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Abstract: Background: Intervertebral disc degeneration (IVDD) often leads to low back pain, which severely affects 
people’s quality of life. Oxidative stress (OS) can accelerate nucleus pulposus cell (NPCs) senescence and apopto-
sis. Exploring the mechanism underlying OS-induced apoptosis is of utmost importance to aid in the development 
of IVDD treatment. Methods: In the current study, we tested the function of microRNA-96-5p in H2O2-treated NPCs. 
Apoptosis and mitophagy-related proteins were examined by western blot. Reactive oxygen species (ROS) genera-
tion, mitochondrial membrane potential, and apoptosis of NPCs were evaluated by flow cytometry. A luciferase 
reporter assay was conducted to confirm the interaction between microRNA-96-5p and Forkhead Box Protein O1 
(FOXO1). Results: H2O2 treatment enhanced apoptosis in NPCs and upregulated the microRNA-96-5p expression. 
It was shown that knockdown of microRNA-96-5p attenuated H2O2-induced OS and apoptosis. FOXO1 is a direct 
target of microRNA-96-5p, and knockdown of microRNA-96-5p enhanced PINK1/Parkin-mediated mitophagy by 
up-regulating FOXO1. Conclusions: Collectively, knockdown of microRNA-96-5p enhanced PINK1/Parkin-mediated 
mitophagy by up-regulating FOXO1. Our results facilitate the understanding of the role of microRNA-96-5p in IVDD 
and the mechanism of H2O2-induced oxidative damage.
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Introduction

Intervertebral disc degeneration (IVDD) can 
cause low back pain (LBP) [1]. However, current 
treatments face challenges in repairing or 
regenerating the structure and function of 
intervertebral discs. Current studies have 
pointed out that the pathogenesis of disc de- 
generation involves oxidative stress (OS) [2]. 
The nucleus pulposus, which constitutes the 
core of the intervertebral disc (IVD), plays a vital 
role in maintaining the extracellular matrix 
(ECM), such as collagen 2 and aggrecan [3]. 
IVDD leads to the rupture of the annulus fibro-
sus and the degeneration of cartilage end-
plates, and promotes reactive oxygen species 
(ROS) production through the inflammatory 
response, which aggravates the OS reaction in 
nucleus pulposus cells (NPCs) [3]. OS induces 
mitochondrial apoptosis in nasopharyngeal 
carcinoma and participates in the evolution of 
IVDD [4]. Nevertheless, the precise mecha-

nisms of OS-induced NPCs apoptosis still need 
more research to verify.

MicroRNAs (miRNAs) are a kind of non-coding 
RNAs ranging from 17 to 23 nucleotides [5]. 
Mounting evidence suggests that miRNA has 
extensive and crucial effects on a range of fun-
damental biological processes, including cell 
proliferation, apoptosis, tumorigenesis, and 
cancer progression [6]. Dysregulation of miR-
NAs is also associated with IVDD. For example, 
miR-640 aggravates IVDD through regulating 
nuclear factor κB (NF-κB) and Wingless-Int 
(WNT) pathway [7]. Furthermore, knockdown of 
miR-143 inhibited apoptosis through modulat-
ing Bcl-2 expression in IVDD [8]. The oncogenic 
microRNA-96-5p is relevant to the progression 
of hepatocellular carcinoma, nasopharyngeal 
carcinoma, and gastric adenocarcinoma [9, 
10]. Nevertheless, the effect and mechanism 
of microRNA-96-5p in OS-induced oxidative 
damage and cell apoptosis of NPCs remain 
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unknown and require further investigation. In 
the current study, we examined the biological 
function of microRNA-96-5p in H2O2-induced 
OS. Additionally, the functional relationship 
between microRNA-96-5p and FOXO1 was eval-
uated. The results revealed that knockdown of 
microRNA-96-5p alleviated H2O2-induced OS 
through regulating mitochondrial autophagy.

Materials and methods

Cell culture and transfection

NPCs were bought from Applied Biological 
Materials (Richmond, BC, Canada) and cul- 
tured routinely in a complete culture medium 
[DMEM/F-12 containing 10% FBS (Gibco, USA)] 
and 1% penicillin/streptomycin. The NPCs were 
maintained at 37°C in an atmosphere con- 
taining 5% CO2. Transfection experiments we- 
re conducted using Lipo 3000 transfection 
reagent (Thermo Fisher, USA). The microRNA-
96-5p inhibitor (5’-UAAAGUGCUCUGGCUAGU- 
GCC-3’), mimic (5’-UAGCAGCACGUAAAUAUGC- 
UUG-3’), and negative control oligonucleoti- 
des (F: 5’-UUCUCCGAACGUGUCACGUTT-3’)  
and (R: 5’-ACGUGACACGUUCGGAGAATT-3’) 
were bought from Sangon Biotech (Shanghai, 
China). For FOXO1 overexpression, the coding 
sequence of FOXO1 (NP_002006.2) was in- 
tegrated into pCMV-HA vector to create 
pCMV-FOXO1-HA.

Flow cytometric analysis

Apoptotic cells were examined by flow cytomet-
ric analysis (FCA) using an Annexin V-FITC 
Apoptosis Detection kit (Beyotime, China) 
according to the instructions. Apoptotic cells 
were evaluated using a COULTER ® EPICS ® XL™ 
Flow Cytometer (USA).

Western blot analysis

NPCs were fully lysed using radioimmunoassay 
precipitation (RIPA) buffer (Beyotime, China).  
In order to obtain high-purity proteins, lysates 
were placed into a cryogenic centrifuge with 
parameters set at 10000 g and 4°C for 15 min. 
The content of protein was detected by bicin-
choninic acid (BCA) protein assay kit (Beyotime, 
China). Protein samples were isolated with 10% 
SDS-PAGE and moved to PVDF membranes, fol-
lowed by incubation with primary antibodies: 
anti-Collagen-2 (1:2000, ab34712), anti-Aggre-

can (1:3000; ab3778), anti-Bax (1:1500; 
ab32503), anti-Bcl-2 (1:2500; 15071), anti-
cleaved caspase3 (1:2000; 9661), anti-PINK1 
(1:2000; 6946), anti-Parkin (1:4000; 4211), 
anti-LC3 (1:2000; ab192890), and anti-FOXO1 
(1:2000; ab179450), and then by incubation 
with the secondary antibodies: HRP-linked anti-
mouse IgG (1:8000; 7076P2), HRP-linked anti-
rabbit IgG (1:5000; 7074P2). These reagents 
were purchased from Abcam and Cell Signaling 
Technology. ImageJ 1.51p software was used 
for Western blot quantification. 

JC-1 fluorescent probe staining

A mitochondrial membrane potential (MMP) 
assay kit with JC-1 (Beyotime, China) was used 
to detect MMP. Briefly, NPCs were incubat- 
ed with 5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethyl-
benzimidazolylcarbocyanine iodide (JC-1) solu-
tion at 37°C for 15 min and cleaned twice with 
JC-1 dye buffer. After JC-1 staining, the fluores-
cence strength of JC-1 was analyzed using flow 
cytometer or a fluorescence microscope. The 
JC-1 Red: JC-1 Green ratio was calculated to 
assess the loss of MMP after the flow cytome-
try assay.

Cell viability assay

The Cell Counting Kit CCK-8/WST-8 assay 
(Beyotime, China) was applied to calculate cell 
viability following the specification. NPCs were 
transferred to 96-well plate at 0, 12, 24, and 
48 h after transfection, and MTT solution was 
added into the 96-well plate, which was then 
cultivated for 2 h at 37°C. The relative viability 
of cells was calculated by measuring the absor-
bance at 490 nm.

H2O2 treatment

For hydrogen peroxide (H2O2) treatment, NPCs 
were transferred to 24-well plates at a density 
of 2×105 per well. When cell confluence reached 
90%, cells were intervened with 150 µM H2O2 
(Sigma, UK) for 6 h. Cells were cleaned with 
PBS and collected for subsequent experi- 
ments.

ROS and intracellular reductive substances 
assays

Flow cytometry analysis of ROS was performed 
using a ROS Assay Kit (Solarbio, China). After 
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treatment, cells were cultivated with 5 μM 
2’,7’-Dichlorodihydrofluorescein diacetate (DC- 
FH-DA) at 37°C for 30 min, and subsequently 
analyzed by flow cytometer. For reduced gluta-
thione (r-GSH) assay, cells were cultivated in 
100 µl mixed GSH-Glo™ reagent (Promega 
Corporation, USA) for 0.5 h at 25°C and subse-
quently in 100 µl reconstituted Luciferin De- 
tection Reagent (Promega Corporation, USA) 
for 20 min at 25°C. The fluorescence signal 
was visualized using a Fluoroskan lumines-
cence scanner (Thermo Fisher Scientific). A 
SOD Assay Kit (Dojindo, Japan) was used to 
measure superoxide dismutase (SOD) activity. 
After incubation at 37°C for 0.5 h, OD values 
were observed at 450 nm.

Luciferase reporter assay

Dual luciferase reporter assay was used to 
detect the association between microRNA-
96-5p and FOXO1. The pmirGLO vector was 
used to carry mutant (MUT) or wild type (WT) 
FOXO1 bound to microRNA-96-5p. MUT-FOXO1 
or WT-FOXO1 was co-transfected with microR-
NA-96-5p into NPCs cells. At 48 h after trans-
fection, luciferase activity was measured using 
a dual luciferase assay system (Promega, USA). 
WT-FOXO1: 5’-AAUCAUGACAGCAAAGUGCCAAA- 
3’, MUT-FOXO1: 5’-AAUCAUGACAGCAAACACGG- 
UUU-3’.

Statistical analysis

Data analysis was performed using GraphPad 
Prism (GraphPad Prism 9.4.0, USA). The mea-
surement data were expressed as mean ± 
standard deviation (SD). Statistical analysis 
was conducted using ANOVA followed by 
Tukey’s post hoc test. P<0.05 was regarded as 
statistically significant. 

Results

Knockdown of microRNA-96-5p alleviated the 
impairment of extracellular matrix (ECM) syn-
thesis and cell viability caused by H2O2

To demonstrate the function of microRNA-
96-5p in NPCs, we first examined microRNA-
96-5p expression in H2O2-treated NPCs. In con-
trast to the control group, microRNA-96-5p 
expression was increased in H2O2-treated NPCs 
(Figure 1A). 

To investigate the action of microRNA-96-5p in 
NPCs, gain-of-function or loss-of-function tests 
were performed by transfecting NPCs with 
microRNA-96-5p overexpression or microRNA-
96-5p inhibitor. RT-qPCR results revealed that 
microRNA-96-5p overexpression and microR-
NA-96-5p inhibitor could upregulate and de- 
crease the expression of microRNA-96-5p, 
respectively (Figure 1B). CCK8 assay revealed 
that NPCs transfected with microRNA-96-5p 
inhibitor showed higher cell viability than inhibi-
tor negative control group, whereas transfec-
tion of microRNA-96-5p mimic showed the 
opposite trend (Figure 1C). Western blot assay 
demonstrated that H2O2 treatment caused a 
reduction in the expression of ECM-associat- 
ed protein (Collagen-2 and Aggrecan), which 
was restored by microRNA-96-5p knockdown 
(Figure 1D). Furthermore, NPCs presented with 
a long spindle shape and grew in a flower for-
mation before H2O2 treatment, whereas H2O2-
treated cells showed more vacuole formation, 
decreased refractivity, and cell shrank (Figure 
1E). However, the cell growth level of the 
microRNA-96-5p knockdown group was better 
and the survival rate was higher, indicating th- 
at microRNA-96-5p knockdown attenuated the 
cytotoxicity to the cells caused by H2O2.

Knockdown of microRNA-96-5p suppressed 
H2O2-induced cell apoptosis

Next, we tested whether microRNA-96-5p was 
associated with H2O2-induced NPCs apoptosis. 
Flow cytometry results revealed that the knock-
down of microRNA-96-5p significantly reduced 
H2O2-induced NPCs apoptosis (Figure 2A). In 
addition, the knockdown of microRNA-96-5p 
decreased Bax and cleaved-caspase3 expres-
sion and increased Bcl-2 expression in H2O2-
treated NPCs. The expression of the Bax pro-
tein is related to the promotion of cell apopto-
sis, while the expression of the Bcl-2 protein is 
more favourable to inhibiting cell apoptosis 
(Figure 2B). Therefore, these results indicate 
that the knockdown of microRNA-96-5p can 
reduce the sensitivity of oxidative-stress-in- 
duced apoptosis.

Knockdown of microRNA-96-5p alleviated 
H2O2-induced oxidative damage

The DCFH-DA staining results revealed that 
H2O2 treatment increased ROS value in NPCs, 
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which was prevented by microRNA-96-5p in- 
hibitor transfection (Figure 3A). It showed that 
the knockdown of microRNA-96-5p inhibited 
the oxidizing reaction in NPCs. The red fluores-
cence of JC-1 decreased, and the green fluores-
cence of JC-1 increased, indicating the loss  
of MMP. Our findings showed that the knock-
down of microRNA-96-5p prevented H2O2-
induced MMP loss (Figure 3B). Furthermore, 

we found that the knockdown of microRNA-
96-5p enhanced the expression of PINK1 and 
Parkin proteins, which are known to be associ-
ated with mitophagy. At the same time, the 
knockdown of microRNA-96-5p also enhanced 
the LC3-II/LC3-I ratio (Figure 3C). Together, 
these results suggested that the knockdown of 
microRNA-96-5p alleviated H2O2-induced oxi-
dative damage.

Figure 1. MicroRNA-96-5p knockdown reduced ECM synthesis in H2O2-treated NPCs. A. NPCs were treated with 
H2O2 (150 µM), and then expression of microRNA-96-5p was examined by qPCR. B. NPCs were transfected with 
mimic-NC (negative control), mimic-96-5p, inhibitor-NC, or inhibitor-96-5p, and then expression of microRNA-96-5p 
was examined by qPCR. C. NPCs were transfected with mimic-NC (negative control), mimic-96-5p, inhibitor-NC, or 
inhibitor-96-5p, and then cell viability was examined by CCK-8/WST-8 assay. D. NPCs were transfected with inhibitor-
NC or inhibitor-96-5p; cells were then treated with H2O2 (150 µM). Protein levels of Collagen-2 and Aggrecan were 
examined by western blot. E. NPCs were transfected with inhibitor-NC or inhibitor-96-5p; cells were then treated with 
H2O2 (150 µM). Cell morphology was detected by a microscope. *P<0.05, ***P<0.001.
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FOXO1 is a direct target of microRNA-96-5p

We used TargetScan (http://genes.mit.edu/tar-
getscan) to predict the potential targets of 
microRNA-96-5p. Our study revealed con-
served binding site(s) of miR-96-5p in 1343 
genes. We focused on FOXO1 as a candidate 
target gene and found that FOXO1 is involved in 
regulating mitosis through the PINK1/Parkin 
pathway [11]. Thus, we investigated the corre- 
lation between microRNA-96-5p and FOXO1 by 
predicting the binding sites of microRNA-96-5p 
in the 3’-UTR of FOXO1 mRNA using the Target- 
Scan database (Figure 4A). In order to further 
verify our hypothesis, we performed a dual-
luciferase reporter assay. The luciferase activi-
ty was inhibited by 73% in cells transfected 
with microRNA-96-5p mimic fused to FOXO1, 
compared to the control group (Figure 4B). 
Furthermore, the protein level of FOXO1 was 
reduced in the microRNA-96-5p overexpres-

sion group, while it was upregulated in the 
microRNA-96-5p inhibitor group (Figure 4C). 
Taken together, these results indicated the 
direct binding of microRNA-96-5p to the 3’-UTR 
of FOXO1.

MicroRNA-96-5p influenced H2O2-induced oxi-
dative damage through targeting FOXO1

Subsequently, we performed rescue experi-
ments to investigate whether FOXO1 is requir- 
ed for microRNA-96-5p to exert its function.  
As anticipated, the overexpression of microR-
NA-96-5p resulted in reduced expression lev-
els of FOXO1, PINK1, Parkin, and the LC3-II/
LC3-I ratio, while knockdown of microRNA-
96-5p led to the opposite effects (Figure 5A). 
After H2O2 treatment, the expressions of FOXO1, 
PINK1, Parkin, and the LC3-II/LC3-I ratio we- 
re decreased in microRNA-96-5p-knockdown-
cells. Nevertheless, overexpression of FOXO1 

Figure 2. MicroRNA-96-5p knockdown in-
hibited apoptosis in H2O2-treated NPCs. 
NPCs were transfected with inhibitor-NC or 
inhibitor-96-5p; cells were then treated with 
H2O2 (150 µM). A. Cell apoptosis was exam-
ined by flow cytometry. B. Protein levels of 
Bax, Bcl-2, and cleaved caspase3 were ex-
amined by western blot. **P<0.01.
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partially reversed these declines (Figure 5B). 
Similar results were obtained when testing for 
apoptosis-associated proteins and flow cytom-
etry analysis of apoptosis (Figure 5C and 5D). 
Furthermore,overexpression of microRNA-96- 
5p resulted in further increased ROS levels, 
while FOXO1 overexpression inhibited this 
effect (Figure 5E). Therefore, these results 
together revealed that microRNA-96-5p en- 
hanced H2O2-induced oxidative damage by sup-
pressing FOXO1 expression.

Discussion

IVDD is considered to be closely associated 
with the apoptosis of NPCs. Our study is based 
on understanding the molecular mechanism of 
NPCs death, which is crucial for the develop-
ment of new methods for IVDD treatment. IVDD 
is caused by a lot of factors, among which 
strong OS can lead to disc cell apoptosis [12]. 
To explore the mechanism of apoptosis induced 
by strong OS, we established an in vitro model 
of OS by exposing NPCs cells to H2O2.

Emerging evidence has demonstrated that 
microRNA-96-5p are closely related to the re- 
gulation of NPC death. Surprisingly, literature 
on the function of microRNA-96-5p in IVDD is 
scarce. In the current study, our results showed 
that H2O2 treatment increased microRNA-96-5p 
expression (Figure 1A). Furthermore, it was 
observed that the apoptotic rate of NPCs upreg-
ulated significantly, and the main effector mol-
ecules of apoptosis including Bax and cleaved-
caspase3, were also significantly upregulated 
in H2O2-treated NPCs, indicating the occurrence 
of apoptosis in NPCs. However, knockdown of 
microRNA-96-5p inhibited H2O2-induced apop-
tosis (Figure 2). Different molecular mecha-
nisms for microRNA-96-5p underlying apopto-
sis have been identified in different cell mod-
els. For example, Li et al. [13] found that 
microRNA-96-5p alleviated malathion-induced 
apoptosis of human kidney cells through regu-
lating the ER stress marker DNA damage induc-
ible transcript 3 (DDIT3). Conversely, Tian et al. 
[14] showed that microRNA-96-5p inhibited  
cell growth and migration and accelerated cell 

Figure 3. MicroRNA-96-5p knockdown alleviated oxidative damage in H2O2-treated NPCs. NPCs were transfected 
with inhibitor-NC or inhibitor-96-5p; cells were then treated with H2O2 (150 µM). A. Intracellular ROS production 
was measured by DCFH-DA assay. B. Mitochondrial membrane potential was measured by JC-1 assays. Magnifica-
tion, 20×; scale bar, 50 μm. C. Protein levels of PINK1, Parkin, and LC3 were examined by western blot. *P<0.05, 
**P<0.01.
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apoptosis of vascular smooth muscle cells 
(VSMCs). IVDD is typically characterized by the 
loss of ECM components such as aggrecan and 
collagen II [15]. ECM is essential for regulating 
survival, morphology and differentiation of 
NPCs. Our study also found a reduction in the 
levels of aggrecan and collagen II in H2O2-
treated NPCs, whereas knockdown of microR-
NA-96-5p increased these proteins level, sug-
gesting that microRNA-96-5p promoted degra-
dation of ECM in NPCs (Figure 1E). 

Scavenging excess ROS production under envi-
ronmental stress is considered to be a promis-
ing method for the treatment of IVDD [16]. Our 
results revealed that H2O2 treatment resulted in 
higher levels of ROS and lower activity of GSH 
and SOD, but the changes were mitigated by 
microRNA-96-5p knockdown (Figure 3). The 
balance of MMP homeostasis is fundamental 
to cell survival, and loss of MMP may cause a 
series of responses that lead to apoptosis [17]. 
It was also revealed that knockdown of microR-
NA-96-5p significantly reduced H2O2-induced 
MMP loss (Figure 3). These data suggested 
that microRNA-96-5p knockdown attenuated 
H2O2-induced mitochondrial dysfunction. OS- 
induced autophagy can clear damaged organ-
elles. An appropriate value of autophagy pro-
tects cells from damage caused by endogenous 
stress, whereas overdose autophagy induces 

apoptosis [18, 19]. Autophagy includes macro-
autophagy, micro-autophagy, chaperone-medi-
ated autophagy, and mitophagy, in which mi- 
tophagy refers to the biological process by 
which cells selectively clear damaged mito-
chondria through autophagy [20]. When mi- 
tophagy occurs, PINK1 accumulates on the 
outer membrane of mitochondria, recruits and 
activates Parkin, which then leads to ubiquiti-
nation of mitochondrial surface proteins [21]. 
Parkin has been shown to be involved in the 
pathogenesis of IVDD and may be a potential 
therapeutic target for IVDD [22]. Moreover, 
Parkin-mediated mitophagy and nuclear factor 
E2-related factor 2 (Nrf2)-mediated antioxidant 
system counteracts the apoptosis induced by 
OS [23]. In this study, the results revealed that 
knockdown of microRNA-96-5p enhanced the 
expression PINK1 and Parkin (Figure 3C), in- 
dicating that microRNA-96-5p is involved in 
PINK1/Parkin-mediated mitophagy. According 
to bioinformatics analyses using TargetScan, 
FOXO1 was suggested to be a potential target 
of microRNA-96-5p (Figure 4A). It was reported 
that FOXO1 promoted mitophagy in diabetic 
mice through modulating PINK1/Parkin path-
way [11]. The current study provides eviden- 
ce demonstrating the negative regulation of 
FOXO1 by microRNA-96-5p (Figure 4). Subse- 
quent rescue experiments revealed the oppos-

Figure 4. FOXO1 is a target of MicroRNA-96-5p. A. Schematics of the putative binding sites of microRNA-96-5p in 
3’UTR of FOXO1. B. Luciferase reporter assay in NPCs co-transfected with microRNA-96-5p mimic, a luciferase re-
porter containing wild-type (WT) FOXO1 3’UTR or a mutant (Mut) version. C. NPCs were transfected with mimic-NC 
(negative control), mimic-96-5p, inhibitor-NC, or inhibitor-96-5p. Protein level of FOXO1 was examined by western 
blot. *P<0.05, **P<0.01, ***P<0.001.
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ing roles of microRNA-96-5p and Foxo1 in the 
regulation of mitophagy and apoptosis in NPCs 
treated with H2O2 (Figure 5). A study reported 
that the expressions of FOXO1 and FOXO3, but 

not Foxo4, were significantly reduced in human 
degenerated discs [24]. Further, Foxo proteins 
are critical regulators of intervertebral disk dur-
ing aging [25]. We deduced that under our 

Figure 5. MiR-298 knockdown regulated mitophagy depended on FOXO1 expression. A. NPCs were transfected 
with mimic-NC (negative control), mimic-96-5p, inhibitor-NC, or inhibitor-96-5p. Protein levels of FOXO1, PINK1, 
Parkin, and LC3 were examined by western blot. B. NPCs were transfected with mimic-NC (negative control), mimic-
96-5p, or pCMV-FOXO1, cells were then treated with H2O2 (150 µM). Protein levels of FOXO1, PINK1, Parkin, and 
LC3 were examined by western blot. C. NPCs were transfected with mimic-NC (negative control), mimic-96-5p, or 
pCMV-FOXO1, and cells were then treated with H2O2 (150 µM). Protein levels of Bax, Bcl-2, and cleaved caspase3 
were examined by western blot. D. NPCs were transfected with mimic-NC (negative control), mimic-96-5p, or pCMV-
FOXO1, and cells were then treated with H2O2 (150 µM). Cell apoptosis was examined by flow cytometry. E. NPCs 
were transfected with mimic-NC (negative control), mimic-96-5p, or pCMV-FOXO1, cells were then treated with H2O2 
(150 μM). Intracellular ROS production was measured by DCFH-DA assay. *P<0.05, **P<0.01, ***P<0.001.
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experimental conditions, H2O2-induced microR-
NA-96-5p expression suppressed Foxo1, lead-
ing to a reduction in mitophagy of NPCs.

However, our study has some limitations. For 
example, although we have performed a series 
of experiments in cell culture, we have not yet 
validated the function of microRNA-96-5p in 
animal models or in clinical settings. Future 
studies should investigate the effects of 
microRNA-96-5p in vivo, which will help to fur-
ther elucidate the role of this miRNA in the reg-
ulation of mitophagy and apoptosis.

In summary, our study demonstrated that 
knockdown of microRNA-96-5p inhibited H2O2-
induced oxidative damage through promoting 
mitophagy. Additionally, microRNA-96-5p regu-
lated mitophagy through targeting Foxo1. The 
present study revealed the molecular mecha-
nisms of OS-induced apoptosis in NPCs. These 
results provide valuable reference data into the 
complicated relationship between microRNA-
96-5p and its downstream target, FOXO1, and 
their respective roles in regulating mitophagy 
and apoptosis. 

Disclosure of conflict of interest

None.

Address correspondence to: Ming Su, Depart- 
ment of Pain, Liuzhou Traditional Chinese Me- 
dical Hospital of Guangxi University of Chinese 
Medicine, Liuzhou, Guangxi, P. R. China. Tel: +86-
13627726060; E-mail: 13877202742@163.com

References

[1] Zheng CJ and Chen J. Disc degeneration im-
plies low back pain. Theor Biol Med Model 
2015; 12: 24.

[2] Feng C, Liu H, Yang M, Zhang Y, Huang B and 
Zhou Y. Disc cell senescence in intervertebral 
disc degeneration: causes and molecular 
pathways. Cell cycle 2016; 15: 1674-1684.

[3] Shamji MF, Setton LA, Jarvis W, So S, Chen J, 
Jing L, Bullock R, Isaacs RE, Brown C and 
Richardson WJ. Proinflammatory cytokine ex-
pression profile in degenerated and herniated 
human intervertebral disc tissues. Arthritis 
Rheum 2010; 62: 1974-1982.

[4] Nasto LA, Robinson AR, Ngo K, Clauson CL, 
Dong Q, St Croix C, Sowa G, Pola E, Robbins 
PD, Kang J, Niedernhofer LJ, Wipf P and Vo NV. 
Mitochondrial-derived reactive oxygen species 
(ROS) play a causal role in aging-related inter-

vertebral disc degeneration. J Orthop Res 
2013; 31: 1150-1157.

[5] Bartel DP. MicroRNAs: genomics, biogenesis, 
mechanism, and function. Cell 2004; 116: 
281-297.

[6] Lu TX and Rothenberg ME. MicroRNA. J Allergy 
Clin Immunol 2018; 141: 1202-1207.

[7] Dong W, Liu J, Lv Y, Wang F, Liu T, Sun S, Liao 
B, Shu Z and Qian J. miR-640 aggravates inter-
vertebral disc degeneration via NF-κB and 
WNT signalling pathway. Cell Prolif 2019; 52: 
e12664.

[8] Zhao K, Zhang Y, Kang L, Song Y, Wang K, Li S, 
Wu X, Hua W, Shao Z, Yang S and Yang C. 
Epigenetic silencing of miRNA-143 regulates 
apoptosis by targeting BCL2 in human inter-
vertebral disc degeneration. Gene 2017; 628: 
259-266.

[9] Iwai N, Yasui K, Tomie A, Gen Y, Terasaki K, 
Kitaichi T, Soda T, Yamada N, Dohi O, Seko Y, 
Umemura A, Nishikawa T, Yamaguchi K, 
Moriguchi M, Konishi H, Naito Y and Itoh Y. 
Oncogenic miR-96-5p inhibits apoptosis by tar-
geting the caspase-9 gene in hepatocellular 
carcinoma. Int J Oncol 2018; 53: 237-245.

[10] Luo X, He X, Liu X, Zhong L and Hu W. miR-96-
5p suppresses the progression of nasopharyn-
geal carcinoma by targeting CDK1. Onco 
Targets Ther 2020; 13: 7467-7477

[11] Li W, Du M, Wang Q, Ma X, Wu L, Guo F, Ji H, 
Huang F and Qin G. FoxO1 promotes mitopha-
gy in the podocytes of diabetic male mice via 
the PINK1/Parkin pathway. Endocrinology 
2017; 158: 2155-2167.

[12] Vo N, Niedernhofer LJ, Nasto LA, Jacobs L, 
Robbins PD, Kang J and Evans CH. An overview 
of underlying causes and animal models for 
the study of age-related degenerative disor-
ders of the spine and synovial joints. J Orthop 
Res 2013; 31: 831-837.

[13] Li S, Yang Y, Shi MH, Wang JF and Ran XQ. miR-
96-5p attenuates malathion-induced apopto-
sis of human kidney cells by targeting the ER 
stress marker DDIT3. J Environ Sci Health B 
2020; 55: 1080-1086.

[14] Tian L, Cai D, Zhuang D, Wang W, Wang X, Bian 
X, Xu R and Wu G. miR-96-5p regulates prolif-
eration, migration, and apoptosis of vascular 
smooth muscle cell induced by angiotensin II 
via targeting NFAT5. J Vasc Res 2020; 57: 86-
96.

[15] Yang Z, Gao XJ and Zhao X. CDMP1 promotes 
type II collagen and aggrecan synthesis of nu-
cleus pulposus cell via the mediation of ALK6. 
Eur Rev Med Pharmacol Sci 2020; 24: 10975-
10983.

[16] Suzuki S, Fujita N, Hosogane N, Watanabe K, 
Ishii K, Toyama Y, Takubo K, Horiuchi K, 
Miyamoto T, Nakamura M and Matsumoto M. 

mailto:13877202742@163.com


Nucleus pulposus cells

4921 Am J Transl Res 2023;15(7):4912-4921

Excessive reactive oxygen species are thera-
peutic targets for intervertebral disc degenera-
tion. Arthritis Res Ther 2015; 17: 316.

[17] Estaquier J, Vallette F, Vayssiere JL and 
Mignotte B. The mitochondrial pathways of 
apoptosis. Adv Exp Med Biol 2012; 942: 157-
183.

[18] Chen JW, Ni BB, Zheng XF, Li B, Jiang SD and 
Jiang LS. Hypoxia facilitates the survival of nu-
cleus pulposus cells in serum deprivation by 
down-regulating excessive autophagy through 
restricting ROS generation. Int J Biochem Cell 
Biol 2015; 59: 1-10.

[19] Chen JW, Ni BB, Li B, Yang YH, Jiang SD and 
Jiang LS. The responses of autophagy and 
apoptosis to oxidative stress in nucleus pulpo-
sus cells: implications for disc degeneration. 
Cell Physiol Biochem 2014; 34: 1175-1189.

[20] Youle RJ and Narendra DP. Mechanisms of mi-
tophagy. Nat Rev Mol Cell Biol 2011; 12: 9-14.

[21] Lazarou M, Sliter DA, Kane LA, Sarraf SA, Wang 
C, Burman JL, Sideris DP, Fogel AI and Youle 
RJ. The ubiquitin kinase PINK1 recruits au-
tophagy receptors to induce mitophagy. Nature 
2015; 524: 309-314.

[22] Zhang Z, Xu T, Chen J, Shao Z, Wang K, Yan Y, 
Wu C, Lin J, Wang H, Gao W, Zhang X and Wang 
X. Parkin-mediated mitophagy as a potential 
therapeutic target for intervertebral disc de-
generation. Cell Death Dis 2018; 9: 980.

[23] Kang L, Liu S, Li J, Tian Y, Xue Y and Liu X. 
Parkin and Nrf2 prevent oxidative stress-in-
duced apoptosis in intervertebral endplate 
chondrocytes via inducing mitophagy and anti-
oxidant defenses. Life Sci 2020; 243: 117244.

[24] Alvarez-Garcia O, Matsuzaki T, Olmer M, 
Masuda K and Lotz MK. Age-related reduction 
in the expression of FOXO transcription factors 
and correlations with intervertebral disc de-
generation. J Orthop Res 2017; 35: 2682-
2691. 

[25] Alvarez-Garcia O, Matsuzaki T, Olmer M, Miyata 
K, Mokuda S, Sakai D, Masuda K, Asahara H 
and Lotz MK. FOXO are required for interverte-
bral disk homeostasis during aging and their 
deficiency promotes disk degeneration. Aging 
Cell 2018; 17: e12800.


