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Abstract
Objective  The transcription factor SRY-related HMG-box 4 (SOX4) has been implicated in intervertebral disc diseases. 
This study aimed to investigate the role of SOX4 in intervertebral disc degeneration (IDD) and explore the underlying 
molecular mechanisms.

Methods  We established an IDD rat model via surgery and analyzed SOX4 expression using qRT-PCR and Western 
blotting. Histological evaluation, immunohistochemistry, and Safranin O staining assessed IDD progression. In vitro, 
an IDD cellular model was constructed using IL-1β-stimulated nucleus pulposus (NP) cells. SOX4 knockdown and 
overexpression experiments in NP cells examined SOX4 effects on ECM degradation, NLRP3-mediated pyroptosis, 
and mitochondrial ROS-dependent NLRP3 inflammasome activation. The involvement of the EZH2/NRF2 pathway in 
SOX4-mediated NLRP3 activation was also examined.

Results  SOX4 expression was significantly increased in IDD rats and promoted IDD progression. Knockdown of 
SOX4 inhibited ECM degradation and NLRP3-mediated pyroptosis in NP cells. In vitro experiments showed that 
SOX4 promoted ECM degradation by upregulating MMPs and ADAMTS-5 expression, and suppressed collagen II and 
aggrecan synthesis. SOX4 knockdown inhibited NLRP3-mediated pyroptosis, while overexpression accelerated it in 
NP cells. Additionally, SOX4 was found to exacerbate mitochondrial ROS-dependent NLRP3 inflammasome activation 
in NP cells. Further investigation revealed that SOX4 enhanced NLRP3 inflammasome activation by upregulating 
EZH2 expression and modulating the EZH2/NRF2 pathway, with EZH2 inhibition attenuating SOX4-induced NLRP3 
activation.

Conclusion  Our findings suggest that SOX4 accelerates IDD progression by promoting NLRP3 inflammasome 
activation via modulating the EZH2/NRF2 pathway, leading to NP cell pyroptosis and ECM degradation. Targeting 
SOX4 may represent a potential therapeutic strategy for treating IDD.
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Introduction
Intervertebral disc degeneration (IDD) is a widespread 
degenerative disorder of the musculoskeletal system, 
significantly contributing to chronic low back pain and 
affecting patients’ quality of life. IDD, a principal cause of 
back pain, is estimated to affect about 80% of people dur-
ing their lifetime [1]. Currently, the treatment options for 
IDD primarily focus on symptomatic relief and conser-
vative management. However, none of these treatments 
have successfully slowed or reversed the degenerative 
process [2], urging to develop better and more effective 
therapeutics. Surgical interventions, including interverte-
bral disc removal and spinal fusion, are commonly relied 
upon. However, these procedures often fail to deliver 
long-term therapeutic benefits [3]. Therefore, it is essen-
tial to persistently explore the new therapeutic interven-
tions to improve the outcomes of IDD.

The impairment of nucleus pulposus (NP) cells and 
the degradation of the extracellular matrix (ECM) con-
stitute critical features in IDD [4, 5]. In IDD, mechani-
cal loading may induce ECM damage, contributing to an 
abnormal NP cell microenvironment [6]. Moreover, NP 
cell aging is associated with organelle dysfunction, espe-
cially in mitochondria [7]. IDD can lead to mitochondrial 
dysfunction in NP cells [8]. Mitochondrial dysfunc-
tion triggers the generation of reactive oxygen species 
(ROS), subsequently causing heightened inflammation, 
disrupted metabolism, and increased apoptosis in cells 
[9]. Mitochondrial ROS activates the NLRP3 inflamma-
some, known for its detrimental role in IDD [10]. NLRP3 
inflammasome can promote pyroptosis in NP cells dur-
ing IDD progression, accelerating ECM degradation [11, 
12]. NLRP3 inflammasome activation increases IL-1β 
production, promoting metalloproteinase secretion 
and leading to NP tissue degradation [13]. Therefore, 
the mitochondria ROS-dependent activation of NLRP3 
inflammasomes in NP cells plays a pivotal role in regulat-
ing IDD homeostasis.

SRY-related HMG-box 4 (SOX4) represents an intron-
less gene encoding for a member of the SOX transcrip-
tion factor family [14, 15]. Previous studies have revealed 
that SOX4 can promote inflammatory response and acti-
vate NLRP3 inflammasomes [16, 17]. Moreover, aberrant 
SOX4 expression in NP cells induces apoptosis, thereby 
accelerating IDD development [18, 19]. SOX4 regulates 
ECM degradation, influencing intervertebral disc struc-
ture and function, thereby affecting IDD progression [20, 
21]. Although these findings suggest a role for SOX4 in 
IDD treatment, its precise mechanism of action remains 
elusive. Recent studies reported that SOX4 can regulate 

EZH2 in various diseases [22, 23]. EZH2 is known to 
promote cartilage endplate degeneration and IDD pro-
gression [24, 25]. The upregulation of EZH2 can induce 
inflammasome activation and ROS production by sup-
pressing NRF2 expression [26]. Moreover, it has been 
reported that activation of the NRF2 signaling pathway 
can facilitate IDD treatment [27]. Therefore, we hypothe-
size that SOX4 may modulate the NRF2 pathway through 
EZH2, in response to mitochondrial ROS-dependent 
activation of NLRP3 inflammasomes in NP cells, promot-
ing IDD progression.

In this study, we used in vivo and in vitro IDD models 
to explore the role of SOX4 on NP cell pyroptosis, mito-
chondrial dysfunction, and ECM degradation. Addition-
ally, we investigated the potential relationship of SOX4 
with the EZH2/NRF2 pathway. Our research provides 
a comprehensive analysis and deeper understanding of 
the role of SOX4 in IDD progression and the therapeutic 
possibilities it might offer.

Methods
Animal model and treatment
Twenty-four male Lewis rats (13–14 weeks old, weighing 
450 ± 50  g), obtained from College of Veterinary Medi-
cine Yangzhou University, were used in this study. The 
rats were kept under a 12-h light/dark cycle, at a con-
trolled temperature of 23 °C, with free access to food and 
water. Yangzhou University’s Animal Ethics Committee 
approved all experimental protocols (approval number: 
202306014).

Initially, rats were anesthetized using an intraperito-
neal injection of sodium pentobarbital (30 mg/kg). After 
being anesthetized, the animals were set in a prone posi-
tion. A midline dorsal incision was then made to reveal 
the C6-C7 and C8-C9 intervertebral discs. An 18 G 
needle was carefully inserted into the discs to a depth of 
5 mm. Upon complete insertion, the needle was rotated 
360° and held in that position for 20 s. The control group 
underwent exposure of intervertebral discs without 
puncture. After the puncture procedure was completed, 
3 µL of negative control (NC), sh-SOX4 (5’-​G​C​C​G​G​T​C​T​
G​T​T​G​C​A​T​G​C​A​A-3’), or oe-SOX4 was injected into the 
nucleus pulposus (NP) tissue core using a 27 G micro-
syringe two weeks later. Following eight weeks of treat-
ment, the rats were euthanized using 7.5% isoflurane 
inhalation. The NP tissues and blood samples were then 
harvested for further studies.

Keywords  SRY-related HMG-box 4, Intervertebral disc degeneration, EZH2/NRF2 pathway, NLRP3 inflammasome 
activation, Extracellular matrix degradation, Pyroptosis
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Magnetic resonance imaging (MRI)
MRI was performed to assess the signal and struc-
tural changes of discs in sagittal T2-weighted images 
with a 7T clinical magnet (BioSpec 70/20USR, Bruker) 
at 0 week and 8 weeks after surgery. The parameters of 
T2-weighted imaging were referenced as a previous pub-
lication [28]: TR = 2000 ms, andTE = 28.64 ms. The MRI 
images were evaluated according to the Pfirrmann grad-
ing scale and the mean gray value of all pixels in the NP 
area was measured by ImageJ.

Pfirrmann scoring criteria were divided five grades: 
Grade I: the nucleus pulposus of the intervertebral disc 
showed uniform high signal, clear boundary with the 
annulus fibrosus, and normal vertebral space height; 
Grade II: the nucleus pulposus of the intervertebral disc 
showed uneven high signal, the nucleus pulposus had or 
did not have horizontal low signal bands, the boundary 
between the nucleus and the annulus fibrosus was clear, 
and the vertebral space height was normal; Grade III: 
the nucleus pulposus of the intervertebral disc presents 
an uneven medium signal, the boundary with the fibrous 
annulus is not clear, and the height of the vertebral space 
is normal or slightly reduced. Grade IV: uneven moderate 
or low signal in the nucleus pulposus of the intervertebral 
disc, indistinguishable nucleus pulposus from annulus 
fibrosus, normal or moderately reduced vertebral space 
height; Grade V: the nucleus pulposus of the interverte-
bral disc shows uneven low signal, indistinguishable from 
the annulus fibrosus, and the vertebral space is severely 
narrowed.

Histological examination
The NP tissue was stained with hematoxylin-eosin (HE) 
[29]. Briefly, samples were fixed in 4% paraformaldehyde 
for 24  h. After the processed, samples were embedded 
in paraffin and cut into 4–7  μm. Standard HE staining 
was used to examine tissue histology. The sections were 
stained with a haematoxylin solution for 5 min and then 
were stained with an eosin solution for 1–2 min. Safranin 
O and fast green staining was performed to determine 
changes in proteoglycans. The sections were stained with 
a Safranin O staining kit (G1371, Solarbio) according to 
the manufacturer’s recommended procedure. Briefly, sec-
tions were stained with Weigert solution for 3–5  min, 
and then stained with fast green solution for 5 min.

Immunohistochemistry
Samples sections were then deparaffinized and rehy-
drated in an oven at 60 ℃ for 2 h. After baking, the slices 
were dewaxed and hydrated using xylene and differ-
ent concentrations of alcohol. Following deparaffiniza-
tion, the slices underwent antigen retrieval using citrate 
repair solution. The endogenous peroxidase activity was 
blocked using 3% H2O2 solution. Then, sections were 

pre-treated with normal goat serum working fluid for 
15 min. After pre-treatment, the sections were incubated 
with primary antibodies, including anti-ADAMTS-5 
(dilution 1:1000; Thermo, MA, USA; PA5-32142), anti-
MMP-13 (5 µg/mL dilution; Affinity, OH, USA; AF5355), 
and anti-caspase-3 (dilution 1:1000; Abcam, UK; 
ab184787), at 4℃ overnight. Following primary antibody 
incubation, the sections were incubated with secondary 
antibody (dilution 1:2000; Abcam; ab205718) for 15 min. 
Lastly, the sections were stained with DAB chromogen, 
counterstained with hematoxylin, dehydrated, cleared, 
and coverslipped for observation under an optical micro-
scope (Olympus, Japan).

NP cells isolation, culture and treatment
NP tissue was carefully dissected under sterile condi-
tions with the aid of a dissecting microscope and then 
digested at 37  °C for 2  h using 0.5% type II collagenase 
(Gibco). The digested tissue was cultured in DMEM/F-12 
medium (Gibco) enhanced with 10% fetal bovine serum 
(FBS; Gibco), maintained at 37  °C within a 5% CO2 
humidified atmosphere. Cells were passaged using 0.25% 
trypsin-EDTA (Thermo Fisher Scientific) and re-seeded 
in a 10-cm culture dish at an optimal density. For subse-
quent experiments, NP cells from the first three genera-
tions were used. These included treatment with IL-1β (50 
ng/mL; R&D Systems, MN, USA) for 24 h to mimic the 
in vitro IDD model, transfection with sh-NC, sh-SOX4, 
oe-SOX4 and oe-EZH2, or pre-treatment with Mito-
tempo (a mitochondrial ROS inhibitor) for 2 h to inhibit 
mitochondrial ROS, NRF2 inhibitor ML385 (1 µM), or 
NRF2 activator sulforaphane (5 µM) for 1 h. The viabil-
ity of the cells was ascertained using a CCK-8 kit (Bey-
otime, Shanghai, China) following the manufacturer’s 
guidelines.

Cell apoptosis
Firstly, 5 × 104 cells were resuspended and resuspended in 
195 µL of Annexin V-EGFP binding buffer. Subsequently, 
the cells were treated with 5 µL of Annexin V-EGFP and 
10 µL of propidium iodide staining solution, followed 
by a 20-minute incubation at 25℃, shielded from light. 
Lastly, a flow cytometer (Beckman, CA, USA) was uti-
lized for the analysis of cells in each tube.

Immunofluorescence
Cells were fixed using a 3% formaldehyde for 10  min 
and then permeabilized with 1% Triton-X 100 for 5 min. 
Following this, the samples are blocked with 3% BSA 
for 30 min. The primary antibodies, diluted at 1:100 for 
NLRP3 (Affinity, DF7438), 1:200 for GSDMD (Affin-
ity, AF4012), 1:100 for MMP13, 1:50 for SOX4 (Thermo, 
PA5-72852), and 1:50 for EZH2 (Bioss, Beijing, China; 
bsm-60001R) are added to the cells, which are then 
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placed in a humidity chamber and incubated overnight 
at 4℃. For secondary antibody incubation and nuclear 
staining, Cy3-labeled goat anti-rabbit IgG (H + L; Beyo-
time, A0516) diluted at 1:200 or goat anti-rabbit IgG H&L 
(Alexa Fluor® 488; Abcam, ab150077) diluted at 1:500 and 
DAPI are added and incubated for 30 min at room tem-
perature in the dark. The cells are then mounted using a 
fluorescence quenching sealant and sealed with nail pol-
ish. The cells are finally observed under a laser confocal 
scanning microscope (Zeiss, Germany).

Transmission electron microscopy (TEM)
Post 24 h treatment, cells were scraped, centrifuged and 
immediately fixed in a solution of glutaraldehyde. Follow-
ing fixation, the cells were fixed in 1% osmium tetroxide 
for 2 h at 4℃. Then, cells were dehydrated at room tem-
perature using acetone solutions, progressively increasing 
the concentration from 50 to 100%. Following dehydra-
tion, cells were infiltrated with a 1:1 mixture of acetone 
and EPON812 for 30 min. The sample was then embed-
ded in a mold using the same mixture, baked at 60℃ for 
2 h, mounted onto a trimming device, and excess embed-
ding agent was removed under a microscope. Semi-thin 
sections of about 1  μm were cut, stained with toluidine 
blue, and examined under a microscope to determine the 
area for ultrathin sectioning. A cleaned copper mesh grid 
was prepared, and ultrathin sections of 70 nm were cut, 
picked, and pasted onto the grid. Finally, sections were 
stained with sodium acetate, washed, and air-dried for 
final observation.

ELISA
According to the instructions of the ELISA kits, the lev-
els of MMP-1 (Solarbio, Beijing, China; SEKR-0065), 
MMP-2 (Solarbio, SEKR-0066), TIMP-1 (Solarbio, SEKR-
0031), and TIMP-2 (Jianglai Biological, Shanghai, China; 
JL11383) in the supernatant of the NP tissue were mea-
sured. The 8-Hydroxydeoxyguanosine (8-OHdG) level 
in NP cells was detected using the 8-OHdG ELISA Kit 
(Elabscience, Wuhan, China; E-EL-0028).

JC-1 assay
In order to evaluate changes in mitochondrial membrane 
potential (ΔψM) using the JC-1 mitochondrial membrane 
potential assay kit (Beyotime, C2006), cells were cultured 
in 6-well plates at a seeding density of 3 × 105 cells per 
well. The assessment was conducted when they achieved 
a confluence of approximately 70%.

Dihydrodichlorofluorescein diacetate (H2DCF-DA) assay
NP cells were transfected with 10 µM H2DCF-DA stain-
ing solution using the Reactive Oxygen Species Assay Kit 
(Solarbio, CA1410) in a 24-well plate (1 × 104 cells/well), 

incubated at 37 °C for 30 min. The images were captured 
on a fluorescence microscope (Olympus, Japan).

MitoSOX staining
To extract mitochondria for the MitoSOX assay, cells 
were digested using trypsin and then resuspended in 
1 mL of mitochondria isolation reagent (Thermo). The 
suspension was incubated on ice for 10 min, followed by 
approximately 20 rounds of homogenization. The super-
natant was transferred to another centrifuge tube and 
spun at 11,000 g for 10 min at 4℃, leaving behind a pellet 
of isolated mitochondria.

For the MitoSOX assay, samples were washed twice 
with D-Hank solution before being incubated with 1 mL 
of 5 µM MitoSOX working solution at 37℃ in the dark 
for 10 min. After washing three times with D-Hank solu-
tion, 1 mL of D-Hank solution was added to each well, 
and the samples were observed and photographed under 
an inverted fluorescence microscope (Olympus, Japan).

Chromatin immunoprecipitation (ChIP)-qRT-PCR
NP cells at 80% confluence were crosslinked using form-
aldehyde and quenched with 10× glycine. Cells were 
lysed with SDS lysis buffer and sonicated, and superna-
tant was collected post-centrifugation. The supernatant 
was incubated with SOX4 specific antibody (Thermo, 
PA5-72852) or rabbit IgG antibody (ABconal, AC005) for 
control, along with ChIP dilution buffer overnight at 4 °C. 
Protein A/G agarose beads were added and incubated for 
1 h at 4 °C. Elution of bound material was done using the 
elution buffer for 20  min. The DNA-protein crosslinks 
were reversed using 5  M NaCl and further processed 
with RNase A, Proteinase K, 0.5 M EDTA, and 1 M Tris-
HCl. The resulting solution was treated with Tris-sat-
urated phenol, phenol/chloroform, and 3  M NaAc with 
twice the volume of anhydrous ethanol. Purified DNA 
was obtained and used for quantitative real-time PCR 
(qRT-PCR) analysis.

qRT-PCR
Using TRIzol reagent (Invitrogen), total RNA was 
extracted, with the concentration and purity assessed 
by a NanoDrop spectrophotometer (Thermo). The 
SuperScript IV Reverse Transcriptase Kit (Invitrogen) 
was employed to synthesize cDNA from the obtained 
RNA. Specific primers for the target genes, along with a 
GAPDH gene as a reference, were used to perform qRT-
PCR analysis on a CFX96 Touch Real-Time PCR System 
(Bio-Rad, CA, USA). The qRT-PCR reaction was initiated 
using the PowerUp SYBR Green Master Mix (Applied 
Biosystems) with cycling conditions as follows: an initial 
95℃ for 3 min, followed by 40 cycles of 95℃ for 12 s and 
62℃ for 40 s. Relative mRNA expression levels of the tar-
get genes were estimated utilizing the 2−ΔΔCt method and 
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adjusted relative to GAPDH. The sequences of the prim-
ers are provided in Table 1.

Western blot
Total protein extracts were obtained by lysing NP tissue 
and cells with RIPA buffer (Thermo). The BCA Kit (Beyo-
time) was used to measure the protein concentration. 
Proteins of equal amounts were segregated by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis and 
subsequently transferred onto a polyvinylidene difluoride 
membrane. The membrane underwent a blocking process 
with 5% non-fat milk for 1 h and then was incubated with 
primary antibodies at 4℃ overnight. This was followed 
by a 1-h incubation with a suitable secondary antibody. 
Table 2 lists all the antibodies used. Protein bands were 
visualized on a ChemiDoc Imaging System (Bio-Rad).

Statistical analysis
All data includes at least three replicates and are repre-
sented as mean ± standard deviation. One-way analysis of 
variance was used for comparisons among groups, suc-
ceeded by a post hoc Tukey’s test. A p-value less than 
0.05 was deemed to denote statistical. All statistical eval-
uations were conducted using GraphPad Prism software 
version 8.0.

Results
SOX4 expression is upregulated in IDD rats
To investigate the role of SOX4 in IDD, IDD rat model 
was established. MRI analysis found that IDD group 
showed lower T2-weighted signal intensity and higher 
the Pfirrmann grade score in comparison with the con-
trol group at 8 weeks post-surgery (P < 0.01; Fig. S1A). 
HE staining of NP tissue revealed reduced intervertebral 
disc cell numbers, disordered arrangement, and abnor-
mal cell morphology in the IDD group compared to the 
control group (Fig. S1B). Additionally, safranin O stain-
ing demonstrated that the content of proteoglycans in 
the IDD group was significantly reduced compared with 
the control group (Fig. S1C). Importantly, the mRNA and 
protein expression of SOX4 in the IDD group was signifi-
cantly upregulated (P < 0.01; Fig. S1D–E).

SOX4 knockdown inhibits IDD progression in IDD rats
Subsequently, we constructed an IDD rat model with 
SOX4 knockdown to further investigate the effect of 
SOX4 on IDD. qRT-PCR and Western blot analysis 
showed that SOX4 expression was significantly down-
regulated in the sh-SOX4 group compared to the sh-NC 
group (P < 0.01; Fig.  1A–B). Compared to the sh-NC 
group, the sh-SOX4 group significantly enhanced the 
T2-weighted signal and decreased the Pfirrmann grade 
score at 8 weeks post-surgery (P < 0.01; Fig. 1C). Further-
more, HE and safranin O staining of NP tissue at week 8 

Table 1  The prime sequences for qRT-PCR
Genes Prime sequences(5’-3’) Length(bp)
Col II forward TCAGGAATTTGGTGTGGACATA 178
Col II reverse CCGGACTGTGAGGTTAGGATAG
Aggrecan forward CTCTGGGATCTATCGGTGTGA 131
Aggrecan reverse CTCGGTCAAAGTCCAGTGTGT
MMP-13 forward TCCATCCCGAGACCTCATGT 148
MMP-13 reverse CTCAAAGTGAACCGCAGCAC
iNOS forward TCTTCGGTGCGGTCTTTTCC 70
iNOS reverse AGTCTTGTGCCTTTGGGCTC
COX-2 forward GGTGAAAACTGTACTACGCCGA 645
COX-2 reverse GACGTGGGGAGGGTAGATCA
ADAMTS-5 forward AGTACAGTTTGCCTACCGCC 222
ADAMTS-5 reverse AGGACACCTGCGTATTTGGG
SOX4 forward TATGGTGTGGTCGCAGATCG 981
SOX4 reverse GCGGATGAGGAGCTGAAACT
EZH2 forward AGGACGGCTCCTCTAACCAT 699
EZH2 reverse TTTCTCGTTCGATGCCCACA
Nrf2 forward GTCCCAGCAGGACATGGATT 378
Nrf2 reverse GGTGAAGAAACCTCATGGTCATC
NLRP3 forward ACGGCAAGTTCGAAAAAGGC 502
NLRP3 reverse AGACCTCGGCAGAAGCTAGA
GAPDH forward GCGAGATCCCGCTAACATCA 178
GAPDH reverse CTCGTGGTTCACACCCATCA

Table 2  The antibodies of Western blot assay
Antibodies Manufacturer Dilution
MMP-13 Affinity, OH, USA; AF5355 1:2000
ADAMTS-5 Thermo, MA, USA; PA5-32142 1:500
COX-2 Abcam, UK; ab179800 1:1000
Col II Abcam; ab307674 1:1000
iNOS Abcam; ab178945 1:1000
Bax Abcam; ab32503 1:1000
Aggrecan Affinity; DF7561 1:1000
Bcl-2 Abcam; ab196495 1:1000
Caspase-3 Abcam; ab196495 1:2000
SOX4 Thermo; PA5-72852 2 µg/mL
NLRP3 Affinity; DF7438 1:1000
IL-1β Affinity; AF5103 1:1000
p20 Affinity; DF15310 1:1000
Drp1 Affinity; DF7037 1:1000
OPA1 Affinity; DF8587 1:1000
Mfn1 Affinity; DF7543 1:1000
Mfn2 Affinity; DF8106 1:2000
Caspase-1 Affinity; AF5418 1:1000
Nrf2 Affinity; AF0639 1:1000
EZH2 Bioss, Beijing, China; bsm-60001R 1:1000
GAPDH Abcam; ab9485 1:2500
Secondary antibody Abcam; ab205718 1:2000
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Fig. 1  SOX4 expression is increased in intervertebral disc degeneration (IDD) rats and promotes IDD progression. (A–B) Quantitative real-time PCR (qRT-
PCR) and Western blot analysis showing the expression of SOX4 in the sh-SOX4 and sh-NC groups. (C) T2-weighted MRI and Pfirrmann grading at 8 weeks 
post-surgery for the sh-SOX4 and sh-NC groups. (D–E) HE staining and safranin O staining of nucleus pulposus (NP) tissue at week 8 post-surgery in the 
sh-SOX4 and sh-NC groups; magnification: 5× and 20×. **P < 0.01 versus the sh-NC group
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post-surgery demonstrated that the degenerative changes 
and disorganization of tissue structure were significantly 
ameliorated in the sh-SOX4 group compared to the 
sh-NC group (Fig. 1D–E).

SOX4 knockdown inhibits ECM degradation and NLRP3-
mediated pyroptosis in IDD rats
SOX4 have been reported to activate NLRP3 inflam-
masomes [16, 17] and regulate ECM degradation [20, 
21] in IDD progression. Hence, we observed the influ-
ence of SOX4 knockdown on ECM degradation and 
pyroptosis in IDD rats. Firstly, immunohistochemical 
staining revealed a significant increase in the expres-
sion levels of ECM degradation markers (ADAMTS-5 
and MMP-13) and the apoptosis marker caspase-3 in 
the IDD group compared to the control group. In IDD 
model, the expression levels of ADAMTS-5, MMP-13, 
and caspase-3 were significantly increased than that in 
control groups. Whereas, SOX4 knockdown decreased 
the expression levels of ADAMTS-5, MMP-13, and cas-
pase-3 in IDD rats (Fig. 2A). ECM degradation is associ-
ated with the activity of ECM-regulating enzymes, such 
as matrix metalloproteinases (MMPs) and tissue inhibi-
tors of metalloproteinases (TIMPs) [30]. Therefore, the 
performance of MMP-1, MMP-2, TIMP-1, and TIMP-2 
in IDD model were also investigated using ELISA assay. 
The results showed upregulated MMP-1 and MMP-2 
expression and downregulated TIMP-1 and TIMP-2 
expression in IDD model. But SOX4 knockdown reversed 
their expression patterns, showing as significantly down-
regulated MMP-1 and MMP-2 and upregulated TIMP-1 
and TIMP-2 in sh- SOX4 groups than that in IDD rats 
(P < 0.05; Fig.  2B). Uniformly, SOX4 knockdown nota-
bly attenuated the upregulation of pyroptosis mark-
ers NLRP3, caspase-1, and IL-1β in IDD rats (P < 0.05; 
Fig. 2C).

SOX4 exacerbates mitochondrial ROS-dependent NLRP3 
inflammasome activation in NP cells
To evaluate the effect of SOX4 on IDD in vitro, an IDD 
cellular model was constructed by stimulating NP 
cells with IL-1β. The mRNA and protein expression of 
SOX4 was significantly decreased by sh-SOX4 transfec-
tion, whereas it was increased by oe-SOX4 transfection 
(P < 0.01; Fig. 3A–B).

CCK-8 showed that compared with controls, the via-
bility of IL-1β-stimulated NP cells was increased after 
SOX4 knockdown and decreased after SOX4 overexpres-
sion (P < 0.01; Fig.  3C). Flow cytometry demonstrated 
that SOX4 overexpression promoted NP cell apopto-
sis, whereas SOX4 knockdown inhibited cell apoptosis 
(P < 0.01; Fig. 3D). Meanwhile, transfection with sh-SOX4 
resulted in the downregulation of caspase-3 and Bax, 
and upregulation of Bcl-2 expression in IL-1β-induced 

NP cells, while oe-SOX4 presented the opposite effects 
(P < 0.01; Fig. 3E). Immunofluorescence analysis revealed 
that SOX4 knockdown attenuated the expression of 
NLRP3, GSDMD (pyroptosis marker), and MMP13 
(ECM degradation markers) in IL-1β-treated NP cells, 
while SOX4 overexpression increased their expression 
(Fig. 4A). Furthermore, TEM was utilized to observe the 
mitochondrial morphology in NP cells. Results revealed 
that SOX4 overexpression exacerbated mitochon-
drial swelling, while its knockdown produced opposite 
effects (Fig.  4B). Finally, we analyzed NLRP3 inflamma-
some activation proteins (NLPR3 and p20), ADAMTS-5, 
and MMP-13 expression using qRT-PCR and Western 
blotting. The results exhibited that sh-SOX4 adminis-
tration downregulated the expression of NLRP3, p20, 
ADAMTS-5, and MMP-13 in IL-1β-induced NP cells 
(Fig.  4C–D, P < 0.01). Conversely, oe-SOX4 transfection 
upregulated the expression of NLRP3, p20, ADAMTS-5, 
and MMP-13 (P < 0.01; Fig. 4C–D).

To further explore the role of mitochondrial ROS in 
SOX4-mediated NLRP3 inflammasome activation, NP 
cells were pre-treated with Mito-tempo (a mitochon-
drial ROS inhibitor) for 2  h, with or without oe-SOX4/
NC transfection. qRT-PCR and Western blotting showed 
that Mito-tempo had no effect on SOX4 expression (Fig. 
S2A–B). Whereas, SOX4 overexpression attenuated 
the reduction of cellular and mitochondrial ROS levels 
induced by Mito-tempo in NP cells (Fig. 5A-B), indicat-
ing that SOX4 can regulate the ROS levels. In addition, 
Mito-tempo inhibited mitochondrial swelling, an effect 
that was reversed by the addition of oe-SOX4 (Fig. 5C). 
Further experiments confirmed that SOX4 overexpres-
sion increased levels of 8-OHdG (markers of oxidative 
stress) in Mito-tempo-treated NP cells (P < 0.01; Fig. 5D), 
indicating a higher oxidative stress level. Moreover, Mito-
tempo improved mitochondrial membrane potential, 
which was reversed by oe-SOX4 (Fig.  6A). Lastly, the 
downregulation of NLRP3, p20, ADAMTS-5, MMP-
13, Drp1, and upregulation of Mfn2 induced by Mito-
tempo were reversed upon overexpressing SOX4 (Fig. 6B, 
P < 0.01). However, SOX4 overexpression had no influ-
ence on Mito-tempo-induced OPA1 downregulation and 
Mfn1 upregulation (Fig.  6B). The above evidences indi-
cated that SOX4 enhances mitochondrial ROS-depen-
dent NLRP3 inflammasome activation in NP cells.

SOX4 promotes NLRP3 inflammasome activation in NP 
cells through upregulating EZH2 expression
Reportedly, EZH2 promotes cartilage endplate degen-
eration and the progression of IDD [24]. Firstly, we per-
formed ChIP assays to assess the interaction between 
SOX4 and EZH2. The results indicated a decrease in 
the enrichment of SOX4 binding to EZH2 fragments 
following the knockdown of SOX4 (P < 0.01; Fig.  7A). 
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Fig. 2  Knockdown of SOX4 inhibits ECM degradation and NLRP3-mediated pyroptosis in IDD rats. (A) Immunohistochemical staining of ADAMTS-5, 
MMP-13, and caspase-3 in NP tissues from the IDD, control, IDD + sh-SOX4, and IDD + sh-NC groups; scale bar: 20 μm. (B) ELISA analysis of the expres-
sion of MMP-1, MMP-2, TIMP-1, and TIMP-2 in NP cell supernatants. (C) Western blot analysis indicating the protein expression of NLRP3, caspase-1, and 
IL-1β in NP tissues from the IDD, control, IDD + sh-SOX4, and IDD + sh-NC groups. **P < 0.01 versus the control group; #P < 0.05 and ##P < 0.01 versus the 
IDD + sh-NC group
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Immunofluorescence analysis demonstrated that 
SOX4 and EZH2 co-localized in the nucleus of NP cells 
(Fig. 7B).

To examine the influence of EZH2 on mitochon-
drial ROS and inflammasome activation, IL-1β-induced 
NP cells were treated with sh-SOX4, with or without 
oe-EZH2. qRT-PCR and Western blot results showed 

that oe-EZH2 significantly increased EZH2 expres-
sion but had no effect on SOX4 expression (Fig.  7C–D, 
P < 0.01). Meanwhile, SOX4 knockdown reversed oe-
EZH2-induced EZH2 upregulation (P < 0.01; Fig. 7C–D). 
These results indicated that EZH2 is a regulatory factor 
of SOX4. Subsequently, MitoSOX Red staining revealed 
that oe-EZH2-induced increase in ROS production in 

Fig. 3  Evaluation of apoptosis in IL-1β-stimulated NP cells with SOX4 knockdown and overexpression. (A-B) Detection of SOX4 expression in NP cells 
using qRT-PCR and Western blotting. (C) Cell viability test (CCK-8) showing the effect of SOX4 knockdown and overexpression in IL-1β-stimulated NP cells. 
(D) Flow cytometry analysis of cell apoptosis in IL-1β-stimulated NP cells after knockdown and overexpression of SOX4. (E) Western blot analysis of apop-
tosis markers (caspase-3, Bcl-2, and Bax) in IL-1β-induced NP cells after sh-SOX4 and oe-SOX4 transfection. **P < 0.01 versus the sh-NC group; ##P < 0.01 
versus the oe-NC group
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Fig. 4  SOX4 exacerbates NLRP3 inflammasome activation in NP cells. (A) Immunofluorescence analysis to assess the expression of GSDMD (pyroptosis 
marker), MMP13, and NLRP3 in IL-1β-treated NP cells with SOX4 knockdown and overexpression; scale bar: 25 μm. (B) Transmission Electron Microscopy 
(TEM) images showing the mitochondrial morphology in NP cells with SOX4 knockdown and overexpression; scale bar: 500 nm. (C–D) qRT-PCR or West-
ern blot analysis of NLRP3 inflammasome activation proteins (NLPR3 and p20), ADAMTS-5, and MMP-13 in IL-1β-induced NP cells with SOX4 knockdown 
and overexpression. **P < 0.01 versus the sh-NC group; ##P < 0.01 versus the oe-NC group
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Fig. 5  SOX4 overexpression induces the mitochondrial damage in NP cells. (A) The H2DCF-DA assay analyzed the intracellular ROS levels of NP cells fol-
lowing Mito-tempo treatment and/or SOX4 overexpression; scale bar: 25 μm. (B) MitoSOX Red staining demonstrating mitochondrial ROS levels in NP 
cells; scale bar: 25 μm. (C) TEM images displaying mitochondrial morphology in NP cells; scale bar: 100 nm. (D) Levels of 8-OHdG in NP cells were mea-
sured by ELISA. **P < 0.01 versus the model group; ##P < 0.01 versus the Mito-tempo + oe-NC group
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Fig. 6  SOX4 overexpression induces the mitochondrial damage in NP cells by promoting NLRP3 inflammasome activation. (A) JC-1 assay results display-
ing the mitochondrial membrane potential in NP cells pre-treated with Mito-tempo and/or oe-SOX4/NC transfection; scale bar: 25 μm. (B) Western blot 
analysis indicating the protein expression of NLPR3, p20, ADAMTS-5, MMP-13, and mitochondrial morphology-related proteins (Drp1, OPA1, Mfn1/2) fol-
lowing Mito-tempo treatment and/or SOX4 overexpression. **P < 0.01 versus the model group; ##P < 0.01 versus the Mito-tempo + oe-NC group
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Fig. 7  SOX4 promotes NLRP3 inflammasome activation in NP cells through upregulating EZH2 expression. (A) NP cells were infected with indicated 
sh-NC or sh-SOX4. Cells were collected for ChIP-qRT-PCR analysis using the IgG or SOX4 antibody in NP cells. (B) Immunofluorescence analysis displaying 
co-localization of SOX4 and EZH2 in the nucleus of NP cells; scale bar: 25 μm. (C–D) qRT-PCR and Western blot analysis demonstrating the expression of 
SOX4 and EZH2 after oe-EZH2 and/or sh-SOX4 transfection in IL-1β-induced NP cells. (E) MitoSOX Red staining showing mitochondrial ROS production in 
NP cells after oe-EZH2 and/or sh-SOX4 transfection; scale bar: 25 μm. (F) Western blot analysis indicating the protein expression of NLRP3, p20, Drp1, and 
Mfn2 following oe-EZH2 and/or sh-SOX4 transfection. *P < 0.05 and **P < 0.01 versus the sh-NC group; #P < 0.05 and ##P < 0.01 versus the oe-EZH2 group
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mitochondria was attenuated after sh-SOX4 transfection 
(Fig.  7E). Lastly, Lastly, Western blotting indicated that 
oe-EZH2-induced the upregulation of NLRP3, p20, and 
Drp1 and Mfn2 downregulation was reversed by trans-
fecting sh-SOX4 (P < 0.05; Fig. 7F).

SOX4 promotes NLRP3 inflammasome activation in NP 
cells by modulating the EZH2/NRF2 pathway
Reportedly, the EZH2/NRF2 pathway has been related to 
mitochondrial dysfunction [31]; therefore, we pretreated 
NP cells with the Nrf2 inhibitor ML385 (1 µM) for 1  h 
prior to sh-SOX4 treatment. As shown in Fig.  8A–B, 
ML385 suppressed Nrf2 expression (P < 0.01) and had 
no effect on SOX4 and EZH2 expression. SOX4 knock-
down decreased SOX4 and EZH2 expression and weak-
ened ML385-induced Nrf2 downregulation (P < 0.05; 
Fig. 8A-B). In addition, treatment with ML385 decreased 
NP cell viability, which was reversed upon the addi-
tion of sh-SOX4 (P < 0.01; Fig.  8C). Levels of 8-OHdG 
in NP cells were found to be increased by ML385 treat-
ment and significantly decreased by sh-SOX4 addition 
(P < 0.01; Fig.  8D). Moreover, treatment with ML385 
induced a decrease in mitochondrial membrane potential 
and an increase in ROS levels (P < 0.01). This effect was 
reversed upon the addition of sh-SOX4 (P < 0.05; Fig. 8E–
F). Finally, Western blotting revealed that the ML385-
induced upregulation of NLRP3, p20, OPA1, and Drp1, 
along with the downregulation of Mfn1 and Mfn2, was 
reversed by the addition of sh-SOX4 (P < 0.01; Fig. 8G).

SOX4 promotes NLRP3 activation by modulating the EZH2/
Nrf2 pathway, thereby inducing pyroptosis in NP cells and 
accelerating ECM degradation
To further confirm whether SOX4 promotes NLRP3 acti-
vation through modulation of the EZH2/Nrf2 pathway, 
subsequently promoting pyroptosis and ECM degrada-
tion in NP cells, we pretreated NP cells with the Nrf2 
agonist sulforaphane (5 µM) for 1  h. As shown in Fig. 
S3A–B, qPCR and Western blot results indicated that sul-
foraphane treatment increased Nrf2 expression (P < 0.01), 
while it had no effect on SOX4 and EZH2 expression. 
Next, CCK-8 assay ascertained that the detrimental 
effects of EZH2 overexpression on cell viability were 
reversed by the administration of sulforaphane (P < 0.01; 
Fig. S3C). Immunofluorescence staining revealed that 
the downregulation of NLRP3, GSDMD, and MMP13 
induced by overexpressed EZH2 was reversed upon the 
addition of sulforaphane (Fig. S3D). Western blotting 
demonstrated that the increased effects of overexpressed 
EZH2 on NLRP3, caspases-1, and IL-1β, as well as the 
adverse effects on Aggrecan and Col II, were reversed by 
the addition of sulforaphane (P < 0.05; Fig. S3E). Finally, 
ELISA results showed that sulforaphane administra-
tion attenuated oe-EZH2-induced MMP-1 and MMP-2 

upregulation and TIMP-1 and TIMP-2 downregulation 
(P < 0.05; Fig. S3F).

Discussion
IDD is a prevalent degenerative condition in clinical 
practice [32]; however, many aspects of the underlying 
mechanisms remain poorly understood. Earlier find-
ings highlight NP cell dysfunction and NP tissue damage 
as crucial aspects of IDD [33]. Numerous studies have 
explored maintaining NP cell homeostasis as a potential 
treatment for IDD [34]. In addition, inflammation can 
alter the NP cell microenvironment, leading to apopto-
sis or pyroptosis, ultimately contributing to IDD [35]. In 
the present study, IDD rat and cell models were estab-
lished, and SOX4 deficiency was found to ameliorate 
ROS-dependent NLRP3 inflammasome activation and 
ECM degradation by inhibiting EZH2/NRF2 pathways, 
and thus ameliorate the impairment of NP cell and tissue 
homeostasis.

SOX4, a member of the SOX (SRY-related HMG 
box) gene family, is highly conserved in vertebrates and 
encodes a 47 KD protein containing 474 amino acid resi-
dues [36, 37]. Recently, SOX4 is reported to play pivotal 
roles in the development of bone, islet and heart, and 
cancers [14, 38, 39]. Previous studies have suggested that 
SOX4 is highly expressed in most of the cancers and pro-
motes tumor progression [36, 40, 41]. In IDD, SOX4 has 
also been demonstrated to be highly expressed and is 
associated with IDD progression [20, 21]. And a recent 
study emphasizes that SOX4 is an effective therapy tar-
gets for IDD, which showed that inhibition of SOX4 can 
delay disc degeneration and lower back pain [42]. Our 
results showed similar outcomes with these previous 
reported results, and also demonstrated the inhibitory 
role of absent SOX4 in IDD, showing as that SOX4 defi-
ciency ameliorates NP tissue disorganization and ECM 
degradation.

ECM degradation, causing loss of structural integrity 
and function, is a well-documented feature of IDD [34, 
43]. Maintaining the balance between ECM synthesis and 
degradation is vital for NP tissue homeostasis. Disrup-
tion in this balance, particularly via upregulated MMPs 
and ADAMTSs, may contribute to IDD development 
[44]. Our study demonstrated that the knockdown of 
SOX4 hindered ECM degradation in NP cells by down-
regulating catabolic markers (ADAMTS-5 and MMP-13) 
and upregulating anabolic markers (Col II and Aggrecan). 
These results indicate that SOX4 plays a role in modulat-
ing ECM degradation in IDD rats, thereby contributing 
to IDD progression.

Moreover, the dysfunction of various organelles, espe-
cially mitochondria, is closely related to denaturation 
[45]. Mitochondrial dysfunction and ROS production in 
NP cells are key factors contributing to IDD [43]. In our 
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Fig. 8 (See legend on next page.)
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study, overexpressed SOX4 exacerbated mitochondrial 
swelling in IL-1β-induced NP cells, while knockdown 
produced opposite effects. Furthermore, interference 
with SOX4 expression resulted in a decrease in intracel-
lular and mitochondrial ROS levels in IL-1β-induced NP 
cells. Overexpression of SOX4 attenuated the reduction 
in mitochondrial ROS levels induced by Mito-tempo (a 
mitochondrial ROS inhibitor). These results indicated 
that SOX4 promotes IDD progression through inducing 
dysfunction of mitochondria.

NLRP3 inflammasome is a key effector molecule of cell 
death due to its intricate transcriptional and post-transla-
tional modifications [46]. Mitochondria is also reported 
to contribute to the activation of the NLRP3 inflamma-
some via mitochondrial dysfunction and the genera-
tion of ROS [47], and thus affecting NP cell metabolism 
and inducing pyroptosis [48]. Moreover, pyroptosis is 
involved in IDD pathogenesis and contribute to NP cell 

death and ECM degradation [49, 50]. The We observed 
that suppressing SOX4 expression inhibited pyroptosis 
in NP cells by reducing NLRP3, caspase-1, and IL-1β lev-
els. This highlights the role of SOX4 in regulating NLRP3 
inflammasome activation and pyroptosis in the pro-
gression of IDD. Concurrently, overexpression of SOX4 
reversed the Mito-tempo-induced downregulation of 
NLRP3, p20, Drp1, ADAMTS-5, and MMP-13, while also 
inhibiting the Mfn2 upregulation. Our results suggest 
that inhibition of SOX4 expression could hinder mito-
chondrial ROS-dependent NLRP3 inflammasome activa-
tion, thereby mitigating the progression of IDD.

Although the role of SOX4 in IDD have been investi-
gated in several studies [20, 21, 42], the underline mecha-
nism is still insufficiency. A previous study revealed that 
knocking down EZH2 protects against cartilage endplate 
and disc degeneration, easing symptoms and slowing 
IDD progression [24]. EZH2, a histone methyltransferase, 

(See figure on previous page.)
Fig. 8  SOX4 enhances NLRP3 inflammasome activation in NP cells via the EZH2/Nrf2 pathway. (A–B) qRT-PCR and Western blot analysis showing the 
expression of SOX4, EZH2, and Nrf2 in NP cells after treatment with ML385 and/or sh-SOX4. (C) CCK8 assay results demonstrating cell viability after treat-
ment with ML385 and/or sh-SOX4. (D) Levels of 8-OHdG in NP cells were measured by ELISA. (E) JC-1 assay indicating the mitochondrial membrane 
potential after treatment with ML385 and/or sh-SOX4; scale bar: 25 μm. (F) DCFH-DA probe showing ROS levels in NP cells after treatment with ML385 
and/or sh-SOX4; scale bar: 25 μm. (G) Western blot analysis of NLPR3, p20, Drp1, OPA1, Mfn1, and Mfn2 protein expression in NP cells following treatment 
with ML385 and/or sh-SOX4. *P < 0.05 and **P < 0.01 versus the Model group; #P < 0.05 and ##P < 0.01 versus the ML385 + sh-SOX4 group

Fig. 9  A schematic diagram illustrating the mechanism of SOX4 in intervertebral disc degeneration
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has been documented to participate in the regulation of 
numerous cellular activities, such as cell proliferation, dif-
ferentiation, and programmed cell death [51]. EZH2 can 
suppress Nrf2 expression, thereby inducing inflamma-
some activation and ROS production [26]. Furthermore, 
recent studies reported that SOX4 can directly regulate 
EZH2 in various diseases [22, 23, 52], but their regula-
tory effects of them remains unknown in IDD. Here, we 
hypothesized that SOX4 may modulate the NRF2 path-
way through EZH2, in response to mitochondrial ROS-
dependent activation of NLRP3 inflammasomes in NP 
cells, promoting IDD progression. In our results, SOX4 
and EZH2 co-localized in the nucleus of NP cells was 
observed. Meanwhile, SOX4 knockdown reversed the 
increase in mitochondrial ROS levels and the expres-
sion of NLRP3, p20, and Drp1 caused by EZH2 overex-
pression in NP cells. It also countered the reduction of 
Mfn2 induced by EZH2 overexpression in NP cells. We 
additionally observed that inhibiting SOX4 enhanced 
the expression of NRF2, an effect offset by an elevation 
in EZH2. Furthermore, the heightened ROS production 
and NLRP3 inflammasome activation induced by EZH2 
overexpression were mitigated upon SOX4 knockdown. 
These findings suggest a regulatory role of SOX4 in the 
EZH2/NRF2 pathway. Moreover, after SOX4 knockdown, 
ML385 (NRF2 inhibitor)-induced ROS increase and 
NLRP3 inflammasome activation were reversed. Addi-
tionally, NRF2 activator sulforaphane administration 
mitigated the positive effects of EZH2 overexpression 
on IDD progression, including reduced ROS production, 
NLRP3 inflammasome activation, NP cell pyroptosis, and 
ECM degradation.

In this study, we found that the knockdown of SOX4 
can alleviate IDD progression by suppressing NLRP3 
inflammasome activation via the regulation of the EZH2/
Nrf2 pathway (Fig.  9). While our study yields robust 
findings, it is essential to acknowledge certain limita-
tions. Firstly, a significant portion of our experiments 
was conducted in vitro or in animal models. To enhance 
the applicability and relevance of our findings to clini-
cal practice, further confirmation in human subjects 
with IDD is warranted. Secondly, our focus was primar-
ily on the EZH2/Nrf2 pathway, and exploration of other 
molecular pathways implicated in SOX4-mediated IDD 
progression remains an avenue for future investiga-
tion. Despite these limitations, our research significantly 
contributes to elucidating the molecular mechanisms 
involved in IDD progression and identifying potential 
therapeutic targets.

Conclusion
Our findings underscore that SOX4 suppresses mito-
chondrial ROS-dependent NLRP3 inflammasome acti-
vation and ECM degradation via modulating the EZH2/

Nrf2 pathway, thereby ameliorating the impairments 
of NP cells and inhibiting IDD progression. Our study 
might shed light on the acknowledge of mechanism 
involved in IDD progression and indicated that SOX4 
might be a therapeutic target for IDD degeneration.
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