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Abstract 

Background  The microenvironment of intervertebral disc degeneration (IVDD) is characterized by oxidative stress, 
leading to the senescence of nucleus pulposus-derived mesenchymal stem cells (NPMSCs). The purpose of this study 
was to investigate the competitive endogenous RNA mechanism involved in the senescence of NPMSCs induced 
by tert-butyl hydroperoxide (TBHP).

Methods  Bioinformatic analysis identified differentially expressed circRNAs. Interactions among circSPG21, miR-217, 
and the NAD-dependent protein deacetylase sirtuin-1 (SIRT1) were validated through dual-luciferase assays, RNA 
fluorescence in situ hybridization and RNA immune precipitation. β-Gal staining, EdU staining, Western blotting, JC-1 
assays, cell cycle analysis, and quantitative reverse transcription PCR (RT‒qPCR) were used to examine the functions 
of these molecules in TBHP-induced senescent NPMSCs. The therapeutic effects of circSPG21 were evaluated in a rat 
IVDD model.

Results  CircSPG21 expression was significantly decreased in both human and rat IVDD tissues, whereas miR-217 
was upregulated and SIRT1 was downregulated. Overexpression of circSPG21 alleviated NPMSC senescence by reduc-
ing P21 and P53 levels and restoring mitophagy through Parkin. The protective effects of circSPG21 were mediated 
through the miR-217/SIRT1 axis, as SIRT1 knockdown attenuated these benefits. CircSPG21 also ameliorated disc 
degeneration in the IVDD rat model, highlighting its potential as a therapeutic target.

Conclusion  CircSPG21 reduces oxidative stress-induced NPMSC senescence through the miR-217/SIRT1 axis 
and mitophagy, providing new insights into IVDD and identifying circSPG21 as a potential therapeutic target for disc 
degeneration.
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Background
Over the past thirty years, low back pain (LBP) has 
emerged as the leading cause of disability worldwide, 
with an increasing incidence rate that imposes a major 
economic burden on society and families [1]. Interver-
tebral disc degeneration (IVDD) is the primary cause 
of LBP; however, its pathogenic mechanisms remain 
unclear, and effective treatments are lacking. Existing 
treatment methods, including drug therapy or surgery, 
such as posterior lumbar interbody fusion (PLIF), merely 
relieve symptoms and fail to restore the structure and 
function of the intervertebral disc (IVD) [2].

In recent years, mesenchymal stem cells (MSCs), 
including adipose-derived MSCs, bone marrow-derived 
MSCs, and umbilical cord-derived MSCs, have been 
extensively applied in the treatment of degenerative disc 
diseases [3–5]. However, the microenvironment of IVDD 
is unsuitable for the survival of exogenous MSCs [6, 7]. 
In 2007, NPMSCs were first discovered in the nucleus 
pulposus (NP) tissue of human degenerative IVD, provid-
ing a new direction for the etiological study of IVDD [8]. 
Compared with exogenous stem cells, NPMSCs are more 
capable of adapting to the hypoxic and hyperosmotic 
microenvironments of degenerative IVD [6, 7, 9]. Thus, 
the use of NPMSCs is expected to become a novel strat-
egy for treating IVDD.

In the past, it was believed that apoptosis, impaired 
mitophagy and senescence of NP cells (NPCs) were 
the main causes of IVDD, but research on the mecha-
nisms involved in the relationship between NPMSCs 
and IVDD has been lacking [10–12]. The endogenous 
repair ability of degenerative IVDs is achieved by the 
differentiation of NPMSCs into NPCs [9]. With IVDD 
progression, the number of endogenous NPMSCs 
decreases gradually [13, 14]. NPMSCs derived from 
human degenerative IVD exhibit decreased cell pro-
liferation and multilineage differentiation, decreased 
stem cell phenotypic expression, cell cycle arrest and 
increased apoptosis, indicating that the regenera-
tive potential of NPMSCs decreases with increasing 
IVDD [15]. Our previous study revealed that NPM-
SCs derived from degenerative IVD of rats presented 
biological characteristics of cell senescence, such as 
weakened cell proliferation, decreased stemness main-
tenance and increased cell apoptosis [7]. In addition, 
pathological factors such as oxidative stress and annu-
lus fibrosus (AF) rupture can trigger the senescence 
and apoptosis of nuclear NPMSCs, ultimately resulting 

in irreversible IVDD [16, 17]. After simulating the 
degenerative microenvironment with H2O2, we found 
that NPMSCs presented obvious characteristics of cell 
senescence, such as slower cell proliferation, increased 
β-galactosidase (β-gal) activity and upregulated expres-
sion of senescence-related proteins (P16, P21 and p53) 
[18, 19]. The local accumulation of senescent MSCs 
can increase the expression of components associated 
with the senescence-associated secretory phenotypes 
(SASPs),) such as IL-1β, IL-6 and IL-8, which may 
induce the senescence of local normal cells and stem 
cells [20]. In our preliminary study, urolithin A allevi-
ated oxidative stress-induced NPMSCs senescence and 
mitigated IVDD progression in a rat model [19]. In 
follow-up research, we discovered that mitochondrial 
dysfunction in senescent NPMSCs and that promoting 
mitochondrial function can mitigate NPMSCs senes-
cence induced by oxidative stress [21]. Consequently, 
the decreased quantity, impaired function, and senes-
cence of endogenous NPMSCs could be a primary 
cause of challenges in the endogenous repair of IVDD. 
However, the specific mechanisms underlying NPMSCs 
senescence and mitochondrial function remain unclear, 
underscoring the need for further investigation.

CircRNAs feature a closed circular structure without 
5’ and 3’ ends, making them resistant to degradation 
by nucleases such as RNase, and this structure signifi-
cantly increases circRNA stability in both cellular and 
vitro environments, resulting in a longer half-life than 
that of linear RNAs (e.g., mRNAs), thereby extending 
their functional duration in the body [22, 23]. CircR-
NAs contain many microRNA (miRNA) response ele-
ments, which can function as molecular sponges of 
miRNAs to regulate the expression of target genes. This 
characteristic allows circRNAs to regulate the expres-
sion of target genes by acting as competitive endog-
enous RNAs (ceRNAs) at the post-transcriptional level 
[23]. Extensive studies have shown that circRNAs play 
important roles in a variety of pathological processes, 
including regulating cell senescence and mitophagy 
through ceRNAs in degenerative diseases [24, 25]. 
Therefore, circRNAs hold promise as a treatment for 
various diseases, but studies on circRNAs in NPMSCs 
are still limited.

Increasing evidence reveals the role of ceRNAs in the 
pathogenesis of IVDD. Our previous study revealed 
that circRNA-VMA21 could regulate NPCs apopto-
sis by acting as a ceRNA of miRNA-200c and delaying 
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IVDD in  vivo [26]. The overexpression of circERCC2 
can inhibit NPCs apoptosis, whereas an NAD-depend-
ent protein deacetylase sirtuin-1 (SIRT1) inhibi-
tor can block the protective effect of circERCC2 on 
NPCs apoptosis and mitophagy, which suggested that 
circERCC2 can inhibit NPCs apoptosis through the 
miRNA-182-5p/SIRT1 axis [27]. CircFOXP1 is abun-
dant and stable in the cytoplasm of MSCs and acts as 
a ceRNA of miRNA-17-3p and miRNA-127-5p, pro-
moting cell proliferation and differentiation [28]. In 
addition, circSERPINE2 silencing restrains MSCs 
senescence via the YBX3/PCNA/p21 axis [29]. There-
fore, circRNAs could act as ceRNAs of miRNAs to 
regulate the proliferation and differentiation of MSCs 
and to regulate MSCs senescence. However, the role of 
circRNAs in NPMSCs senescence and mitochondrial 
function remains unclear. Therefore, research on the 
senescence mechanism of endogenous NPMSCs will 
help reveal a new pathological mechanism of IVDD and 
provide a theoretical basis for the treatment of IVDD-
related diseases.

In this study, tert-butyl hydroperoxide (TBHP), which 
is widely used to generate an in-vitro-model of senes-
cence, was used to trigger oxidative stress in NPMSCs. 
CircSPG21 (hsa_circ_0003526 in circBase) was selected 
based on bioinformatic analysis, and its role through 
the miR-217/SIRT1 axis in the regulation of NPMSCs 
senescence and puncture-induced IVDD in a rat model 
was explored. This is the first study of circRNA in 
NPMSCs, and regulating circRNA expression in NPM-
SCs may be a potential treatment for IVDD.

Methods
Human NP tissue collection
Human NP tissues were collected from 15 patients who 
underwent PLIF due to IVDD or trauma, with 6 nor-
mal and 9 IVDD samples utilized for NPMSCs isola-
tion and correlation analysis of circSPG21, miR-217 
and SIRT1 expression and Pfirrmann grades through 
quantitative reverse transcription (RT-qPCR) analy-
ses. The magnetic resonance imaging (MRI) grade is 
a 5-point grading system according to the Pfirrmann 
grade, and grades I-II indicate normal tissue, whereas 
grades numerals III-V indicate degenerated tissue [30]. 
The line regression plots were analyzed via regression 
plot tools in Hiplot Pro (https://​hiplot.​com.​cn/), a com-
prehensive web service for biomedical data analysis and 
visualization [31]. All human-related tissues included 
in this study were approved by the Ethics Committee 
of Northern Jiangsu People’s Hospital (2021ky050). 
Patient information is included in Supplementary 
Table 1 (Table S1).

Bioinformatic analysis of circRNAs
CircRNA microarray expression profiles were generated 
from normal and degenerative NP tissues. The dataset 
GSE67566 was obtained from the GEO (https://​www.​
ncbi.​nlm.​nih.​gov/​geo/) database to identify differentially 
expressed circRNAs [32] (Table S2). R (version 4.2.2) was 
used to identify differentially expressed circRNAs among 
groups via using the "Limma" R package. Specifically, vol-
cano plots revealed the differentially expressed circRNAs 
whose expression was downregulated or upregulated. 
Heatmaps representing the differentially expressed cir-
cRNAs across all the samples were generated via the R 
package "heatmap". The predicted targets of circSPG21 
were analysed via the cancer-specific circRNA database 
(CSCD, http://​geney​un.​net/​CSCD2) [33] and CircIn-
teractome tool (bin/circsearchTest) [34], in which miR-
217 was predicted. The target genes of miR-217 were 
predicted via various programs, including TargetScan 
(https://​www.​targe​tscan.​org/​vert_​80) [35], RtarBase 
(https://​mirta​rbase.​cuhk.​edu.​cn/) [36], and miRecords 
(http://​mirec​ords.​umn.​edu/​miRec​ords) [37].

RT‒qPCR
RT-qPCR was used to detect the expression levels of 
RNA in different samples [38, 39]. Total RNA from 
NP tissue and NPMSCs was extracted via TRIzol rea-
gent (Invitrogen, USA) and reverse transcribed via the 
HiScript III 1st Strand cDNA Synthesis Kit (+ gDNA 
wiper) (Vazyme Biotech, China). The primer sequences 
used were designed and synthesized by Sangon Biotech 
(Table  1). Amplification of the cDNA was performed 
via Taq Pro Universal SYBR qPCR Master Mix (Vazyme 
Biotech, China) according to the manufacturer’s instruc-
tions. The expression levels of the target genes were cal-
culated via the 2-∆∆Ct method. The expression levels of 
the circRNAs and mRNAs were normalized to GAPDH, 
whereas those of the miRNAs to U6.

Isolation and culture of NPMSCs
All animal-related operations involved in this study were 
approved by the Animal Ethics Committee of Yang-
zhou University (202,103,427). Sprague–Dawley (SD) 
rats were purchased from the Comparative Medical 
Center of Yangzhou University [Licence No. SCXK (Su) 
2022–0009]. The method for NPMSCs extraction and 
separation was performed as previously described [39, 
40]. NP tissue from SD rat tail IVD was isolated under 
aseptic procedures, finely minced appropriately, placed 
in complete medium containing 0.2% collagenase type 
II (Gibco, USA) and digested in a 37  °C, 5% CO2 incu-
bator for 12  h. After digestion, the obtained cells and 
some incompletely digested tissues were washed twice 
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with phosphate-buffered saline (PBS), filtered through a 
75 μm pore size filter, and centrifuged at 1000 r/minute 
for 5  min. Then, the obtained cells were transferred to 
complete MSCs medium and cultured at 37  °C in a 5% 
CO2 incubator. The culture medium was changed every 
2 days. The cells were passaged at a 1:3 ratio when they 
reached 80% to 90% confluence. The cells at passage 3 
were frozen for subsequent experiments.

Surface marker identification of NPMSCs
Immunofluorescence staining was used to assess the sur-
face markers of the NPMSCs [39, 40]. Cell slides 20 mm 
in diameter pretreated with polylysine were placed in 
12-well plates. NPMSCs were added to complete MSCs 
medium and mixed with gentle shaking. The appropri-
ate amount of cell suspension was then added to the 
12-well plate and incubated at 37 °C in a 5% CO2 incuba-
tor. After the cells were adherent and stable, the medium 
was removed, the cells were washed twice with PBS, fixed 
with 4% paraformaldehyde for 30  min, washed twice 
with PBS containing 0.5% Triton X-100 (15  min each 
time), and blocked with 10% bovine serum albumin for 
1 h at room temperature. The slides were then incubated 
overnight at 4  °C with the following primary antibody 
solutions: anti-CD105 (Proteintech, China), anti-CD90 
(ABclonal, China), anti-CD73 (ABclonal, China), 

anti-CD45 (ABclonal, China), anti-CD34 (ABclonal, 
China) and anti-Tie2 (Biodragon, China) (1:100). The cell 
slides were washed 3 times (5 min each time) with PBS, 
incubated with FITC (Proteintech, China)- or TRITC 
(Proteintech, China) (1:500)-labelled secondary antibody 
solution at room temperature in the dark for 1 h, washed 
3 times (5 min each time) with PBS, and incubated with 
4’,6-diamidino-2’-phenylindole (DAPI) solution contain-
ing antifluorescence quenching sealing solution at room 
temperature in the dark for 10 min. Then, the slides were 
observed and photographed under a fluorescence micro-
scope (Zeiss, Germany). The fluorescence intensity was 
analyzed via ImageJ software.

Multilineage differentiation
For verification of the multidirectional differentia-
tion potential of the NPMSCs, osteogenic, adipogenic 
and chondrogenic differentiation was induced [39, 40]. 
NPMSCs were seeded in 6-well plates and cultured to 
approximately 70%, 100%, and 100% confluence. The 
medium was subsequently replaced with osteogenic, 
chondrogenic, or adipogenic differentiation medium 
(Cyagen, China), and the medium was changed regu-
larly according to the manufacturer’s instructions. After 
the induction period, the medium was removed, and 
the cells were washed three times with PBS, fixed with 

Table 1  Primer sequence summary

Gene Primer sequence-forward Primer sequence-reverse

hsa_circ_0003526 GCA​ATT​CCT​TCA​GTG​ACA​CCT​ GGG​AAC​TGT​ACC​TCT​AAA​CCAGT​

hsa_circ_0082686 CAC​ACT​TCA​TCC​TCA​CCA​CTGA​ CCT​CCC​ATT​TGC​CTC​TAT​CCAA​

hsa_circ_0036763 CAG​AGA​AGA​AAC​AGC​AGT​GCAG​ TGG​AGA​TGT​GTT​CAG​CTT​CGAA​

hsa_circ_0003258 AGT​TCA​TGT​GCC​AGT​GGT​GT TCC​AGA​ATG​CTG​CAA​GGA​GT

hsa_circ_0003183 CGC​CAG​CAT​TCC​AAT​TCC​AA ACG​ACC​TTG​TGA​TGG​AAC​GA

hsa_circ_0072464 CAT​CAA​GAC​AAG​CCA​GCA​GC CGG​ATG​TTA​TCA​GCC​CCT​CC

hsa_circ_0037896 TCC​TGG​GAA​AGC​TGG​AAT​CAG​ AAT​TGG​CAG​CCT​GAT​TGG​TCC​

hsa_circ_0075071 TGT​TCC​CTT​TGC​TGC​CGT​AG TGC​TTT​GAT​CCC​ATC​GAG​GTT​

hsa_circ_0032254 GGT​GGC​TAG​AAG​ACA​TCG​CA AGG​AGT​AGT​GCT​GAG​GGA​GG

hsa_circ_0001345 TGC​GTA​GAT​GTG​CTT​GGG​AGA​AAT​G AAC​ACA​ATG​TGC​ATT​CAC​AGC​CAA​C

h-miR-217 AGC​GAG​GCT​ACT​GCA​TCA​GGA​ ATC​CAG​TGC​AGG​GTC​CGA​GG

h-SIRT1 TAG​CCT​TGT​CAG​ATA​AGG​AAGGA​ ACA​GCT​TCA​CAG​TCA​ACT​TTGT​

h-PPM1D CTG​TAC​TCG​CTG​GGA​GTG​AG GTT​CGG​GCT​CCA​CAA​CGA​TT

h-KRAS ACA​GAG​AGT​GGA​GGA​TGC​TTT​ GCC​TGT​TTT​GTG​TCT​ACT​GTTCT​

h-DACH1 GGG​GCT​TGC​ATA​CGG​TCT​AC CGA​ACT​TGT​TCC​ACA​TTG​CACA​

h-U6 CTC​GCT​TCG​GCA​GCA​CAT​ATACT​ CTC​GCT​TCG​GCA​GCA​CAT​ATACT​

h-GAPDH GGA​GCG​AGA​TCC​CTC​CAA​AAT​ GGC​TGT​TGT​CAT​ACT​TCT​CATGG​

r-circSPG21 ATG​GAC​TGC​AAA​CAG​GGT​TAAC​ CCA​GCA​TCA​TAG​AGT​GAC​CAGAT​

r-miR-217 CTG​GGT​CGT​ATC​CAG​TGC​AA GTC​GTA​TCC​AGT​GCG​TGT​CG

r-SIRT1 TGA​CCT​CCT​CAT​TGT​TAT​TGGG​ GGC​ATA​CTC​GCC​ACC​TAA​CCT​

r-U6 CTC​GCT​TCG​GCA​GCACA​ AAC​GCT​TCA​CGA​ATT​TGC​GT

r-GAPDH CTG​GAG​AAA​CCT​GCC​AAG​TATG​ GGT​GGA​AGA​ATG​GGA​GTT​GCT​
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4% paraformaldehyde for 30 min, and then treated with 
Alizarin Red, Alcian blue, or Oil Red O. At the end of the 
treatment, the cells were washed three times with PBS. 
Finally, the sections were observed and photographed 
under an inverted microscope.

Cell viability assay
For identification of a suitable TBHP concentration to 
establish an oxidative stress-induced senescence model 
of NPMSCs [19, 41], a Cell Counting Kit-8 (CCK-8, Beyo-
time, China) assay was used to evaluate cell viability [42]. 
An appropriate amount of NPMSCs was added to the 
MSCs complete medium and gently shaken to achieve 
a cell density of 2 × 104/mL. One hundred microlitres of 
cell suspension was taken from each well and added to 
a 96-well plate. The cells were cultured at 37  °C in a 5% 
CO2 incubator overnight to ensure that the cells adhered 
to the plate stably. The cells were subsequently treated 
with various concentrations of TBHP (0, 20, 50, 100, 
150, and 200 µM) for different durations (0, 6, 12, 24, and 
48  h). After TBHP treatment, a CCK-8 assay was used 
to determine cell viability in different treatment groups 
according to the manufacturer’s instructions. The optical 
density (OD) values were read at 450 nm via a microplate 
reader (Bio-Rad, USA). The cell viability was calculated 
as follows: cell viability (of control) = [(Ae-Ab)/(Ac-Ab)]. 
Ae, Ab, and Ac represent the OD values of the TBHP 
treatment, blank and control groups, respectively.

Cell proliferation assay
A 5-ethynyl-2’-deoxyuridine (EdU) cell proliferation kit 
with Alexa Fluor 488 (Beyotime, China) was used to eval-
uate the cell proliferative capacity of the NPMSCs [43]. 
NPMSCs (5 × 104 cells/well) were seeded in a 6-well plate 
and cultured in a 37 °C and 5% CO2 incubator. When sta-
bly adhered to the plate, the cells in the different groups 
were treated according to the manufacturer’s instruc-
tions. After incubation with EdU for 2  h, the NPMSCs 
were fixed with 4% paraformaldehyde for 15 min at room 
temperature, washed three times (5 min each time) with 
PBS, permeabilized with 0.5% Triton X-100 for 15  min, 
and washed twice (5 min each time) with PBS. The cells 
were subsequently incubated for 30  min at room tem-
perature in the dark with click additive solution. The cells 
were then washed three times (5  min each time) with 
PBS and incubated with Hoechst 33,342 in the dark at 
room temperature for 10  min. Six random microscopic 
fields were subsequently observed and paragraphed 
under a fluorescence microscope and analyzed via ImageJ 
software.

Senescence‑associated β‑galactosidase (SA‑β‑Gal) staining
A SA-β-Gal staining kit (Beyotime, China) was used 
to evaluate the SA-β-Gal activity of the NPMSCs [44]. 
NPMSCs were seeded in a 6-well plate at a density of 
4 × 104 cells/well and incubated at 37  °C with 5% CO2 
overnight. The cells were then treated following the man-
ufacturer’s instructions after treatment. In brief, the cell 
culture medium was removed, the cells were washed with 
PBS twice (5 min each), SA-β-Gal fixative was added, and 
the cells were fixed for 15  min. After the samples were 
washed with PBS twice (5  min each time), SA-β-Gal 
staining solution was added, the samples were sealed 
with plastic wrap, and they were incubated at 37 °C with-
out CO2 overnight. Six random microscopic fields were 
observed via fluorescence microscopy and then analysed 
via ImageJ software.

Cell transfection
The plasmid was designed by Shanghai Genechem. NPM-
SCs (5 × 105 cells/well) were seeded in 6-well plates and 
transfected with circSPG21, circSPG21-mut, miR-217-in-
hibitor, NC-inhibitor, SIRT1-shRNA and NC-shRNA 
via the Lipofectamine 3000 Transfection Kit (Thermo, 
USA) according to the manufacturer’s instructions [45]. 
Briefly, cells were first seeded at 70–90%. Lipofectamine 
3000 Reagent was diluted in Opti-MEM (Thermo, USA) 
and mixed well. The Prepare master mixture of the plas-
mid was prepared by diluting the plasmid in Opti-MEM, 
after which P3000 Reagent was added. The diluted plas-
mid was added to diluted Lipofectamine 3000 Reagent 
(1:1 ratio). The mixture was incubated for 10–15 min at 
room temperature, after which the plasmid‒lipid com-
plex was added to the cells. After 12 h of transfection, the 
medium was replaced with fresh complete medium, and 
the NPMSCs were cultured for an additional 24 h before 
being harvested for further experiments.

Cell cycle assay
The cell cycle phases of the NPMSCs were determined 
via flow cytometric analyses with a Cell Cycle Detection 
Kit (Keygen, China) [21]. NPMSCs from each group were 
collected from a 6-well plate and treated according to the 
manufacturer’s instructions. The cells were collected by 
washing with PBS, the cell concentration was adjusted 
to 1 × 106 cells/mL, the cell suspension was centrifuged, 
the supernatant was discarded, and 70% cold ethanol 
was added overnight for fixation at 4 °C. The fixative was 
washed away with PBS, the staining solution was added, 
and the samples were incubated in the dark at room 
temperature for 60 min. The cell cycle phases were then 
measured via flow cytometry (BD Company, USA) [46].
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JC‑1 assay for determining the mitochondrial membrane 
potential (MMP)
The MMP of NPMSCs in the different groups of 6-well 
plates was determined via the use of the fluorescent 
probe iodide 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylben
zimidazolcarbocyanine (JC-1) detection kit (Beyotime, 
China) according to the manufacturer’s instructions [19, 
47]. After treatment, normal NPMSCs emit red fluores-
cence, and cells with damaged mitochondria emit green 
fluorescence. The culture medium was discarded, the 
cells were washed once with PBS, cell culture medium 
and JC-1 staining solution were added, and the mixture 
was mixed well. The cells were incubated in a cell incu-
bator at 37 °C for 20 min. After incubation, the superna-
tant was removed, and the cells were washed twice with 
JC-1 staining buffer. Six random microscopic fields were 
observed by fluorescence microscopy to detect fluores-
cence and photograph. The ratio of green to red fluores-
cence intensity was analyzed via ImageJ software.

RNA fluorescence in situ hybridization (FISH)
Passage 3 NPMSCs were seeded on coverslips and used 
to perform FISH [48]. Blue fluorescence (DAPI), green 
fluorescence (TYR-488, Invitrogen, USA) and red fluores-
cence (TYR-651, Invitrogen, USA) indicated the nucleus, 
circSPG21 and miR-217, respectively. The samples were 
fixed with 4% paraformaldehyde for 30  min and then 
washed twice with PBS. The mixture was incubated with 
permeabilization solution for 15 min. The probe was pre-
pared by dissolving it in hybridization buffer (Phenom-
enex, China) and applying it to the samples. The mixture 
was incubated at 37 °C for 4 h overnight. After hybridiza-
tion, the cell coverslips were placed in 2 × Saline-Sodium 
Citrate (SSC; Phenomenex, China) solution and washed 

at 37 °C for 5 min. The mixture was transferred to 1 × SSC 
solution and washed again at 37 °C for 5 min, followed by 
a final wash in 0.2 × SSC at 37 °C for 5 min. After the cell 
nuclei were counterstained with DAPI, the slides were 
mounted with antifade mounting medium. The images 
were then acquired under a fluorescence microscope.

RNA immunoprecipitation (RIP) assay
RIP assays were performed via an RNA-binding protein 
immunoprecipitation kit (Millipore, USA) according to 
the manufacturer’s instructions [49]. In brief, magnetic 
beads were first mixed with anti-Ago antibody or anti-
IgG antibody (Abcam, USA), and then, the NPMSCs 
were dissolved in RNA lysis buffer. The lysates were then 
added to the beads, mixed and incubated overnight at 
4 °C. After centrifugation, the supernatant was discarded, 
and the beads were rinsed twice with low-salt rinse solu-
tion (1  mmol/l MgCl2, 0.05% NP40, 2  mmol/l EDTA, 
1 mmol/l DTT, and 100 U/ml RNasin ribonidase inhibi-
tor) and high-salt rinse solution (300  mmol/l NaCl) at 
4 °C. Then, the beads were resuspended in Proteinase K 
solution and incubated at 55 °C for 10 min. The RNA was 
extracted via the TRIzol method and purified for further 
RT‒qPCR analysis. Relative enrichment was normalized 
to the input.

Dual‑luciferase reporter assay
The Dual-Luciferase reporter assay was used to deter-
mine the binding ability of circSPG21 to miR-217 and 
miR-217 to SIRT1[50]. The TargetScan Human database 
[35] (https://​www.​targe​tscan.​org/​vert_​80/) was used to 
predict the complementary binding site of miR-217 in 
circSPG21 and miR-217 in the 3’-UTR of SIRT1 mRNA. 
The plasmid was designed by Shanghai Genechem. 

Fig. 1  Analysis of circSPG21-miR-217-SIRT1 interactions in human and rat models of IVDD. A Volcano plot of differentially expressed circRNAs 
between normal and degenerative nucleus pulposus (NP) tissues, with significant upregulation and downregulation represented by red and blue 
dots, respectively. The vertical line corresponds to 2.0-fold upregulation between degenerative samples and controls, and the horizontal line 
represents an adjusted P value of 0.01. B Heatmap of differentially expressed circRNAs, highlighting circSPG21 (hsa_circ_0003526) prominently 
among the altered circRNAs. The red color indicates the degree of the upregulation in degenerated tissue while the green color indicates 
the degree of downregulation. RTarBase, miRecords, and TargetScan. C The result of the intersection of miRNAs (miR-217) predicted to bind 
with circSPG21 from CSCD and Interactome is displayed in the Venn diagram, revealing one intersecting miRNA. D The intersection of target genes 
(PPM1D, SIRT1, KRAS and DACH1) predicted to bind with miR-217 from RTarBase, miRecords, and TargetScan is displayed in the Venn diagram. E 
Predicted miRNA interaction network of circSPG21 based on CSCD and interactome analyses. All predicted miRNAs are displayed, with orange 
highlighting the circSPG21/miR-217/SIRT1 axis, which was further validated and investigated in this study. The top ten downregulated circRNAs 
in degenerative tissues and the four target genes are also shown. F Representative sagittal T2-weighted MRI images of human NP tissues displaying 
varying Pfirrmann grades (I-V), demonstrating different levels of disc degeneration. G–I The regression plots of the circSPG21 (G), miR-217 
(H), and SIRT1 (I) expression levels in human NP tissues with different grades of degeneration, n = 3. The distribution of values is represented 
by the blue dots, and the trend line is represented by the blue line. J T2-weighted MRI and haematoxylin and eosin (HE, scale bar, 1 mm), stained 
histological images comparing the normal and IVDD groups of rats, confirming the establishment of the IVDD rat model. The data are expressed 
as the mean ± SD; *P < 0.05, **P < 0.01 indicates statistical significance, n = 6. K‒M RT‒qPCR analysis showing expression levels of circSPG21 (K), 
miR-217 (L), and SIRT1 (M) in the NP tissues from the control and IVDD group, with expression patterns mirroring those observed in human samples. 
The data are expressed as the mean ± SD; *P < 0.05, **P < 0.01 indicates statistical significance, n = 6

(See figure on next page.)
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NPMSCs (1 × 105 cells/well) were seeded in 96-well plates 
and cotransfected with circSPG21, circSPG21-mutant 
(circSPG21-mut), miR-217, or SIRT1 3’-UTR wild-type 
plasmid or mutant plasmid with the miR-217-5p mimic 
or mimic control according to the Lipofectamine 3000 
Transfection protocol. After 48 h, luciferase activity was 
measured with a dual-luciferase reporter assay kit (Bey-
otime, China) according to the manufacturer’s instruc-
tions. The cell culture plate was removed and incubated 
at room temperature for 10 min. Dual-Lumi firefly lucif-
erase assay reagent or Renilla luciferase assay reagent 
(100 μL per well) was added and mixed thoroughly. The 
mixture was incubated at room temperature for 10 min, 
after which a microplate reader was used for chemilumi-
nescence detection.

Western blot analysis
Western blot analysis was used to detect the expression 
levels of proteins in different samples [51]. After dif-
ferent treatments, total cellular protein was extracted 
according to the manufacturer’s instructions (Whole 
Cell Lysis Assay Kit, Keygen Biotech, China) and quanti-
fied via the BCA method (Enhanced BCA Protein Assay 
Kit, Beyotime, China). Equal amounts of protein samples 
(30–40 μg) from each group were separated via sodium 
dodecyl sulphate‒polyacrylamide gel electrophoresis 
(SDS‒PAGE). After electrophoresis, the proteins in the 
gel were transferred to polyvinylidene difluoride (PVDF) 
membranes in an ice bath. The membranes were then 
blocked with 5% skim milk for 2  h at room tempera-
ture. At the end of blocking, the membranes were then 
incubated overnight at 4  °C at the appropriate concen-
trations of primary antibody solution: GAPDH (1:1000; 
Servicebio, China), P21 (1:1000; Proteintech, China), 
P53 (1:5000; Abcam, UK), Parkin (1:1000; Proteintech, 
China), PTEN-induced putative kinase 1 (PINK1, 1:1000; 
Proteintech, China), and SIRT1 (1:1000; Abcam, UK). At 
the end of the incubation, the membranes were washed 3 
times with 1 × TBST for 15 min each time on a shaker at 

room temperature and then incubated for one hour with 
horseradish peroxidase (HRP)-labelled secondary anti-
body solution (1:5000; Abcam, UK) on a shaker at room 
temperature. Afterwards, the membranes were washed 
another 3 times. Finally, an enhanced chemiluminescence 
system was used to obtain protein band images, and 
ImageJ software was used to analyse the relative expres-
sion of target proteins in each protein sample.

Rat IVDD model induction and lentivirus injection
The lentivirus with green fluorescent protein (GFP) was 
designed by Shanghai Genechem. The steps are simplified 
as follows [52, 53]. A linearized vector was obtained via 
using restriction enzyme digestion. The target gene frag-
ment was prepared via RT-qPCR amplification. When the 
amplification primers are designed, homologous recom-
bination sequences are added at the 5’ end for target gene 
fragment amplification. The terminal sequences at the 5’ 
and 3’ ends of the amplification product exactly match 
those of the linearized cloning vector. A reaction system 
with the linearized vector and amplified gene product 
was created for the recombination reaction, achieving 
in vitro circularization of the vector and gene fragment. 
The recombination product was then transformed, and 
the correct bacterial clone was expanded and extracted to 
yield high-purity plasmids for downstream viral packag-
ing. Validation of lentiviral expression in cells and NP tis-
sue is shown in Fig. S1A.

Healthy rats (3–4  months old, weighing 300–400  g) 
were used for cell extraction and subsequent animal 
experiments. Twenty-four SD rats were randomly divided 
into four groups via a random number generator (n = 6 
per group): the Con group (no operation), IVDD group 
(punctured), IVDD + circSPG21 group (punctured and 
injected with lentivirus circSPG21), and IVDD + circ-
SPG21-mut group (punctured and injected with lentivi-
rus circSPG21-mut). Briefly, the rats in the IVDD group, 
IVDD + circSPG21 group and IVDD + circSPG21-mut 
group were anaesthetized via an intraperitoneal injection 

(See figure on next page.)
Fig. 2  Characterization of NPMSCs and establishment of the TBHP-induced cell senescence model. A Measurements of surface markers (CD73, 
CD90, CD105 and Tie2) detected by fluorescence staining and differentiation assays (osteogenic, adipogenic, and chondrogenic) of NPMSCs. 
Green fluorescence indicates CD34, CD45, and CD73, while red fluorescence indicates CD90, CD105, CD73, and Tie2 (scale bar, 250 µm). Alizarin 
Red, Oil Red O, and Alcian blue staining were positive after induced differentiation of NPMSCs (scale bar, 250 µm). B CCK-8 assays of NPMSCs 
treated with varying concentrations of TBHP (0, 20, 50, 100, 150, and 200 µM) for different durations (0, 6, 12, 24, and 48 h). The data are expressed 
as the mean ± SD; *P < 0.05, **P < 0.01 indicates statistical significance, n = 6. C SA-β-Gal staining of NPMSCs in the control group and TBHP 
group (scale bar, 250 µm). Senescent cells exhibit blue-stained high expression of SA-β-Gal. D EdU assays of NPMSCs of different groups (scale 
bar, 250 µm). Green fluorescence represents cells in a proliferating state, and blue fluorescence represents cell nuclei. E Quantitative analysis 
of the SA-β-Gal staining results. The data are expressed as the mean ± SD; *P < 0.05, **P < 0.01 indicates statistical significance, n = 6. F Quantitative 
analysis of the EdU results. The data are expressed as the mean ± SD; *P < 0.05, **P < 0.01 indicates statistical significance, n = 6. G–I RT‒qPCR 
of circSPG21 (G), miR-217 (H), and SIRT1 (I) levels in NPMSCs in the different groups. The data are expressed as the mean ± SD; *P < 0.05, **P < 0.01 
indicates statistical significance, n = 6. (J): Flow diagram presenting the main plan and process of the cell experiments
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of 0.1  mg/kg pentobarbital sodium and placed in the 
prone position. The target disc (Co 6–7) was positioned 
and marked, the puncture site was sterilized, and the 
target disc was percutaneously punctured with a 21G 
fine needle under sterile conditions (puncture depth of 
5 mm, rotated 180° after insertion, and held in place for 
5 s) [54]. Two weeks after the puncture, 2 µl of lentivirus 
circSPG21 (1E + 8TU/mL) or lentivirus circSPG21-mut 
(1E + 8TU/mL) was injected into the puncture disc in the 
IVDD + circSPG21 group or the IVDD + circSPG21-mut 
group, respectively, via a 31G fine needle.

Imaging evaluation and histological analysis
Before modelling and 4  weeks after lentivirus injection, 
the rats were anaesthetized with pentobarbital sodium, 
after which X-rays and MR images of the caudal verte-
brae were taken. The disc height index (DHI) and Pfir-
rmann grade of IVDD were calculated according to 
methods reported previously [55]. After the last imaging 
examination, the rats were sacrificed with an overdose 
of pentobarbital sodium, and the tails were harvested. 
The specimens were fixed in 10% neutral formalin fixa-
tive for 48  h, decalcified in EDTA decalcification solu-
tion for 1 month, dehydrated with gradient alcohol, and 
finally embedded in paraffin. The samples were sectioned 
into 5 μm thick slices, which were subsequently stained 
with haematoxylin–eosin (HE) and safranin O-fast green 
in accordance with the manufacturer’s instructions. His-
tological scoring was performed as described previously 
[56]. This histologic score ranges from 3 to 15. Higher 
scores indicate more severe degeneration.

Statistical analysis
The data were expressed as the means ± SDs. Data analy-
sis was performed with GraphPad Prism 8 (GraphPad, 
La Jolla). Differences between two groups were tested for 
statistical significance via using Student’s t test, whereas 

multiple independent groups were tested via one-way 
analysis of variance (ANOVA). The Kruskal‒Wallis H 
test was used to analyse the histological scores. The 
quantitative data are expressed as the means ± SDs. A P 
value < 0.05 was considered statistically significant.

The work has been reported in line with the ARRIVE 
guidelines 2.0.

Results
Prediction and validation of circSPG21‑miR‑217‑SIRT1 
interactions
Bioinformatic analysis was utilized to identify differen-
tially expressed circRNAs between normal and degen-
erative NP tissues via the microarray dataset GSE67566 
from the Gene Expression Omnibus (GEO) database. 
Upregulated and downregulated circRNAs in degenera-
tive tissues were visualized in a volcano plot (Fig.  1A), 
with significant changes represented by red and blue 
dots. The heatmap (Fig.  1B) highlights the expression 
levels of circRNAs, with a particular emphasis on circ-
SPG21 (also known as hsa_circ_0003526 in CircBase), 
whose difference between normal and degenerative tis-
sues is the most significant among the top ten downregu-
lated circRNAs (Fig.  S1B). Venn diagrams were used to 
illustrate the overlap of miRNAs associated with differ-
entially expressed circRNAs across multiple databases. 
miR-217 was uniquely identified in both the CSCD and 
Interactome databases (Fig.  1C). The predicted target 
genes, including PM1D, SIRT1, KRAS, and DACH1, were 
common across RTarBase, miRecords, and TargetScan 
(Fig. 1D). For the four genes, the difference in the mRNA 
levels of SIRT1 between normal and degenerative tissues 
was the most pronounced (Fig.  S1C). The network dia-
gram (Fig. 1E) displays interactions between circSPG21, 
associated miRNAs, and their potential target genes. 
Sagittal T2-weighted MRI images of human NP tissue 
samples corresponding to Pfirrmann grades I through 

Fig. 3  Upregulation of CircSPG21 alleviates TBHP-induced senescence in NPMSCs. A SA-β-Gal staining of NPMSCs from different groups (control, 
TBHP, TBHP + circSPG21, and TBHP + circSPG21-mut), showing senescent cells with blue-stained high SA-β-Gal expression (scale bar, 250 µm). B EdU 
assays of NPMSCs from different groups, where green fluorescence represents cells in a proliferating state and blue fluorescence indicates the cell 
nuclei (scale bar, 250 µm). C Quantitative analysis of EdU results, indicating changes in the proliferation rate among different groups. The data are 
expressed as the mean ± SD; *P < 0.05, **P < 0.01 indicates statistical significance, n = 6. D, J Western blot analysis and quantitative results showing 
the expression levels of the senescence- and mitophagy-associated proteins SIRT1, P21, P53, PINK1, and Parkin in NPMSCs across different groups, 
highlighting the effects of circSPG21 cotreatment. The data are expressed as the mean ± SD; *P < 0.05, **P < 0.01 indicates statistical significance, 
n = 6. Full-length blots/gels are presented in the Supplementary materials E, F Cell cycle analysis results of NPMSCs from different groups, illustrating 
the distribution of cells in various phases and the impact of circSPG21 on cell cycle arrest induced by TBHP. G0/G1 phase cells are represented 
by purple, S phase cells are represented by yellow, and G2/M phase cells are represented by green. G Fluorescence-based assessment of MMP 
in NPMSCs from different groups using JC-1 staining (scale bar, 50 µµm). Red fluorescence indicates mitochondrial aggregates (JC-1 aggregates), 
and green fluorescence indicates monomeric JC-1, reflecting MMP depolarization. H Quantitative analysis of JC-1 staining results, demonstrating 
changes in the MMP across different treatment groups. The data are expressed as the mean ± SD; *P < 0.05, **P < 0.01 indicates statistical 
significance, n = 6. I Quantitative analysis of SA-β-Gal staining, showing the percentage of senescent cells in each group. The data are expressed 
as the mean ± SD; *P < 0.05, **P < 0.01 indicates statistical significance, n = 6

(See figure on next page.)
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V (Fig.  1F) revealed varying disc morphologies and sig-
nal intensities, reflecting the variation in the severity of 
disc degeneration. Correlation analysis of these images 

and tissue samples revealed significant negative correla-
tions between circSPG21 expression and the Pfirrmann 
grade (Fig.  1G), whereas the expression of miR-217 

Fig. 3  (See legend on previous page.)



Page 12 of 25Zhang et al. Stem Cell Research & Therapy           (2025) 16:49 

was positively correlated (Fig.  1H). The expression of 
SIRT1 was negatively correlated with the Pfirrmann 
grade (Fig.  1I), indicating that its reduction was associ-
ated with more severe degeneration. These findings were 
validated in a rat model of IVDD. MRI and HE-stained 
histological images (Fig.  1J) confirmed the successful 
establishment of the IVDD model, as evidenced by the 
observed degenerative changes. The results mirrored 
those in human samples, with significantly decreased 
levels of circSPG21 (Fig. 1K), increased levels of miR-217 
(Fig. 1L), and decreased levels of SIRT1 (Fig. 1M) in the 
IVDD group compared with those in the control group. 
The expression of the top ten downregulated circRNAs 
between NPMSCs from normal and degenerative tissues 
was shown in Fig.  S1D, with circSPG21 being the most 
significant.

Isolation and characterization of NPMSCs and validation 
of the TBHP‑induced cell senescence model
Immunofluorescence analysis was performed to identify 
surface markers of isolated NPMSCs. The cells exhibited 
strong positive staining for the MSCs markers CD90, 
CD105, and CD73, as well as the NP cell marker Tie2, 
confirming their mesenchymal and NP origin (Fig.  2A). 
These cells were negative for CD34 and CD45, as indi-
cated by the lack of significant fluorescence. The cells 
isolated from the rat coccygeal IVD displayed a long 
spindle shape. To assess the multipotency of the NPM-
SCs, we conducted differentiation assays to induce oste-
ogenic, adipogenic, and chondrogenic differentiation 

(Fig.  2A). Osteogenic differentiation was confirmed by 
Alizarin Red staining for calcium deposits, adipogenic 
differentiation by Oil Red O staining for lipid droplets, 
and chondrogenic differentiation by Alcian blue staining 
for glycosaminoglycans. These results demonstrated that 
the NPMSCs could differentiate into multiple lineages, 
confirming their multipotent capacity in accordance 
with the standards proposed by the International Soci-
ety for Cellular Therapy (ISCT). The CCK-8 assay results 
(Fig.  2B) revealed a dose- and time-dependent decrease 
in cell viability with increasing TBHP concentration. 
Significant reductions in cell viability were observed 
at 100  µM after 24  h, which was chosen as the optimal 
concentration for inducing cell injury in subsequent 
experiments. TBHP treatment significantly increased 
the percentage of SA-β-Gal-positive cells, indicating 
increased cellular senescence (Fig. 2C, E). Concurrently, 
the percentage of EdU-positive cells decreased mark-
edly, reflecting reduced proliferation in the senescence 
model (Fig. 2D, F). These findings confirmed the success-
ful establishment of the TBHP-induced cell senescence 
model. RT‒qPCR analysis revealed that TBHP treatment 
significantly reduced circSPG21 expression (Fig.  2G), 
increased miR-217 levels (Fig. 2H), and decreased SIRT1 
expression (Fig.  2I) in NPMSCs. NPMSCs were iso-
lated from the tails of SD rats with healthy IVDs. FISH 
analysis, dual-luciferase assays and RIP demonstrated 
the binding abilities of circSPG21 with miR-217 and of 
miR-217 with SIRT1. For analysis of the functional impli-
cations of these interactions, the cells were divided into 

(See figure on next page.)
Fig. 4  Downregulation of miR-217 mitigates TBHP-induced senescence in NPMSCs. A FISH analysis showing the localization of circSPG21 
and miR-217 in NPMSCs. Blue fluorescence indicates the nucleus, green fluorescence marks circSPG21, and red fluorescence indicates miR-217, 
with both molecules predominantly located in the cytoplasm (scale bar, 250 µm). B RIP assay demonstrating the binding of circSPG21 and miR-217 
to the Ago2 protein, suggesting a functional interaction between these molecules. The data are expressed as the mean ± SD; *P < 0.05, **P < 0.01 
indicates statistical significance, n = 6. C The binding sites of miR-217 with circSPG21, predicted by TargetScan, are represented by the bold base 
sequences. Dual-luciferase assays of NPMSCs transfected with miR-217 and luciferase constructs of circSPG21, which contained either wild-type 
or mutated miR-217 binding sites, confirmed the direct targeting of circSPG21 by miR-217. The data are expressed as the mean ± SD; *P < 0.05, 
**P < 0.01 indicates statistical significance, n = 6. D EdU assay of NPMSCs from different groups (control, TBHP, TBHP + miR-217-inhibitor, 
and TBHP + NC-inhibitor), where green fluorescence represents proliferating cells and blue fluorescence marks the nuclei (scale bar, 250 µm). E 
Quantitative analysis of EdU results, demonstrating the effects of the miR-217 inhibitor on proliferation of the TBHP-treated NPMSCs. The data are 
expressed as the mean ± SD; *P < 0.05, **P < 0.01 indicates statistical significance, n = 6. F SA-β-Gal staining of NPMSCs from different groups (scale 
bar, 250 µm), showing blue-stained senescent cells with high SA-β-Gal expression. G Quantitative analysis of SA-β-Gal staining results, indicating 
reduced senescence in the miR-217-inhibitor treated cells. The data are expressed as the mean ± SD; *P < 0.05, **P < 0.01 indicates statistical 
significance, n = 6. H, I Cell cycle analysis of NPMSCs from different groups, illustrating changes in cell cycle distribution, particularly the reduction 
in G2/M phase arrest with miR-217 inhibitor treatment. G0/G1 phase cells are represented by purple, S phase cells are represented by yellow, 
and G2/M phase cells are represented by green. The quantitative data are expressed as the mean ± SD; *P < 0.05, **P < 0.01 indicates statistical 
significance, n = 6. J JC-1 staining results assessing MMP in different groups (scale bar, 50 µm), with red fluorescence representing mitochondrial 
aggregates (JC-1 aggregates) and green fluorescence indicating the monomeric form, reflecting MMP status. K Quantitative analysis of JC-1 
staining, showing the impact of the miR-217 inhibitor on the mitochondrial membrane potential. The data are expressed as the mean ± SD; 
*P < 0.05, **P < 0.01 indicates statistical significance, n = 6. L, M Western blot analysis and quantitative results of the protein expression levels 
of SIRT1, P21, P53, PINK1, and Parkin in different groups, demonstrating the protective effect of the miR-217 inhibitor against TBHP-induced 
changes. The data are expressed as the mean ± SD; *P < 0.05, **P < 0.01 indicates statistical significance, n = 6. Full-length blots/gels are presented 
in the Supplementary materials
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four experimental sections, with each section contain-
ing six dishes assigned via random number generation. 
Sect.  "Background" describes the experimental groups 
(control, TBHP, TBHP + circSPG21, and TBHP + circ-
SPG21-mut) and aims to demonstrate that the upregula-
tion of circSPG21 alleviates TBHP-induced senescence in 
NPMSCs. Sect. "Methods" consists of the control, TBHP, 
TBHP + miR-217-inhibitor, and TBHP + NC-inhibitor 
groups, with a focus on the protective role of miR-217 
downregulation against TBHP-induced senescence in 
NPMSCs. Sect.  "Results" includes TBHP + circSPG21, 
TBHP + circSPG21 + SIRT1-shRNA, and TBHP + circ-
SPG21 + NC-shRNA and examines the critical inter-
action between circSPG21 and SIRT1 in mitigating 
TBHP-induced senescence, with SIRT1 serving as a key 
mediator of the protective effects of circSPG21. Finally, 
Sect.  "Discussion" comprises TBHP + miR-217-inhib-
itor, TBHP + miR-217-inhibitor + SIRT1-shRNA, and 
TBHP + miR-217-inhibitor + NC-shRNA, validating the 
role of SIRT1 as a key mediator in the protective effects 
of miR-217 inhibition against oxidative stress-induced 
cellular senescence and dysfunction. For analysis of these 
interactions, β-galactosidase staining, EdU staining, 
Western blotting, JC-1 assays, and cell cycle analysis were 
conducted on the above-mentioned samples (Fig. 2J).

The upregulation of circSPG21 alleviated TBHP‑induced 
senescence in NPMSCs
SA-β-Gal staining was used to assess cellular senes-
cence. CircSPG21 cotreatment reduced the percentage 
of SA-β-Gal-positive cells, demonstrating its protective 
role (Fig.  3A, I). EdU staining revealed that circSPG21 
cotreatment partially restored the proliferation of NPM-
SCs (Fig.  3B, C). Cell cycle analysis revealed that circ-
SPG21 significantly reduced the proportion of NPMSCs 
arrested in the G2/M phase under TBHP-induced oxida-
tive stress (Fig.  3E, F). The MMP was assessed by JC-1 
staining, which revealed that TBHP caused MMP depo-
larization, as indicated by reduced red and increased 

green fluorescence. CircSPG21 cotreatment partially 
preserved the MMP (Fig.  3G, H). Western blot analysis 
confirmed that circSPG21 cotreatment partially restored 
SIRT1 levels, reduced the expression of the senescence-
associated proteins P21 and P53, and restored the levels 
of the mitophagy-related protein Parkin, highlighting the 
protective role of circSPG21 against cell senescence and 
its ability to modulate mitophagy in NPMSCs (Fig. 3D, J).

Downregulation of miR‑217 mitigated TBHP‑induced 
senescence in NPMSCs
The subcellular localization of circSPG21 and miR-217 
was analyzed to infer their functional interaction. FISH 
analysis revealed that both circSPG21 and miR-217 are 
present in the cytoplasm, suggesting potential interac-
tions within this cellular compartment (Fig.  4A). RIP 
assays further demonstrated the binding of circSPG21 
and miR-217 to the Ago2 protein, indicating a regula-
tory relationship (Fig.  4B). The dual-luciferase assay 
confirmed that miR-217 directly targets circSPG21, 
highlighting its involvement in senescence regulation 
(Fig. 4C). EdU staining revealed that the miR-217 inhibi-
tor restored NPMSCs proliferation in TBHP-treated 
cells, confirming that downregulation of miR-217 miti-
gated TBHP-induced cell senescence (Fig.  4D, E). Con-
sistently, SA-β-Gal staining indicated that the miR-217 
inhibitor reduced TBHP-induced cell senescence (Fig. 4F, 
G). Cell cycle analysis further revealed that the miR-217 
inhibitor alleviated the G2/M phase arrest caused by 
TBHP (Fig.  4H, I). Additionally, JC-1 staining revealed 
that the miR-217 inhibitor preserved the MMP by pre-
venting depolarization (Fig. 4J, K). Western blot analysis 
confirmed that compared with TBHP, the miR-217 inhib-
itor restored SIRT1 levels and decreased the expression 
levels of P21 and P53. The expression level of Parkin was 
partially restored, indicating that the miR-217 inhibitor 
preserves mitophagy, further supporting its protective 
role against cellular senescence (Fig. 4L, M).

Fig. 5  Effects of circSPG21 and SIRT1 on TBHP-induced senescence in NPMSCs. A EdU assay of NPMSCs in different treatment groups 
(TBHP + circSPG21, TBHP + circSPG21 + SIRT1-shRNA, and TBHP + circSPG21 + NC-shRNA). Green fluorescence indicates proliferating cells, while blue 
fluorescence marks the nuclei (scale bar, 250 µm). B SA-β-Gal staining of NPMSCs and quantitative analysis. Senescent cells exhibit blue-stained 
high expression of SA-β-Gal (scale bar, 250 µm). The quantitative data are expressed as the mean ± SD; *P < 0.05, **P < 0.01 indicates statistical 
significance, n = 6. C Fluorescence-based analysis of MMP in NPMSCs. Red fluorescence represents the mitochondrial aggregate JC-1, and green 
fluorescence indicates the monomeric JC-1. D Cell cycle analysis of NPMSCs in different groups. G0/G1 phase cells are represented by purple, 
S phase cells are represented by yellow, and G2/M phase cells are represented by green. The quantitative data are expressed as the mean ± SD; 
*P < 0.05, **P < 0.01 indicates statistical significance, n = 6. E, H Western blot analysis and quantification of the protein expression levels of SIRT1, P21, 
P53, PINK1, and Parkin in different groups. The quantitative data are expressed as the mean ± SD; *P < 0.05, **P < 0.01 indicates statistical significance, 
n = 6. Full-length blots/gels are presented in the Supplementary materials. F Quantitative analysis of EdU-positive cells across groups. The data 
are expressed as the mean ± SD; *P < 0.05, **P < 0.01 indicates statistical significance, n = 6. G Quantitative analysis of MMP results. The data are 
expressed as the mean ± SD; *P < 0.05, **P < 0.01 indicates statistical significance, n = 6

(See figure on next page.)
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Identification of SIRT1 as a target of miR‑217 
and the miR‑217/SIRT1 axis as a target of circSPG21
Further experiments explored the interactions among 
circSPG21, miR-217, and SIRT1 in mitigating TBHP-
induced senescence in NPMSCs. EdU staining demon-
strated that circSPG21 effectively promoted NPMSCs 
proliferation under oxidative stress, while this effect was 
significantly diminished by SIRT1-shRNA (Fig.  5A, F). 
Moreover, SIRT1-shRNA blocked the inhibitory effect of 
circSPG21 on NPMSCs senescence (Fig. 5B). The MMP 
results confirmed the crucial role of SIRT1 in maintain-
ing mitochondrial polarization under oxidative stress, 
as the TBHP + circSPG21 + SIRT1-shRNA group exhib-
ited significant mitochondrial depolarization compared 
with the TBHP + circSPG21 group (Fig. 5C, G). Cell cycle 
analysis further confirmed that knockdown of SIRT1 
partially reversed the protective effects of circSPG21 on 
TBHP-induced G2/M phase arrest in NPMSCs (Fig. 5D). 
Western blot analysis supported these findings, showing 
that SIRT1 shRNA upregulated the senescence-associ-
ated proteins P21 and P53, thereby promoting TBHP-
induced senescence. Additionally, the reduction in Parkin 
expression in the TBHP + circSPG21 + SIRT1-shRNA 
group highlighted the role of SIRT1 in modulating the 
protective effects of circSPG21 on mitophagy (Fig.  5E, 
H).

The dual-luciferase assay confirmed that miR-217 binds 
to the 3’ UTR of SIRT1, establishing SIRT1 as a direct 
target of miR-217 (Fig. 6A). This interaction was further 
supported by the results of the EdU assay, which dem-
onstrated that SIRT1-shRNA significantly decreased the 
EdU-positive rate, indicated that silencing SIRT1 sup-
pressed the protective effects of the miR-217 inhibitor 
on cell proliferation (Fig.  6B, G). Western blot analysis 
revealed that SIRT1-shRNA antagonized the protective 
effects of the miR-217 inhibitor, as indicated by increased 
levels of the senescence-associated proteins P21 and 
P53, along with a reduction in the mitophagy-related 

protein Parkin (Fig.  6C, H). Similarly, the MMP results 
revealed that in the TBHP + miR-217-inhibitor + SIRT1-
shRNA group, there was a marked reduction in the 
red/green fluorescence ratio, suggesting that SIRT1 is 
essential for maintaining the MMP under conditions of 
miR-217 knockdown (Fig. 6D, I). SA-β-Gal staining fur-
ther supported these findings, revealing a significantly 
greater percentage of SA-β-Gal-positive cells in the 
TBHP + miR-217-inhibitor + SIRT1-shRNA group than 
in the TBHP + miR-217-inhibitor group (Fig.  6E). Addi-
tionally, cell cycle analysis revealed that SIRT1-shRNA 
reversed the alleviation of G2/M phase arrest observed 
under miR-217 knockdown conditions, further highlight-
ing the role of SIRT1 in regulating the cell cycle (Fig. 6F).

CircSPG21 alleviated IVDD in a rat model
A rat model of IVDD was established via a fine needle 
puncture technique. Two weeks after the puncture, trans-
fection solutions containing circSPG21 or circSPG21-
mut were injected into the degenerated disc segments. 
Four weeks post-injection, the rats were euthanized for 
radiological and histological analyses (Fig.  7A). Com-
pared with the Con group, the IVDD group presented 
a significant decrease in DHI, whereas the IVDD + circ-
SPG21 group presented a greater DHI than the IVDD 
group did (Fig. 7B–D). MRI scans, which are utilized for 
Pfirrmann grading, revealed higher grades in the IVDD 
group, while the IVDD + circSPG21 group exhibited a 
significant reduction in the Pfirrmann grade at 6  weeks 
compared with the IVDD group (Fig. 7E, F). HE staining 
(Fig. 7G) revealed that NP tissues occupied most of the 
disc area, with well-dispersed NP cells and a well-organ-
ized AF in the control group. In contrast, the IVDD group 
exhibited nearly complete loss of NP tissues and severe 
disruption of the NP-AF border, which was partially 
mitigated by circSPG21 treatment. Safranin-O staining 
revealed a reduction in the proteoglycan matrix area in 
the IVDD group compared with the control group, but 

(See figure on next page.)
Fig. 6  Identification of SIRT1 as a target of miR-217 and the functional impact on NPMSCs. A The binding sites of miR-217 with the mRNA 
of SIRT1, predicted by TargetScan, are represented by the bold base sequences. Dual-luciferase reporter assay showing the interaction 
of miR-217 with the wild-type and mutated binding sites of the SIRT1 3’ UTR in transfected NPMSCs. The data are expressed as the mean ± SD; 
*P < 0.05, **P < 0.01 indicates statistical significance, n = 6. B EdU assay of NPMSCs under various treatment conditions (TBHP + miR-217-inhibitor, 
TBHP + miR-217-inhibitor + SIRT1-shRNA, and TBHP + miR-217-inhibitor + NC-shRNA). Green fluorescence indicates cells in a proliferating state, 
and blue fluorescence represents cell nuclei (scale bar, 250 µm). C, H Western blot analysis and quantification of the protein expression levels 
of SIRT1, P21, P53, PINK1, and Parkin across different groups. Full-length blots/gels are presented in the Supplementary materials. D Analysis 
of MMP in different groups, detected by fluorescence (scale bar, 50 µm). Red fluorescence corresponds to aggregated JC-1, and green fluorescence 
indicates monomeric JC-1. E SA-β-Gal staining of NPMSCs (scale bar, 250 µm) and quantitative analysis, highlighting the high expression of SA-β-Gal 
in senescent cells (blue staining). The quantitative data are expressed as the mean ± SD; *P < 0.05, **P < 0.01 indicates statistical significance, n = 6. 
F Flow cytometry analysis of cell cycle distribution in NPMSCs under different conditions, including quantitative results. The quantitative data are 
expressed as the mean ± SD; *P < 0.05, **P < 0.01 indicates statistical significance, n = 6. G Quantitative analysis of EdU-positive cells. The data are 
expressed as the mean ± SD; *P < 0.05, **P < 0.01 indicates statistical significance, n = 6. I Quantitative analysis of MMP results. The data are expressed 
as the mean ± SD; *P < 0.05, **P < 0.01 indicates statistical significance, n = 6
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this reduction was alleviated in the IVDD + circSPG21 
group (Fig.  7H). The histological scores (Fig.  7I) were 
significantly greater in the IVDD group than in the Con 
group, whereas the IVDD + circSPG21 group presented 
lower scores. RT‒qPCR analysis revealed that circSPG21 
levels were lower in the IVDD group than in the Con 
group but were significantly restored in the IVDD + circ-
SPG21 group (Fig. 7J). Similarly, miR-217 levels were ele-
vated in the IVDD group but were notably reduced in the 
IVDD + circSPG21 group (Fig. 7K). The levels of SIRT1, 
which were diminished in the IVDD group, were strongly 
restored in the IVDD + circSPG21 group (Fig. 7L).

Discussion
The development and progression of IVDD are closely 
linked to the senescence of NPMSCs, a type of endoge-
nous cell in NP tissue whose importance has not yet been 
adequately recognized [57]. The senescence of NPMSCs 
is driven by multiple signaling pathways and molecular 
mechanisms, including oxidative stress and mitochon-
drial dysfunction [14, 58]. The interplay of these mecha-
nisms makes it challenging to fully arrest the senescence 
process through the regulation of a single pathway. The 
adverse microenvironment of degenerated discs further 
accelerates NPMSCs senescence, and genetic regulation 
alone cannot counteract the effects of this microenviron-
ment [59]. Moreover, genetic regulation techniques such 
as overexpression or gene knockout can delay cellular 
senescence under laboratory conditions but are unsta-
ble when applied in vivo [60, 61]. Thus, identifying novel 
approaches to mitigate NPMSCs senescence is crucial.

Moreover, multiple lines of evidence suggest that cir-
cRNAs can act as molecular sponges in conjunction 
with miRNAs to modulate the expression of target genes 
and are thus involved in the initiation and progression 
of IVDD [62, 63]. Our findings demonstrated that circ-
SPG21 significantly mitigates NPMSCs senescence and 
promotes mitophagy under oxidative stress, specifically 

through the miR-217/SIRT1 axis (Fig. 8), thereby provid-
ing new insights into the potential therapeutic applica-
tion of circSPG21 in IVDD.

The role of oxidative stress in the pathogenesis of 
IVDD is well documented, with research indicating that 
targeting oxidative stress could offer potential thera-
peutic avenues for IVDD [64, 65]. Oxidative stress can 
lead to oxidative damage in the extracellular matrix, 
DNA, and mitochondria of IVD cells [66]. The rupture 
of AF activates oxidative stress, the immune response 
and apoptosis in NPCs [67]. Oxidative stress within the 
IVD microenvironment promotes NPMSCs senescence, 
diminishing the pluripotency and self-renewal abilities 
of senescent NPMSCs, which in turn reduces the regen-
erative potential and endogenous repair capability of 
NPMSCs [68, 69]. Therefore, TBHP was used to induce 
oxidative stress in NPMSCs, resulting in cellular senes-
cence, and a punctured rat IVDD model was selected to 
evaluate the function of circSPG21 in vivo.

Cellular senescence is associated with many degen-
erative diseases and is typically induced by the P21/P53 
pathway accompanied by an increase of SA-β-gal, arrest 
of G2/M and a decrease in the cell proliferation rate 
[70–72], accompanied by a decrease in the mitochondrial 
membrane potential and impaired mitophagy [73, 74]. 
Hence, the indices mentioned above were measured in 
this study as key markers of senescence. Oxidative stress 
induces senescence in NPCs, and circKIF18A upregula-
tion can mitigate this effect via MCM7 [75]. In our earlier 
studies, several drugs (such as quercetin and urolithin A) 
were shown to relieve oxidative stress-induced senes-
cence and alleviate IVDD in an in vitro rat model [19, 21]. 
However, the underlying mechanisms are still unclear. 
In the present study, we found increased expression of 
senescence-related proteins (p21 and p53), increased 
SA-β-Gal-positive senescent cells, decreased mitophagy, 
decreased MMP and decreased proliferation after TBHP 
treatment in NPMSCs, which could be mitigated by 

Fig. 7  CircSPG21 alleviated IVDD in vivo. A Schematic of the in vivo experiment process, detailing the establishment of the IVDD model 
and the subsequent injection of circSPG21 or circSPG21-mut into the degenerated disc segments. B Measurements of the IVD height index (DHI). 
The anterior, middle, and posterior heights of the disc and adjacent vertebrae were measured, and then, the sum of the disc heights was doubled 
and divided by the sum of the vertebral heights to obtain the DHI. C Representative X-ray images of rat lumbar spines at 0 week and 6 weeks 
post-puncture in different groups. D Quantitative analysis of DHI, illustrating the disc height changes among the control, IVDD, IVDD + circSPG21 
and IVDD + circSPG21-mut groups. The quantitative data are expressed as the mean ± SD; *P < 0.05, **P < 0.01 indicates statistical significance, 
n = 6. E MRI scans of the discs at 0 weeks and 6 weeks post-puncture, used to assess disc degeneration grade. F Quantitative analysis of Pfirrmann 
grades, demonstrating the effect of circSPG21 on reducing degenerative severity compared to that of the IVDD group. The quantitative data are 
expressed as the mean ± SD; *P < 0.05, **P < 0.01 indicates statistical significance, n = 6. G–I Representative images of haematoxylin and eosin (H&E) 
and Safranin O (S–O) stained sections (scale bar, 1 mm), along with the quantitative histological scores. The staining reveals the structural integrity 
of NP and annulus fibrosus (AF) and matrix composition in different groups. The quantitative data are expressed as the mean ± SD; *P < 0.05, 
**P < 0.01 indicates statistical significance, n = 6. J-L: RT‒qPCR analysis showing the expression levels of circSPG21, miR-217, and SIRT1 in rat NP 
tissues, indicating the regulatory effects of circSPG21 on these molecular markers in the context of disc degeneration. The data are expressed 
as the mean ± SD; *P < 0.05, **P < 0.01 indicates statistical significance, n = 6

(See figure on next page.)
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circSPG21. These findings demonstrated that oxidative 
stress caused senescence accompanied by mitochondrial 
dysfunction in NPMSCs and that this effect can be miti-
gated by circSPG21.

Mitophagy, a selective autophagic process that spe-
cifically removes dysfunctional mitochondria to ensure 
mitochondrial quality control [76], is essential for cellular 
health and closely related to degenerative joint diseases 
such as osteoarthritis and IVDD [66, 76]. Studies have 
shown mitochondrial dysfunction and increased SA-β-
Gal in human degenerated IVDs, while the NLRX1-
SLC39A7 complex can mitigate NPC degeneration by 
increasing mitophagy via the regulation of mitochon-
drial Zn2+ transport [77]. The PRKN-dependent pathway, 
which is mediated by PINK1 and Parkin, is one of the 
main mechanisms regulating mitophagy [78]. Under con-
ditions of mitochondrial damage, PINK1 accumulates on 
the mitochondrial outer membrane and recruits Parkin, 
an E3 ubiquitin ligase, which then tags damaged mito-
chondria for degradation [78]. PINK1/Parkin is elevated 
in degenerated NP tissues and NPCs treated with H2O2, 
suggesting mitophagic activation in IVDD and under 

oxidative stress [12, 79]. EGR1 knockdown inhibits NPCs 
senescence and mitochondrial damage through the acti-
vation of PINK1-Parkin-dependent mitophagy, thereby 
delaying IVDD [80]. Therefore, mitophagy can maintain 
mitochondrial function and alleviate damage and senes-
cence in NPCs, with the PINK/Parkin pathway playing an 
important role. However, the role of mitophagy in NPM-
SCs remains poorly understood. The expression levels of 
Parkin and PINK1 were used as key markers to evaluate 
mitophagy. This study revealed that the expression of 
Parkin was decreased after TBHP treatment, which could 
be mitigated by circSPG21 or decreased miR-217. There-
fore, circSPG21 alleviated NPMSCs senescence induced 
by oxidative stress by promoting mitophagy, thereby 
preserving mitochondrial function and reducing cellular 
damage.

Multiple circRNAs have been confirmed to be involved 
in IVDD, with some showing protective effects and others 
exacerbating IVDD. For example, circVMA21 was found 
to function in NPCs to prevent apoptosis by targeting 
miR-200c and XIAP in our prior studies [26]. Addition-
ally, circEYA3 promotes ECM degradation and apoptosis 

Fig. 8  Schematic of the working hypothesis; miR-217 competitively inhibits SIRT1 mRNA, thereby suppressing SIRT1 protein expression, which 
further promotes NPMSCs senescence via P21/P53 and inhibits mitophagy through Parkin. circSPG21 acts as a molecular sponge for miR-217, 
inhibiting the suppressive effect of miR-217 on SIRT1, and indirectly alleviating NPMSCs senescence through P53/P21 and Parkin-mediated 
mitophagy
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in NPCs via the miR-196a-5p/EBF1 axis and the NF-κB 
pathway [81]. In this study, circSPG21 was found to be 
associated with the severity of IVDD and exhibited sig-
nificant differences in expression in both the IVDD rat 
model and the NPMSCs senescence model. Bioinfor-
matic analysis revealed that circSPG21 contains miR-
217 target sites and that miR-217 contains mRNAs with 
SIRT1 target sites, which was verified by dual-luciferase 
analysis, FISH and RIP. In addition, the effects of circ-
SPG21 can be inhibited by SIRT1-shRNA. Therefore, we 
propose that the effects of circSPG21 are mediated by the 
miR-217/SIRT1 axis. The present study revealed that the 
overexpression of circSPG21 significantly decreased the 
degree of senescence and increased mitophagy of NPM-
SCs under TBHP treatment, suggesting that circSPG21 
is beneficial for the survival of NPMSCs under oxidative 
stress. Accordingly, circSPG21 overexpression allevi-
ated IVDD in a rat model in vivo. In the previous study, 
CircSPG21 (hsa_circ_0035875 in circBase) can pro-
tect against extracellular matrix degradation in human 
NPCs by targeting the miR-1197/ATP1B3 axis [62]. 
Our study provides the first detailed investigation into 
the role of CircSPG21 (hsa_circ_0003526 in circBase) 
in IVDD, contrasting with the earlier findings related to 
hsa_circ_0035875. The two isoforms have molecular dif-
ferences and appear to function via different pathways 
in different cells—while hsa_circ_0035875 modulates 
matrix degradation in NPCs, hsa_circ_0003526 regulates 
mitochondrial function and senescence in NPMSCs. In 
addition, hsa_circ_0035875 contains a miR-1197 binding 
site and functioned as a ceRNA effect through ATP1B3, 
while hsa_circ_0003526 contains a miR-217 binding site 
and exerted its effect through SIRT1. This distinction is 
particularly important in understanding the multifac-
eted roles of circRNAs and that circSPG21 is a promising 
therapeutic target for NPMSCs senescence and IVDD.

Various miRNAs have been confirmed to play roles 
in IVDD. The overexpression of miR-558 can suppress 
NPCs proliferation and ECM synthesis, which can be 
suppressed by hsa_circ_0083756 functioning as a ceRNA 
[82]. Induced pluripotent stem cell-derived MSCs can 
deliver exogenous miR-105-5p via small extracellular 
vesicles to rejuvenate senescent NPCs [83]. miR-217 was 
shown to be present in exosomes derived from senes-
cent epithelial cells and activates pulmonary fibroblasts 
via SIRT1 in paraquat-induced pulmonary fibrosis [84]. 
Downregulation of miR-217 can also alleviate myocardial 
ischaemia‒reperfusion injury by remodeling mitochon-
drial function through SIRT1, and the ability of miR-217 
to bind to SIRT1 has also been confirmed [85]. Although 
miR-217 has been extensively researched in numerous 
human senescence-related diseases, this is the first study 
of the role of miR-217 in the senescence of NPMSCs [85, 

86]. The present study demonstrated the ability of miR-
217 to bind to SIRT1 and revealed that the ability of 
miR-217 to decrease NPMSCs senescence and promote 
mitophagy could be inhibited by SIRT1-shRNA, suggest-
ing that these effects were related to the regulatory effect 
of circSPG21 on the miR-217/SIRT1 axis.

As a deacetylase, SIRT1 plays an important role in 
alleviating cellular senescence and degenerative dis-
eases [76, 87]. The overexpression of SIRT1 can amelio-
rate IL-1β-induced mitochondrial dysfunction and ROS 
accumulation and inhibit NLRP3 inflammasome activa-
tion by promoting PINK1/Parkin-mediated mitophagy 
[88]. Additionally, SIRT1 can regulate cellular senescence 
through pathways such as haem oxygenase-1 (HO-1), 
nuclear factor erythroid 2–related factor 2 (Nrf2), and 
phosphoinositide 3-kinase (PI3K), with Parkin-medi-
ated mitophagy being one of the important mechanisms 
[89–91]. In our previous studies, SIRT1 was shown to act 
with miR-34a-5p or peroxisome proliferator-activated 
receptor γ coactivator 1-alpha (PGC1-α) to reduce oxi-
dative stress-induced senescence in NPMSCs [19, 21]. 
These findings indicate that SIRT1 has a protective role 
in preserving the cellular function and viability of NPM-
SCs in response to oxidative stress. In this study, SIRT1 
was confirmed to be regulated by circSPG21 through 
miR-217. Additionally, SIRT1-shRNA can reduce Parkin-
mediated mitophagy and promote cellular senescence 
caused by circSPG21 and miR-217, indicating that the 
protective effects on NPMSCs mitophagy and senescence 
are related to the regulatory effects of circSPG21 on the 
miR-217/SIRT1 axis.

This study also has certain limitations. Although circ-
SPG21 was confirmed to alleviate IVDD progression in 
an IVDD model, it is still unclear whether it regulates 
IVDD by affecting NPMSCs senescence. In addition to 
its ceRNA function, circSPG21 may have other poten-
tial mechanisms for regulating IVDD, such as interact-
ing with RNA-binding proteins [92] or influencing other 
signaling pathways. Moreover, circSPG21 expression 
tends to decrease in both the NPMSCs oxidative stress-
induced senescence model and in human degenerative 
NP tissues, but the upstream regulatory mechanisms that 
control its expression are not fully understood. Future 
studies should focus on elucidating these regulatory net-
works and exploring the broader impact of circSPG21 on 
NPMSCs biology and IVDD. This research could reveal 
new therapeutic targets and pave the way for the devel-
opment of circSPG21-based treatments.

Conclusion
This study highlights the critical role of circSPG21 in mit-
igating NPMSCs senescence and promoting mitophagy 
under oxidative stress, primarily through the miR-217/
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SIRT1 axis. Due to its ability to increase mitophagy 
and reduce cellular senescence, circSPG21 is a promis-
ing therapeutic target for NPMSCs senescence, provid-
ing a novel approach to preserving IVD health. Further 
research on the regulatory mechanisms of circSPG21 
and its broader impact on cellular senescence and stress 
responses could lead to innovative therapies for IVDD 
and related degenerative conditions.
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