimic (Fig. S3E). The results of CCK-8 assays and 
EdU assays showed that Compared with the OS group treated with si-NC, 
the down-expression of LINC00958 significantly decreased the prolif
eration of GCs (Fig. 3H, J). Moreover, LINC00958 knockdown plus 
oxidative stress group resulted in higher oxidative stress injury in GCs 
than the OS group, as exhibited by the higher MDA content, less SOD 
and GSH-Px enzyme activities, and more enhanced expression of intra
cellular ROS and mtROS (Fig. 3I and Fig. S3G). 

Furthermore, GCs displayed particularly fragmented mitochondrial 
networks after oxidative stress exposure, whereas more mitochondrial 
fragments were observed after si-LINC00958 transfection (Fig. 3K). 
Subsequently, silencing LINC00958 obviously worsened MMP depolar
ization and decreased ATP levels in GCs under oxidative stress condi
tions (Fig.3L, N). Accordingly, a much higher apoptotic rate was 
observed in GCs after LINC00958 deletion (Fig. 3O), which was 
consistent with increased mitochondrial apoptosis-related proteins, 
including BAX and cleaved-caspase3 (Fig.3M, Fig. S4B). 

These results further confirmed that LINC00958 targeted miR-484 to 
act as a molecular sponge in GCs which played an important role in 
promoting GCs functions by balancing mitochondrial dynamics and 
inhibiting mitochondria-dependent apoptosis. 

3.4. Inhibiting miR-484 alleviated LINC00958 depletion-aggravated GC 
injuries under oxidative stress conditions 

Given that LINC00958 was identified as a molecular sponge of miR- 
484, further experiments were given to reveal the functional in
teractions between LINC00958 and miR-484. As shown in previous re
sults, silencing LINC00958 exacerbated GC dysfunction under oxidative 
stress conditions, including impaired cell viability and proliferative 
ability (Fig. 4A and B). However, miR-484 inhibitor remarkably allevi
ated the negative effects of LINC00958 depletion, suggesting that miR- 
484 is a downstream target of LINC00958 with antagonistic functions 
(Fig. 4A and B). In addition, inhibiting miR-484 also alleviated the 
oxidative stress injury aggravated by LINC00958 silencing, as indicated 
by increased SOD and GSH-Px enzyme activities, decreased MDA con
tents and reduced cellular ROS and mtROS (Fig. 4C and D). 

To further investigate the influence of miR-484 on LINC00958- 
mediated mitochondrial functions. Compared to that in GCs with 
silencing LINC00958, less mitochondrial fragments were found after 
miR-484 inhibitor treatment (Fig. 4E), which indicate that inhibiting 
miR-484 could moderate the imbalance between fission- and fusion after 
LINC00958 silencing. In addition, silencing miR-484 further suppressed 
MMP depolarization and increased ATP levels after LINC00958 inhibi
tion (Fig. 4F, H). Furthermore, co-transfection with the miR-484 in
hibitor reduced the proportion of apoptotic GCs (Fig. 4I), the release of 
cytochrome C, the increased protein expression of BAX and cleaved 

caspase3 and the reduction in BCL-2 compared with transfection with 
LINC00958 alone (Fig. 4G and Fig. S4C). 

In summary, these data showed that LINC00958, an upstream 
regulator of miR-484, exerts the opposite effects to miR-484 in terms of 
oxidative stress and mitochondrial protection. 

3.5. Sestrin2(SESN2) is a direct downstream mRNA target of miR-484 in 
GCs 

To further investigate the ceRNA network connecting with 
LINC00958 and miR-484, we next attempted to identify the specific 
target mRNA of miR-484 in GCs under oxidative stress conditions. 

According to the results of four different miRNA target prediction 
tools miRanda, TargetScan, RNAhybrid and PITA, SESN2 was the only 
overlapping target of miR-484 in GCs (Fig. 5A). Fig. 5B shows the 
fragments in the 3′UTR of SESN2 matching the seed sequence of miR- 
484 using TargetScan. These fragments were cloned into a reporter 
plasmid at the downstream of the luciferase coding sequence. The 
luciferase reporter assay showed that miR-484 had an inhibitory effect 
on the luciferase activities of the SESN2-WT reporters, whereas the 
luciferase activities remained unaffected when the binding sites were 
mutated (Fig. 5C). 

Then, GCs were transfected with the miR-484 mimic or miR-484 
inhibitor of different concentrations to elucidate whether miR-484 
could regulate SESN2 expression at the transcriptional and trans
lational levels. As shown in Fig. 5E and G, both the mRNA and protein 
levels of SESN2 were significantly reduced in a dose-dependent manner 
when miR-484 was overexpressed (Fig. 5E, G and Fig. S4D). In contrast, 
GCs gained enhanced SESN2 expression as the concentration of trans
fected miR-484 increased, which was demonstrated by the results of 
western blot and RT-qPCR analyses (Fig. 5F, G and Fig. S4E). In addition, 
the interaction between an avidin-biotin miR-484 and SESN2 also 
demonstrated that SESN2 could endogenously bind to miRNA-484 
(Fig. 5D). 

Taken together, these results confirmed that SESN2 was the down
stream target of miR-484, which may play an important role in GCs 
under oxidative stress conditions. 

3.6. SESN2 positively regulated GCs functions after oxidative stress injury 

SESN2 is an important member of the Sestrins family, which is a 
group of highly conserved stress-induced proteins that protect cells from 
detrimental factors such as stress and aging through a variety of path
ways. To further investigate the role of SESN2 plays in GCs under 
oxidative stress conditions, we performed SESN2 knockdown or over
expression in vitro. As shown in Fig. S3F, transfection of si2-SESN2 and 
OE-SESN2 plasmid were effective (Fig. S3F and Fig. S4F&G). Under 
oxidative stress conditions, cell viability and proliferative ability were 
obviously decreased (Fig. 6A and B), the effects of which were further 
aggravated after SESN2 knockout. By contrast, overexpression of SESN2 
significantly reversed cell dysfunction (Fig. 6A and B). Then, SESN2 
overexpression decreased the content of cellular ROS, mtROS and MDA, 
increased enzyme activities of SOD and GSH-Px, demonstrating the 
potential function of SESN2 in alleviating cell oxidative stress (Fig. 6C, 
Fig. S3H). 

We next investigated the possible impact of SESN2 overexpression on 

Fig. 6. SESN2 positively regulated GCs functions after oxidative stress injury. (A) CCK-8 assays were performed to measure the cell viability in silenced- or 
overexpressed-SESN2 in GCs under oxidative stress (n = 5). (B) EdU assays of GCs and the percentage of EdU-positive GCs (Green) were measured (n = 5). Scale bar, 
100 μm. (C) Cellular ROS (Green) and mtROS (Red) in GCs were assessed using DCFH-DA probe and MitoSOX Red mitochondrial superoxide indicator (n = 5). Scale 
bar, 50 μm. (D) ATP levels were recorded following miR-484 knockdown or overexpression in GCs under oxidative stress (n = 5). (E) MitoTracker (red) was used to 
stain mitochondria, and mitochondrial morphology is counted (n = 5). Scale bar, 10 μm. (F) Mitochondrial membrane potential (MMP, ΔΨm) was measured by the 
JC-1 staining (n = 5). Scale bar, 50 μm. (G) Apoptotic cells were measured by flow cytometry in GCs (n = 3). (H) Western blot was used to measure the expression of 
apoptosis-associated proteins in GCs. (I) The protein expression levels of SESN2 downstream molecules and antioxidant related molecules. Data represent the mean 
± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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mitochondrial functions and mitochondrial apoptosis. Our results 
revealed that overexpression of SESN2 significantly reduced mitochon
drial fragments, whereas an opposite trend was observed after SESN2 
knockdown (Fig. 6E). Moreover, overexpression of SESN2 obviously 
inhibited MMP depolarization and increased ATP level, indicating that 
SESN2 overexpression alleviated mitochondrial dysfunction (Fig. 6D, F). 
In addition, flow cytometry analysis showed a remarkable decrease in 
the percentage of early and late apoptotic cells among the SESN2- 
overexpressed GCs after oxidative stress exposure (Fig. 6G). Moreover, 
SESN2 overexpression prevented cytochrome c being released from 
mitochondria, reduced BAX and cleaved caspase3 expression and 
increased BCL2 expression (Fig. 6H, Fig. S5A). 

To gain greater insight into the function of SESN2 in GCs under 
oxidative stress conditions, we performed western blot analysis to 
examine the expression of downstream genes of SESN2. As shown in 
Fig. 6I, overexpression of SESN2 obviously upregulated AMPKα, FOXO1 
and SIRT1. Furthermore, the levels of antioxidation-related molecules 
SOD2 and PGC1α were increased, whereas the level of NF-κB was 
downregulated after SESN2 overexpression (Fig. 6I, Fig. S5B). 

Overall, these results confirmed that SESN2 was a downstream target 
of miR-484 and, to a large extent, was responsible for GCs recovery from 
oxidative stress related damages by regulating mitochondrial dynamics 
and suppressing apoptosis. 

3.7. SESN2 reversed miR-484 mediated mitochondrial damages and 
apoptosis in GCs under oxidative stress conditions 

To further illustrate whether SESN2 was involved in the regulatory 
processed of miR-484 mediated GCs dysfunction, we overexpressed 
SESN2 in the miR-484 mimic group based on our previous finding that 
overexpressing miR-484 further reduced SESN2 expression in GCs under 
oxidative stress conditions. Overexpression of SESN2 reversed the miR- 
484 mimic-induced reduction in cell viability and proliferative ability in 
GCs (Fig. 7A and B). In addition, exogenous overexpression of SESN2 
remarkably alleviated oxidative stress in GCs transfected with miR-484 
mimic, as indicated by higher MDA contents, higher SOD and GSH-Px 
enzyme activities and significantly suppressed intracellular ROS and 
mtROS production (Fig. 7C, Fig. S3I). 

We next sought to demonstrate the potential role of SESN2 in 
oxidative stress and miR-484 overexpression-induced mitochondrial 
damages in GCs. As expected, SESN2 facilitated fragmented mitochon
dria to transform into filamentous ones, which indicates that the mito
chondrial network was appropriately reconstructed (Fig. 7D). 
Additionally, SESN2 clearly inhibited miR-484 overexpression induced 
MMP depolarization and ATP reduction (Fig. 7E and F). Our previous 
results exhibited that SESN2 have an anti-apoptotic effect on GCs. Given 
that SESN2 is a downstream target of miR-484, SESN2 overexpression 
also decreased miR484-meditaed cell apoptosis under oxidative stress 
conditions, which could be attributed to, at least partially, its inhibitory 
effects on the mitochondrial apoptosis pathway, as demonstrated by the 
reduced cytochrome C release, decreased BAX and cleaved-caspase3 
expression and increased BCL2 expression (Fig. 7Gand H, Fig. S5D). 

We also detected that overexpression of SESN2 increased the 
expression of AMPKα、FOXO1 and SIRT1 (Fig. 7I). Furthermore, the 
expression of two other antioxidation-related proteins, SOD2 and 
PGC1α, was also strongly enhanced, whereas the level of NF-κB was 
downregulated by SESN2 overexpression (Fig. 7I and Fig. S5C). 

In summary, these results indicated that SESN2 could be regulated by 
miR-484 and had a role in alleviating miR-484 overexpression-induced 
GCs dysfunction under oxidative stress conditions by ameliorating the 
disturbance of mitochondrial dynamics and apoptosis pathway. 

3.8. Inhibition of miR-484 ameliorated ovarian oxidative stress injuries in 
mice 

Based on the results that miR-484 is highly expressed in ovaries and 
GCs under oxidative stress conditions and inhibiting miR-484 can alle
viate oxidative stress-induced cell injuries by improving mitochondrial 
functions and reducing GCs apoptosis (Fig. 1 and Fig. 2), we next tried to 
provide more evidence for the involvement of miR-484 in regulating 
GCs functions. We knocked down miR-484 in mouse ovaries using AAV- 
inhibitor by intra-ovarian injection. Since the efficiency of miRNA in
hibitor is verified by the expression level of its target genes, we identi
fied that miR-484 inhibitor vector has a high knockdown efficiency by 
RT-qPCR and Western blot assays (Fig. S6A) As shown in Fig. S6B, the 
optimal dose and time of AAV administration were determined through 
in vivo pre-experiments. The results showed that oxidative stress expo
sure did not result in any difference in body weight, but significantly 
decreased the ovary coefficient, reduces serum levels of estradiol, FSH, 
and AMH, and disturbed estrous cycle (Fig. S6C,D,E). In contrast, mice 
in the AAV-inhibitor group had a relatively regular estrous cycle, an 
elevated AMH level, increased primordial follicle counts and decreased 
atretic follicles, which were consistent with the results observed in the 
positive control group injected with melatonin (Fig. 8A, B, D and 
Fig. S6E). 

Additionally, knockdown of miR-484 ameliorated oxidative damage, 
as shown by the decreased MDA content, increased SOD and GSH-Px 
enzyme activities and decreased ROS in ovaries (Fig. 8C, Fig. S6F). 
Then, we evaluated the function of GCs in ovary by TUNEL and Ki-67 
staining. Compared to the AAV-vector group, apoptotic cells were 
decreased, Ki-67 positive cells were significantly increased in AAV- 
inhibitor group, indicating that inhibition of miR-484 inhibited 
apoptosis and promoted proliferation of GCs in ovarian oxidative stress 
conditions (Fig. 8E and F). 

These data directly indicated that miR-484 inhibition can exert 
beneficial effects on GCs under ovarian oxidative stress conditions by 
alleviating apoptosis and promoting proliferation. 

4. Discussion 

The potential effects of miR-484 in regulating oxidative stress in GCs 
were identified in the present study. miR-484 was increased in 3-NP- 
induced oxidative stress models of ovaries and GCs. The over
expression of miR-484 aggravated cell dysfunction and thereby inten
sified ovarian oxidative stress injury in mice. The potential mechanisms 
could involve the downregulation of LINC00958 and its direct binding 
with SESN2 mRNA under oxidative stress conditions in GCs, which in 
turn damaged mitochondrial function and compromised the 
mitochondrial-related apoptosis signaling pathway in GCs (Fig. 9). At 
same time, the inhibition of miR-484 alleviated oxidative stress induced 
GCs dysfunction. 

GCs constitute the largest cell population of ovarian follicles. Their 
metabolism and apoptosis are closely associated with ovary dysfunction 
[31,32]. Oxidative stress, which is one of the main causes of cell 

Fig. 7. SESN2 reversed miR-484 mediated mitochondrial damages and apoptosis in GCs under oxidative stress conditions. (A) Relative cell viability was measured by 
the CCK-8 assay (n = 5). (B) EdU assays of GCs and the percentage of EdU-positive GCs (Green) were measured (n = 5). Scale bar, 100 μm. (C) Cellular ROS (Green) 
and mtROS (Red) in GCs were assessed using DCFH-DA probe and MitoSOX Red mitochondrial superoxide indicator (n = 5). Scale bar, 50 μm. (D) MitoTracker (red) 
was used to stain mitochondria, and mitochondrial morphology is counted (n = 5). Scale bar, 10 μm. (E) Mitochondrial membrane potential (MMP, ΔΨm) was 
measured by the JC-1 assays (n = 5). Scale bar, 50 μm. (F) ATP levels were measured (n = 5). (G) Apoptotic cells were measured by flow cytometry in GCs (n = 3). 
(H) Western blot was used to measure the expression of apoptosis-associated proteins in GCs. (I) The protein expression levels of SESN2 downstream molecules and 
antioxidant related molecules. Data represent the mean ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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apoptosis, results from ROS overproduction and impaired antioxidant 
mechanism [33,34]. Under physiological conditions, age-related ROS 
accumulation drives GCs apoptosis. Meanwhile, ROS accumulation 
caused by intracellular factors (such as mitochondrial mutation, nutri
tional deprivation and local ischemia) and extracellular factors 

(including smoking, air pollution and electromagnetic radiation) can 
accelerate GCs apoptosis and lead to ovarian dysfunction, such as 
polycystic ovary syndrome (PCOS) and DOR [35–37]. Therefore, pro
tecting GCs from oxidative stress damages are of great significance for 
the treatment of ovarian dysfunction and premature ovarian failure. 

Fig. 8. Inhibition of miR-484 ameliorated ovarian oxidative stress injuries in mice. (A) H&E staining to show ovarian structures in the Control, OS, OS + AAV-vector, 
OS + AAV-inhibitor, and OS + Melatonin groups and the number of follicles was quantified for each group (n = 5). Scale bar,500 μm. (B, D) The level of estradiol, 
FSH and AMH of serum in each group (n ≥ 5). (C) Ovarian ROS levels of mice were measured using DHE probe in each group (n = 5). Scale bar, 50 μm(E) TUNEL 
staining of ovaries and the percentage of TUNEL-positive section (Green) were quantified(n = 5). Scale bar, 50 μm. (F) Ki-67 staining of ovaries and the proportion of 
Ki-67 positive cells were measured(n = 5). Scale bar, 50 μm. Data represent the mean ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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With the in-depth study of miRNAs, the role of miRNA in ovaries has 
been gradually unveiling in recent years. It has been found that miRNA 
can regulate the development of ovarian follicles by affecting GCs pro
liferation [38], steroid hormone synthesis [39], oocyte maturation [40] 
and GCs functions. Gebremedhn et al. found that bovine 
miR-183-96-182 promoted the proliferation of ovarian GCs by syner
gistically targeting FOXO1 [41]. In addition, miR-17-92 promoted the 
proliferation of GCs and reduced the differentiation ratio of GCs by 
synergistically inhibiting the expression of PTEN and BMPR2 [42]. 
However, the role of miR-484 in regulating GCs apoptosis has not been 
reported yet. 

In our previous study, miR-484 was found to be highly expressed in 
GCs of DOR patients and negatively correlated with the outcomes of 
assisted reproductive technology. Further exploration of underlying 
mechanisms showed that miR-484 could target YAP1 and participate in 
the pathogenesis of DOR [19]. The present study revealed that miR-484 
is highly expressed in 3-NP-induced oxidative stress models of ovaries 
and GCs. In addition, bioinformatics analysis of the transcriptome 
sequencing results of 3NP-induced GCs showed that oxidative stress 
induced abnormal expression of several transcription factors regulating 
miR-484, among which the up-regulated transcription factors had 
higher fold changes (Fig. S7A-C). we found TFs related to chromosome 
remodeling and histone modification, such as EP300, TET2, KMT2D and 
KDM2B, among which EP300 was particularly associated with the Nrf2 
pathway and identified as a co-activator of HIF1A. These results suggest 
that oxidative stress may induce some epigenetic changes that ulti
mately lead to miR-484 alteration. Overexpressing miR-484 compro
mised GCs function by damaging mitochondrial functions and 
increasing apoptosis under oxidative stress conditions, which were also 
mutually verified by previous studies. Moreover, miR-484 knockdown 
promoted GCs proliferation and decreased intercellular ROS contents 
after oxidative stress exposure. The potential mechanisms could be 
attributed to the possible role of miR-484 in regulating mitochondrial 
functions and the mitochondria-related apoptotic pathway. 

Mitochondria are an important organelle of GCs not only for their 
functions in generating ATP but also for their role in transmitting 
extracellular and intracellular signals when GCs are exposed to envi
ronmental stress or injury [43,44]. Persistent mitochondrial dysfunction 
can lead to oxidative stress-induced damages in GCs, which will in turn 

result in increased apoptosis, reduced proliferation, impaired biological 
functions and aberrant follicular development or even ovarian disorders 
[45,46]. 

SESN2 is a member of the Sestrins protein family which plays a major 
role in many pathophysiological processes such as endoplasmic reticu
lum stress, hypoxia, oxidative stress and DNA damage, and has become a 
research focus recently [47]. SESN2 is not only a downstream antioxi
dant enzyme regulated by the Keap1/Nrf2/ARE signaling pathway, but 
also an upstream activator of the classical antioxidant pathway [48].It 
was found that cellular ROS accumulation upregulates SESN2, activates 
serine/threonine protein kinase, promotes phosphorylation of Beclin1 
serine 14 site, which in turn binds to the ubiquitin ligase Parkin to 
promote selective autophagy in fragmented mitochondria [49]; SESN2 
also mediates AMPK-PGC1α activation to promote mitochondrial 
biosynthesis, thereby reducing oxygen glucose depletion derived 
cellular damages [50]. It is evident that SESN2, as a highly conserved 
multifunctional protein, has a multifaceted regulatory role in 
anti-oxidative-stress processes and mitochondria-related regulation. 

The ceRNA hypothesis is one of the mainstream views to explain how 
miRNAs function in various biological processes, revealing how 
LINC00958 affects the transcriptional process of its target mRNAs by 
directly sponging miR-484 through binding sites. And then, miR-484 
represses the expression of its target mRNA SESN2 by binding the 
AGO2 protein to form RISC, where SESN2 mRNA will degrade. Herein, 
LINC00958 was predicted to be a specific molecular sponge of miR-484 
and acted as an upstream regulatory factor of miR-484 and SESN2. 
Current studies on LINC00958 have mainly focused on its role in tumors, 
including hepatocellular carcinoma, bladder cancer and osteosarcoma 
[51–53]. However, there is no study has been performed to reveal the 
correlation between LINC00958 and ovarian reserve or GCs functions. In 
this study, we first demonstrated that LINC00958 is involved in regu
lating GCs functions after oxidative stress injury. First, we predicted and 
confirmed the direct interaction between miR-484 and LINC00958 in 
GCs. Functionally, the inhibition of miR-484 reversed the down
regulation of LINC00958 under oxidative stress conditions and reba
lanced the mitochondrial function and mitochondria-related apoptosis 
signaling. In Fig. S7D&E, bioinformatics analysis showed that oxidative 
stress induced downregulation of several transcription factors regulating 
LINC00958. 

Fig. 9. Schematic diagram showing the role of miR-484 mediates oxidative stress-induced ovarian dysfunction by suppressing granulosa cell function via 
mitochondrial-related apoptosis. 
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In summary, our study validated a new ceRNA network in remolding 
mitochondrial functions and GCs functions under oxidative stress con
ditions. Reducing LINC00958 activated miR-484 and subsequently 
decreased SESN2 expression, contributing to mitochondrial dysfunction 
and facilitating mitochondria-related apoptosis in GCs. miR-484 inhi
bition mediated mitochondrial homeostasis improves the resistance of 
GCs to oxidative stress injury and thereby enhances the prognosis of 
ovarian functions under oxidative stress conditions. Our findings pro
vide a novel regulatory mechanism involved in regulating mitochondrial 
functions in GCs and form a theoretical basis for improving GCs func
tions and alleviating ovarian oxidative stress damages. 
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