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ARTICLE INFO ABSTRACT

Keywords: Objective: Dynamin-related protein 1 (Drpl) plays a crucial role in various inflammatory and degenerative dis-
Dr.Pl . eases, yet its involvement in intervertebral disc degeneration (IVDD) remains poorly understood. This study aims
Mitochondria to elucidate the mechanism by which Drp1 contributes to IVDD and to identify the efficacy of the Drp1 inhibitor
Apoptosis -

Pyroptosis Mdivi-1 on IVDD.

Ingf Methods: Tert-butyl hydroperoxide (TBHP) is utilized to induce an oxidative stress microenvironment in vitro. In

vivo, IVDD model is constructed in 8-week old rats through puncture operation. The therapeutic effect of Mdivi-1
is evaluated through X-ray, MRI and histological analysis. A comprehensive set of experiments, including single-
cell sequencing analysis, western blot, flow cytometry and immunofluorescence staining, are conducted to
investigate the role and underlying mechanisms of Drpl in vitro.

Results: Our study demonstrates that the expression of Drpl and phosphorylated Drpl (p-Drpl) are up-regulated
in degenerative nucleus pulposus cells (NPCs), which are accompanied with increased pyroptosis and apoptosis.
In vivo, both si-Drpl-mediated Drpl knockdown and the pharmacological inhibitor Mdivi-1 alleviate puncture-
induced IVDD in rats. In vitro, si-Drpl or Mdivi-1 inhibits mitochondria-dependent apoptosis and pyroptosis
triggered by TBHP. Mechanistically, Mdivi-1 reduces p-Drp1 levels, inhibits excessive mitochondrial fission, and
mitigates mitochondrial dysfunction. Drpl phosphorylation-based Drpl mitochondrial translocation and sub-
sequent apoptosis and pyroptosis are regulated by ERK1/2 phosphorylation in NPCs under oxidative stress
condition.

Conclusion: This study highlights the involvement of Drp1 in the pathological progression of degenerative NPCs
in IVDD, which is regulated by ERK1/2. Pharmacological inhibition of Drpl with Mdivi-1 protects NPCs by
promoting mitochondrial function and attenuating apoptosis and pyroptosis. These findings suggest that Mdivi-1
is a promising therapeutic candidate for IVDD treatment.

Translational Potential: By offering experimental evidence on the role and mechanism of Drp1 in IVDD, this study
underscores the potential of Mdivi-1 as a therapeutic strategy for IVDD.
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1. Introduction

Lower back pain represents a major global health challenge, leading
to considerable social and economic burdens [1]. By 2050, it is esti-
mated that over 800 million people worldwide will suffer from lower
back pain, with intervertebral disc degeneration (IVDD) being a key
factor in its onset [2]. IVDD is a multifactorial condition influenced by a
variety of factors such as obesity, malnutrition, and abnormal stress, yet
its precise pathogenesis remains unclear, and effective treatments are
currently unavailable [3]. The intervertebral disc is composed of the
endplate, nucleus pulposus (NP), and annulus fibrosus. The reduction of
nucleus pulposus cells (NPCs), as resident cells of NP tissues, is an
important pathological feature of IVDD. Understanding the molecular
mechanisms underlying NPC cell death may offer valuable insights into
the treatment of IVDD.

Mitochondrial dysfunction is involved in various pathophysiological
processes in multiple diseases, including ATP synthesis, reactive oxygen
species (ROS) metabolism, calcium homeostasis, intrinsic apoptosis and
pyroptosis [4]. Pathogenic factors such as oxidative stress induce
mitochondrial dysfunction by impairing the mitochondrial capacity to
eliminate ROS, thereby establishing a vicious cycle of increased intra-
cellular oxidative stress [5,6]. Elevated mitochondrial ROS level results
in a decrease in MMP (MMP), the opening of the mitochondrial
permeability transition pore (mPTP) and the increase of mitochondrial
membrane permeability. Consequently, cytochrome c is released from
the mitochondria into the cytoplasm, thereby activating pro-apoptotic
factors such as caspase-9 and caspase-3, triggering intrinsic apoptosis
[7]. Furthermore, increased mitochondrial membrane permeability fa-
cilitates the release of mitochondrial DNA (mtDNA) into the cytoplasm,
where it acts as a pathogen- or damage-associated molecular pattern
(PAMP or DAMP), detected by pattern recognition receptors. This acti-
vation triggers a type I immune response [8]. A previous study high-
lighted that cGAS served as a primary receptor for double-stranded DNA
(dsDNA) in the cytoplasm of NPCs. The activation of the cGAS-Sting axis
promoted apoptosis, cellular senescence, and extracellular matrix
degradation in NPCs [9,10]. Additionally, the mPTP opening contrib-
uted to the release of mtDNA into the cytoplasm, following the activa-
tion of the cGAS-Sting axis and triggering NLRP3-related pyroptosis in
NPCs under oxidative stress, along with the exacerbation of IVDD pro-
gression [11]. However, the precise mechanisms underlying the mPTP
opening and the increase of mitochondrial permeability remain poorly
understood.

Mitochondrial dynamics (including mitochondrial fusion and
fission) are crucial for maintaining mitochondrial quality. These pro-
cesses are regulated by mitochondrial fusion-related proteins (MFN1,
MFN2, OPA1) and fission-related proteins (Drp1, Fis1, Mff, MiD49 and
MiD51) [12]. In mitochondrial fission, the key driver of mitochondrial
fission is dynamin-related protein 1 (Drpl), which is a GTP enzyme
predominantly located in the cytoplasm, but translocates to the outer
mitochondrial membrane upon activation, where it facilitates mito-
chondrial division [13]. The involvement of Drpl in excessive mito-
chondrial fission has been identified in multiple diseases, leading to
mitochondrial fragmentation and cellular dysfunction, which are char-
acterized by elevated ROS levels and disrupted energy metabolism [14].
Increasing evidence has shown that excessive mitochondrial fission in
NPCs contributes to IVDD pathology. However, the underlying mecha-
nism, particularly concerning oxidative stress-induced apoptosis and
pyroptosis in NPCs, remains unclear [15].

The objective of this study is to investigate the role of Drpl in NPCs
in the context of IVDD. Specifically, we seek to analyze human nucleus
pulposus (HNP) tissue samples to explore the expression and correlation
between Drpl and pyroptosis or apoptosis. Additionally, we intend to
examine the role of oxidative stress in Drp1 activation, as well the role of
Drpl in the modulation of apoptosis and pyroptosis in NPCs through
both HNP tissue sample analysis and cellular experiments. Finally, we
will assess the therapeutic potential of Drp1 deficiency in a rat puncture-
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induced IVDD model.
2. Material and methods
2.1. Ethics statement

In this study, HNP tissue collection was approved by the Medical
Ethics Committee of the Second Affiliated Hospital and Yuying Chil-
dren’s Hospital of Wenzhou Medical University (Approval No.
LCKY2020-20). Informed consent was obtained from all patients ac-
cording to the Declaration of Helsinki. The animal experiments were
approved by the Laboratory Animal Ethics Committee of Wenzhou
Medical University (Approval No. wydw2020-0165).

3. Antibodies and reagents

A list of the antibodies and reagents used in this study is provided in
Supplemental Table 1.

3.1. Single-cell RNA sequence (scRNA-seq) analysis

The scRNA-seq dataset (GSE153066), including eight control and
eight degenerative nucleus pulposus samples, was retrieved from the
GEO database (https://www.ncbi.nlm.nih.gov/geo). The dataset was
processed with the standard 10x Genomics protocol as previously
described [16]. Low-quality cells were excluded from analysis if they
exhibited fewer than 200 or more than 6000 detected genes, as
abnormal gene counts in barcodes suggest the presence of dying cells,
cells with compromised membranes, or cell doublets. Additionally, cells
with a mitochondrial gene mapping rate of more than 15 % were also
excluded, as this may indicate a high degree of cell membrane
compromise and mRNA leakage.

The remaining high-quality cells were normalized and scaled using
the “NormalizeData” and “ScaleData” functions, with a view to achieve
linear conversion. Principal component analysis (PCA) was carried out
on the top 2000 variable genes, and the 20 most statistically significant
principal components were selected for subsequent clustering. Batch
effects were mitigated by integrating the scRNA-seq data from multiple
samples using the “RunHarmony” function from the Harmony package.
The resulting clusters were then visualized using Uniform Manifold
Approximation and Projection (UMAP). In order to identify these clus-
ters, a weighted Shared Nearest Neighbor (SNN) graph-based method
was adopted. Marker genes for each cluster were identified using the
Wilcoxon rank-sum test (with the default parameters: “bimod”,
likelihood-ratio test, p < 0.01) via the “FindAllMarkers” function in
Seurat. These markers were selected based on expression in at least 10 %
of the cells within a cluster and an average log2 fold change (FC) greater
than 0.25. Differentially expressed genes (DEGs) were determined with
a |log2 FC| > 0.25 and parametric F-tests comparing nested linear
models (p value < 0.05), via the “FindMarkersc” function. A GO func-
tional enrichment analysis was performed using the “clusterProfiler”
package, applying a significance threshold of p < 0.05 and a gene count
>2.

3.2. Human nucleus pulposus (HNP) samples collection

A total of 24 HNP samples (6 per group) were collected from patients
undergoing spinal surgery. The degree of IVDD was assessed using the
Pfirrmann grading system. Grade I and Grade II HNP samples were
collected from patients with thoracolumbar vertebral fractures, while
Grade IV and Grade V samples were obtained from patients with
degenerative disc disease. Detailed information on the samples is pro-
vided in Supplemental Table 2.


https://www.ncbi.nlm.nih.gov/geo
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3.3. Rat puncture-induced IVDD model and grouping

8-week-old male Sprague-Dawley (SD) rats were utilized in the
present study. Anesthesia was administered via injection of 2 % (w/v)
pentobarbital (40 mg/kg). A puncture-induced IVDD model was estab-
lished as previously described [10,11]. Briefly, after localization of the
tail disc (Co7/8) via X-ray radiography, utilizing a 21G needle, the
annulus fibrosus was punctured perpendicularly (5 mm) with a 360°
rotation maintained for 1 min. The rats were then randomly divided into
four groups: control, IVDD, IVDD + si-Drp1, and IVDD + Mdivi-1. In the
IVDD + si-Drpl group, 3 pL of si-Drp1 was injected into the center of the
nucleus pulposus, while the rats in the IVDD + Mdivi-1 group received
an intraperitoneal injection of Mdivi-1 (3 mg/kg, MedChemExpress)
dissolved in DMSO. 8 weeks after surgery, X-ray and MRI imaging were
performed, and the disc samples were collected for further histological
experiments.

3.4. X-ray and MRI imaging

8 weeks after surgery, X-ray and MRI images were obtained. X-ray
imaging was performed through an X-ray irradiation system (Kubtec,
USA), and the disc height index (DHI) was calculated as described in our
previous study [17]. T2-weighted MRI sequences were acquired using a
3.0 T magnet (Philips Intera Achieva 3.0 MR, Netherlands) to evaluate
the Pfirrmann grade by assessing the signal intensity of the nucleus
pulposus and structural changes in the intervertebral discs.

3.5. Histological analysis

The rats were sacrificed, and the Co7/8 punctured discs were har-
vested at 8 weeks after surgery. The disc samples were fixed in 4 %
paraformaldehyde for 24 h, followed by decalcification in EDTA decal-
cifying solution for 4 weeks. The discs were then dehydrated and
embedded in paraffin for sectioning. The sections were stained using
Hematoxylin-Eosin (HE) and Safranin O-Fast Green (SO) to assess the
morphology of the nucleus pulposus, annulus fibrosus and endplate. The
images of the HE and SO stained sections were captured using a light
microscope (Olympus Inc., Japan), and the histological score was
determined in a blinded manner based on previously established
criteria.

3.6. Immunofluorescence and immunohistochemical analysis of nucleus
pulposus tissues

The human and rat NP tissue sections were deparaffinized and
rehydrated for subsequent immunofluorescence and immunohisto-
chemistry (IHC). For IHC, H204 and pepsin incubation were performed
before goat serum blocking. After a 1 h blocking with goat serum at
37 °C, the sections were incubated overnight at 4 °C with primary an-
tibodies. Following PBS washes, the sections were incubated with either
Alexa Fluor-conjugated secondary antibodies and DAPI, or HRP-
conjugated secondary antibodies and DAB.

3.7. Measurement of ROS levels in human nucleus pulposus tissues

The ROS level in human HNP tissues was measured using the DCFH-
DA assay kit. The sections were then stained as per the manufacturer’s
instructions. The images were acquired by fluorescence microscopy
(Olympus Inc., Tokyo, Japan) and analyzed using Image J 2.1 (Bethesda,
USA).

3.8. Isolation and culture of rat NPCs
Forty male SD rats (6 weeks old) were selected for NPCs isolation and

culture. After euthanasia using 10 % chloral hydrate, the NP tissues were
carefully dissected and collected under sterile conditions. After that, the
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tissues were digested with 0.1 % type II collagenase at 37 °C for 4 h. The
NPCs were collected after centrifugation, cultured in DMEM/F12 me-
dium supplemented with 15 % FBS and 1 % penicillin/streptomycin
antibiotics in an incubator (37 °C, 5 % CO3). NPCs at passages 1-3 were
used for subsequent cellular experiments.

3.9. Western blot analysis

The HNP tissues and conditionally treated NPCs were harvested and
lysed using RIPA buffer (Beyotime) for protein extraction. The protein
samples (30-60 pg) were separated by 7.5 %-12.5 % SDS-PAGE and
transferred to PVDF membranes. After blocking with 5 % non-fat milk
for 2 h at room temperature, the membranes were incubated with pri-
mary antibodies overnight at 4 °C. The membranes were then washed
with PBS and incubated with secondary antibodies for 2 h at 37 °C. The
protein bands were visualized and quantified using the Chemi DocXRS
Imaging System and ImageJ 2.1 software.

3.10. Measurement of mitochondrial ROS and MMP

Mitochondrial ROS and MMP were measured using MitoSOX and JC-
1 assay Kkits. Briefly, according to the manufacturer’s protocols, NPCs
were stained after conditional treatment, and images were captured
using a fluorescence microscope for analysis.

3.11. Flow cytometry assay

The apoptosis ratio of NPCs was determined with an Annexin V/PI
assay kit, following the manufacturer’s instructions. To assess the
pyroptosis ratio in NPCs, pre-treated NPCs were stained with 7-AAD and
anti-caspase-1 antibodies. Flow cytometry was performed using a
Beckman Coulter CytoFlex flow cytometer (Beckman, IN, USA) and the
data were analyzed using FlowJo software.

3.12. Immunohistochemical and immunofluorescent analysis of NPCs

The cultured NPCs were then treated according to the study pro-
posal. Following treatment, the NPCs were fixed, permeabilized,
blocked and incubated with primary antibodies overnight at 4 °C. For
IHC, the NPCs were treated with HyO, pepsin, goat serum, HRP-
conjugated secondary antibody and DAB staining, followed by dehy-
dration, similar to the protocol used for HNP tissues. For immunofluo-
rescent staining, the NPCs were incubated using Alexa Fluor-conjugated
secondary antibodies, MitoTracker Red and DAPI, mirroring the pro-
cedures for the HNP tissues. The images were captured with a fluores-
cence microscope (Olympus Inc., Tokyo, Japan). Quantification of
mtDNA release was conducted as previously reported [18].

3.13. Small-interfering RNA (si-RNA) transfection

si-RNA targeting the Drpl gene (si-Drpl) was purchased from
RiboBio (Guangzhou, China). The si-Drpl sequence was showed in
Supplementary Table 3. The si-Drpl transfection was conducted as
previously described [19,20]. In vitro, the pre-treated NPCs seeded in
12-well plates were transfected with si-Drpl using Lipofectamine™
2000 transfection reagent, following the manufacturer’s instructions. In
vivo, 2 pL of si-Drpl was injected intradiscally into the nucleus pulposus
tissues of rats through a microliter syringe with a 27G needle.

3.14. Statistical analysis

The data are expressed as the Mean + SD. Statistical analyses were
conducted using SPSS software version 18.0. The normality of contin-
uous variables was evaluated. For normally distributed data with equal
variances, one-way analysis of variance (ANOVA) followed by Tukey’s
post-hoc test was performed for comparison between control and
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treatment groups. Student’s t-test was adopted for comparison between
two groups. For non-parametric data, the Kruskal-Wallis H test was
applied. Simple linear regression was performed to evaluate the rela-
tionship between two variables. P < 0.05 was considered statistically
significant.

4. Results

4.1. Increased Drp1 expression and activation of pyroptosis and apoptosis
in IVDD

Given that the NP tissues played a primary role in intervertebral disc
and that NPCs were resident cells of NP tissues, we carried out scRNA-
seq analysis and biological experiments to identify the mRNA level of
Drpl and investigate the pathological changes in degenerative NP tis-
sues. The volcano plot demonstrated that the gene expression of Drpl
was up-regulated in degenerative NP tissues (Fig. 1A). Previous studies
have confirmed various immune cell infiltrations and fibrous tissue
hyperplasia in NP tissues. We further carried out scRNA-seq to deter-
mine whether Drpl was similarly up-regulated in degenerative NPCs.
The UMAP clustering analysis indicated that the mRNA expression of
Drpl was predominantly localized in NP tissues area (Fig. 1B and C). The
NP clusters were then classified into four distinct groups: COL2A1 NPCs,
COL6A3 NPCs, ORM1 NPCs, and FTH1 NPCs (Fig. 1D). The mRNA
expression of Drpl was up-regulated in COL2A1 NPCs, COL6A3 NPCs
and FTH1 NPCs (Fig. 1E and F). Furthermore, we collected HNP tissues
from low degenerative (Pfirrmann Grade I) and high degenerative
(Pfirrmann Grade IV) discs and performed histological staining to
identify whether the protein expression of Drpl was increased in
degenerative NPCs. Histological staining suggested that degenerative
NP tissues (Grade IV) manifested cellular aggregation, cartilage cyst-like
structures, and a marked disruption of nuclear matrix architecture
(Fig. 1G). Immunofluorescence results further confirmed that the pro-
tein expression of Drpl was increased in degenerative NPCs, as well as
mRNA (Fig. 1H). We then established rats punctured-induced IVDD
model (8 weeks), and the immunofluorescence result revealed an
increased expression of Drp1l in NPCs in IVDD model, consistent with the
finding in the HNP tissues (Fig. 1I and J). These data implied that Drp1
played a role in IVDD. To explore the underlying etiological factors
contributing to NPC dysfunction in IVDD, we performed a GO analysis,
which revealed a substantial enrichment of apoptosis and pyroptosis
signaling pathways in degenerative NPCs (Fig. 1K). We then carried out
western blot analysis to determine the protein levels of Drp1, apoptosis-
associated molecules (cleaved caspase-3), and pyroptosis-associated
molecules (NLRP3 and cleaved caspase-1) across different degenera-
tive HNP tissues. The western blot results indicated notably increased
expressions of Drpl, cleaved caspase-1, NLRP3, and cleaved caspase-3 in
degenerative HNP tissues (Fig. 1L and M). Linear regression analysis
further demonstrated that higher protein expressions of Drpl, cleaved
caspase-1, NLRP3, and cleaved caspase-3 were correlated with more
severe IVDD (Fig. 1N). Since Drpl played a key role in cellular ho-
meostasis, we also further explored the relation between Drpl and
apoptosis or pyroptosis. The linear analysis unveiled a positive corre-
lation between Drpl and cleaved caspase-1, NLRP3, or cleaved caspase-
3 (Fig. S1). These findings underscored that IVDD was accompanied by
increased Drpl expression and escalating pyroptosis and apoptosis
processes.

4.2. Accumulated oxidative stress increases Drp1 expression and triggers
pyroptosis and apoptosis in NPCs

In the pathogenesis of IVDD, various pathological factors contribute
to elevated oxidative stress level, which plays a key role in the survival
of NPCs. Previous studies have documented the activation of pyroptosis
and apoptosis in degenerative HNP tissues [10,16,21]. In this study, we
sought to investigate whether elevated oxidative stress level was
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associated with the occurrence of pyroptosis and apoptosis in NPCs,
using HNP tissues and cellular experiments. In HNP samples, IHC was
carried out to determine the expressions of Drpl, cleaved caspase-1,
NLRP3, and cleaved caspase-3. Additionally, the ROS level in HNP tis-
sues was measured using a DCFH-DA probe (Fig. 2A). Linear regression
analysis revealed a significant positive connection between oxidative
stress and Drpl, cleaved caspase-1, NLRP3 or cleaved caspase-3
(Fig. 2B). In vitro, NPCs were cultured and treated with different con-
centrations of TBHP (0, 20, and 40 pM), with a view to investigate the
cellular response under oxidative stress through western blot and flow
cytometry assay. Western blot analysis suggested a dose-dependent in-
crease in Drpl expression, along with apoptosis-related markers
(cleaved caspase-3 and cytochrome c) and pyroptosis-related markers
(NLRP3, ASC NT-GSDMD and cleaved caspase-1) following TBHP
treatment (Fig. 2C and D). The flow cytometry analysis of Annexin V/PI
revealed a significant increase in the apoptosis ratio of NPCs, particu-
larly in the late stage of apoptosis, following TBHP treatment (Fig. 2E
and F). 7-AAD is a nucleic acid dye binding to DNA, and its binding
increases, with the gradual increase of the permeability of the plasma
membrane to 7-AAD during cell death. The NPCs were labeled with
7-AAD and anti-caspase-1, and cells positive for both 7-AAD and
caspase-1 were identified as undergoing pyroptosis. A dose-dependent
increase in the ratio of 7-AAD"/cleaved caspase-1" cells was noted in
TBHP-treated NPCs (Fig. 2G and H). These data collectively suggested
that accumulated oxidative stress up-regulated Drp1l expression, leading
to the activation of apoptosis and pyroptosis in NPCs.

4.3. Drp1 deficiency ameliorates IVDD progression in rats puncture-
induced IVDD model

Having established the association between oxidative stress and
apoptosis or pyroptosis with up-regulation of Drpl in NPCs (Fig. 2), we
then evaluated the therapeutic potential of Drpl deficiency in rats
puncture-induced IVDD model (Fig. 3A). X-ray imaging showed signif-
icant collapse of disc height following puncture operation in the IVDD
group, whereas treatment with si-Drp1 or Mdivi-1 resulted in a marked
reduction of disc height collapse (Fig. 3B). The MRI examination
revealed a decrease in the T2-weighted signal of the nucleus pulposus in
punctured discs compared to those treated with si-Drpl or Mdivi-1
(Fig. 3C). Gross examination of the discs suggested that the changes in
disc height aligned with the X-ray findings, with more pronounced
degenerative changes observed in discs with higher degeneration
(Fig. 3D). Additionally, we observed significant infiltration of fibrous
tissues into atrophic NP tissues and a distinct demarcation between NP
and AF tissues in the IVDD group. However, treatment with si-Drpl or
Mdivi-1 partially reversed these histological alterations. The changes in
degenerative pathology were consistent with the histological scoring,
showing that the administration of si-Drpl or Mdivi-1 significantly
brought down the histological score compared to that of the IVDD group
(Fig. 3E). These data suggested that Drpl deficiency can effectively
alleviate the progression of IVDD in rats puncture-induced IVDD model.

4.4. Drpl deficiency alleviates oxidative stress-induced mitochondrial
fission and mitochondria-dependent apoptosis in NPCs

Previous studies have suggested that mitochondrial homeostasis
played an important role in regulating apoptosis. Drpl-mediated mito-
chondrial fission disrupts the balance of mitochondrial homeostasis,
leading to excessive production of ROS [22,23]. We further investigated
whether oxidative stress-induced Drpl-related mitochondrial fission
was responsible for the increase of mitochondrial oxidative stress and
mitochondria-dependent apoptosis. The NPCs were incubated with
TBHP (40 pM, 24 h) to elevate the ROS level, while Mdivi-1 (10 pM, 24
h) was utilized to inhibit the activity of Drpl [24].

The MitoTracker Red staining revealed an increased presence of
tubular mitochondria following the knockdown or inhibition of Drpl, in
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Fig. 1. Increased Drp1 expression, pyroptosis and apoptosis are involved in IVDD. (A) Volcano plot showing significantly up-regulated genes (red) and down-
regulated genes (blue) in degenerative human nucleus pulposus (HNP) tissues compared with control. Differentially expressed genes (DEGs) were filtered by adjusted
p < 0.05. (B) UMAP plot showing 7 clusters of cells in the human nucleus pulposus tissues, each plot represents one cell. (C) UMAP clustering showing the DNM1L
(Drp1) distribution in the 7 different clusters. (D) UMAP visualizing 4 different clusters of human NPCs after clustering. (E, F) Gene expression of DNM1L in the 4
different clusters as shown by UMAP plot and scatter plot. (G) Representative MRI images, H&E staining, Safranin-O staining and immunofluorescence staining
(Drpl) of Pfirrmann MRI degree I and IV HNP tissues. (H) Quantification of Drpl fluorescence intensity in HNP tissue sections, n = 6. (I) Representative gross
anatomy, H&E staining, Safranin-O staining and immunofluorescence staining (Drp1) of rats puncture-IVDD model. (J) Quantification of Drpl fluorescence intensity
in IVDD model, n = 6. (K) GO enrichment analysis of DEGs in different degenerative HNP tissues. (L, M) Western blot assay and quantification of Drp1, cleaved
caspase-1, NLRP3 and cleaved caspase-3 in the different degrees HNP tissues according to the Pfirrmann grading system, n = 3. (N) Linear regression analysis
between Drpl, cleaved caspase-1, NLRP3 or cleaved caspase-3 protein levels and Pfirrmann MRI grades. Data are shown as the mean =+ SD. ns: no significance, *P <

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

contrast to the punctate structures observed in the TBHP group
(Fig. 4A). Furthermore, the fluorescence intensity of MitoSOX increased
markedly under TBHP treatment, but was attenuated following si-Drpl
or Mdivi-1 administration (Fig. 4B). Additionally, we examined the role
of Drpl in mitochondria-dependent apoptosis using western blot anal-
ysis and flow cytometry analysis of Annexin V/PL Cleaved caspase-3, as
the activated form of caspase-3, serves as a pivotal mediator of pro-
grammed cell death or apoptosis. Upon release from mitochondria under
stress-induced damage, cytochrome c (cyt c) activates caspase-9, an
upstream regulator of caspase-3. The western blot analysis indicated
that both knockdown and inhibition of Drp1 significantly suppressed the
translocation of cyt ¢ from mitochondria to cytoplasm, leading to a
decrease in cleaved caspase-3 expression (Fig. 4C and D). The flow
cytometry revealed a marked reduction in the percentage of apoptotic
NPCs following si-Drpl or Mdivi-1 treatment (Fig. 4E and F). In vivo,
TUNEL staining showed an increase in TUNEL positive cells in the rats
puncture-induced IVDD model, which was then reversed by Drpl defi-
ciency (Fig. 4G and H). Similar trends were observed in immunohisto-
chemical analysis of cleaved caspase-3 in these groups (Fig. 4I and J).
These findings suggested that the increase of Drpl expression was
responsible for mitochondrial fission and mitochondria-dependent
apoptosis in NPCs.

4.5. Drpl deficiency inhibits pyroptosis in NPCs following TBHP
treatment and in rats puncture-induced IVDD model

The effect of Drpl deficiency on pyroptosis in NPCs was assessed
following TBHP treatment and establishment of puncture-induced IVDD
model. The western blot analysis indicated an up-regulation in the
expression of pyroptosis markers (NLRP3, ASC, NT-GSDMD and cleaved
caspase-1) upon TBHP treatment. However, this up-regulation was
dramatically attenuated by the knockdown or pharmacological inhibi-
tion of Drpl (Fig. 5A). IHC staining in vitro further supported the role of
Drpl deficiency in NLRP3 expression (Fig. 5B and C). Additionally, flow
cytometry analysis was carried out for 7-AAD/caspase-1, revealing a
reduction in the percentage of 7-AAD"/caspase-1" NPCs and indicating
a mitigation of pyroptosis (Fig. 5D and E). Previous studies have sug-
gested that oxidative stress induced mPTP opening and cytosolic mtDNA
accumulation, leading to cGAS-Sting-NLRP3 pathway-dependent
pyroptosis in NPCs [9,11]. In order to investigate whether oxidative
stress induced mPTP opening via Drpl, we performed JC-1 staining to
evaluate MMP, which was decreased by mPTP opening. We noted a
significant reduction in JC-1 polymers and an increase in monomers
upon Drpl inhibition or knockdown (Fig. 5F and G). As the MMP
decreased and mPTP increased, there was a concomitant rise in the
release of cytosolic mtDNA from mitochondria. To verify the release of
mtDNA, we carried out immunofluorescence staining using MitoTracker
Red/dsDNA, which revealed a reduction in extra-mitochondrial mtDNA
due to Drpl deficiency (Fig. 5H and I). Finally, the therapeutic effect of
si-Drpl or Mdivi-1 on IVDD in vitro was identified by immuno-
fluoresence staining which revealed reduced fluorescence intensity of
NLRP3 with si-Drpl or Mdivi-1 intervention (Fig. 5J and K). These
findings collectively suggested that Drp1 deficiency inhibited pyroptosis
in NPCs following TBHP treatment and in rats puncture-induced IVDD
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model.

4.6. Activation of ERK1/2 promotes Drp1 phosphorylation and
mitochondrial translocation

The activation of Drpl is regulated by a variety of post-translational
modifications, including phosphorylation, SUMOylatiocd palmitoyla-
tion, etc. [25]. Among these modifications, phosphorylation stands out
as one of the most crucial mechanisms [26]. Several phosphorylation
sites on Drpl have been identified, with the phosphorylation of Ser-616
playing a key role in the mitochondria translocation of Drpl and sub-
sequent mitochondrial fission [25]. In this study, immunofluorescence
staining was performed to evaluate the phosphorylation status of Drpl
in HNP tissues. Our findings revealed a significant increase in the level of
Drp15¢616 phosphorylation in severely degenerated HNP tissues
(Fig. 6A).

Previous studies have documented several upstream regulators of
Drp15¢7~616 phosphorylation, such as RIP1, ROCK, CaMKII, CDK1/cyclin
B, and ERK1/2 [27,28]. Our prior studies also reported that ERK1/2
phosphorylation was activated in IL-1p-induced NPCs [29]. Addition-
ally, through immunofluorescence staining of low and high degenera-
tive HNP tissues, we confirmed that the levels of p-ERK1/2 increased in
degenerative HNP tissues (Fig. 6B). In order to investigate whether
Drp15¢7~5°2 (the human equivalent of Drp15¢%16) phosphorylation was
regulated by p-ERK1/2 under oxidative stress, we cultured and treated
the rat NPCs with TBHP (40 pM, 24 h). The ERK1/2 inhibitor PD98059
(2.5 pM) was utilized to inhibit ERK1/2 phosphorylation. The western
blot analysis revealed that TBHP treatment up-regulated the expressions
of p-ERK1/2 and p-Drp15~52, while the administration of PD98059
suppressed Drp1°¢°2 phosphorylation (Fig. 6C). To address the role of
ERK1/2 in the translocation of Drpl to the mitochondria, we performed
immunofluorescence analysis on the co-localization of MitoTracker Red
and Drpl. According to the images, a majority of Drpl was located
outside of the mitochondria in the negative group, while TBHP treat-
ment induced a marked translocation of Drp1l from the cytoplasm to the
mitochondria, a process that was suppressed by PD98059 (Fig. 6F).
Additionally, the western blot analysis suggested that the inhibition of
ERK1/2 with PD98059 attenuated TBHP-induced apoptosis and pyrop-
tosis (Fig. 6D and E). These findings suggested that ERK1/2 activation
triggered Drp1 phosphorylation and mitochondrial translocation, which
mediated mitochondria-dependent apoptosis and pyroptosis.

5. Discussion

Drpl, as a multifunctional protein, plays a critical role in regulating
various pathophysiological processes, including mitochondrial fission,
metabolic reprogramming, apoptosis, pyroptosis, and autophagy [30,
31]. Recent studies have reported elevated Drpl expression in several
degenerative diseases, such as Parkinson’s disease, Alzheimer’s disease
and cardiovascular diseases [32,33]. While a large number of studies
have reported that Drpl activation contributes to NPC dysfunction, the
role of Drpl in IVDD remains poorly understood [15,34,35]. For this
reason, it is essential to clarify whether Drpl plays a key role in NPCs
degeneration as well as IVDD for the purpose of further treatment.
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Fig. 2. Accumulated oxidative stress increases Drpl expression and triggers pyroptosis and apoptosis in NPCs. NPCs were cultured and treated with 0, 20 and
40 pM TBHP for 24 h. (A) Immunohistochemistry (Drpl, cleaved caspase-1, NLRP3 and cleaved caspase-3) and DCFH-DA staining of human nucleus pulposus tissues
with different degrees of degeneration, n = 3. (B) Linear regression analysis between protein levels of Drp1, cleaved caspase-1, NLRP3 or cleaved caspase-3 and ROS
level of human nucleus pulposus tissues with different degrees of degeneration. (C, D) Western blot assay and quantification of Drp1, cleaved caspase-3, cttochrome c,
NLRP3, ASC, cleaved caspase-1 and NT-GSDMD in NPCs treated with different concentrations of TBHP. (E) Annexin V/PI staining of NPCs treated with different
concentrations of TBHP measured by flow cytometry. (F) The percentage of apoptotic cells measured by flow cytometry, n = 3. (G) Flow cytometry assay of caspase-
1/7-AAD in NPCs treated with different concentrations of TBHP. (H) The percentage of pyroptotic cells measured by flow cytometry, n = 3. Data are shown as the
mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 3. Drpl deficiency ameliorates rats puncture-IVDD progression. Rats puncture-IVDD model on Co7/8 was established, si-Drp1 intradiscally injection or
Mdivi-1 intraperitoneally injection were conducted every week for 8 weeks. (A) The overview of the establishment and treatment of IVDD in rats model experiments.
(B) The representative X-ray images and disc height index (DHI) analysis of the rat-tail discs at 8 weeks after surgery, n = 6. (C) The representative T2 weighted MRI
images and Pfirrmann grade scores analysis of the rat-tail discs at 8 weeks after surgery, n = 6. (D) Representative gross anatomy images of disc samples from each
group at 8 weeks after surgery. (E) Representative H&E and Safranin-O staining and histological score analysis of disc samples from each group at 8 weeks after
surgery, n = 6. Data are shown as the mean + SD. *P < 0.05, **P < 0.01, ****P < 0.0001.

The expression of Drpl in NPCs has been a subject of debate in prior classification methods, and statistical methods.
reports. Our previous study also showed that Drpl expression was up- Oxidative stress is a crucial pathological factor in IVDD [37]. The
regulated in NPCs treated with IL-1p and TBHP [29]. Consistent with accumulation of ROS deteriorated mitochondrial dysfunction and
the findings reported by Peng et al., the expression of Drp1 in NPCs was apoptosis, accompanied by increased Drp1 expression. Nevertheless, the
markedly up-regulated by LPS intervention [36]. However, a more role of Drp1 in oxidative stress-induced apoptosis remains unclear. It has
recent study found no significant difference in the levels of Drpl protein been reported that Drpl-mediated mitochondrial fission triggered
between low degenerative (Pfirrmann Grade I and II) and high degen- mitochondrial dysfunction, characterized by increased mitochondrial
erative NP tissues (Pfirrmann Grade III and IV) NP tissues [34]. In the ROS level [14,26]. Our study demonstrated that external oxidative stress
present study, we observed an up-regulation of Drpl expression in can disrupt the anti-oxidative system, leading to an increase in mito-
degenerative NP tissues at both the mRNA and protein levels, which chondrial ROS, as evidenced by mPTP opening and decreased MMP.
aligned with the findings from cellular experiments on NPCs exposed to These negative effect were alleviated by Drpl deficiency with mild
oxidative stress. At the same time, a positive correlation was observed mitochondrial fragmentation. In chondrocytes, the pharmacological
between the expression of Drpl and the Pfirrmann MRI grade. These inhibition of Drp1 with Mdivi-1 suppressed IL-1p-induced mitochondrial
divergent results may be attributed to variations in sample sources, fission and apoptosis [24]. Similarly, our study suggested that oxidative
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Fig. 4. Drpl deficiency alleviates oxidative stress induced mitochondrial fission and mitochondria-dependent apoptosis in NPCs. NPCs were cultured and
treated with si-Drpl or Mdivi-1 in combination with 40 pM TBHP for 24 h. (A) Representative fluorescence images of mitochondria and analysis of fragmented
mitochondrial network in NPCs, n = 3. (B) Representative fluorescence images and quantification of Mito-SOX in NPCs, n = 3. (C, D) Western blot analysis of the
release of cytochrome c (cyt ¢) from mitochondria and protein level of cleaved caspase-3 in NPCs, n = 3. (E) Annexin V/PI staining of NPCs in the groups measured by
flow cytometry. (F) The percentage of apoptotic cells measured by flow cytometry, n = 3. (G, H) Representative fluorescence images of Tunel staining of nucleus
pulposus tissues and quantification of Tunel positive cells in vivo, n = 6. (I, J) Immunohistochemical staining and quantification of cleaved caspas-3 in nucleus
pulposus tissues in vivo, n = 6. Data are shown as the mean + SD. **P < 0.01, ***P < 0.001, ****P < 0.0001.

stress can accelerate Drpl-dependent intrinsic apoptosis. This was
probably attributed to previous reports that revealed that Drp1 activated
Bax oligomerization, interacted with the Bax/Bak complex to form
mitochondrial pores, a crucial step in cytochrome c release into the
cytoplasm activating the apoptosis process [38,39].

Oxidative stress not only disrupts the microenvironment of NPCs, but
also triggers pyroptosis in NPCs [40]. NPCs pyroptosis promotes
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inflammatory response, expediting extracellular matrix degradation,
further impairing the physiological functions of NPCs. The NLRP3
inflammasome, consisting of NLRP3, ASC, and caspase-1, activates
GSDMD-mediated pyroptosis via activated caspase-1. Previous studies
have reported that NLRP3-mediated pyroptosis was involved in the
pathogenesis of IVDD [21]. Under oxidative stress, MMP decreased,
leading to mPTP opening and release of damaged dsDNA from the
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Fig. 6. Activation of ERK1/2 promotes Drpl phosphorylation and mitochondrial translocation. In cellular experiments, ERK1/2 inhibitor PD98059 was used
to suppress ERK1/2 phosphorylation in NPCs treated with TBHP (40 pM) in 24 h. (A) Immunofluorescence staining and analysis of p-Drp1 fluorescence intensity in
human nucleus pulposus tissues with Pfirrmann MRI grade I and IV, n = 6. (B) Immunofluorescence staining and analysis of p-ERK1/2 fluorescence intensity in
human nucleus pulposus tissues with Pfirrmann MRI grade I and IV, n = 6. (C) Western blot assay and quantification of the protein levels of p-ERK1/2 and p-Drp1 in
NPCs, n = 3. (D) Western blot assay and quantification of the protein levels of cleaved caspase-3 and cytochrome c in NPCs, n = 3. (E) Western blot assay and
quantification of the protein levels of NLRP3, NT-GSDMD, cleaved caspase-1 and ASC in NPCs, n = 3. (F) Representative fluorescence images of Drpl (green),
mitochondria (red) and nucleus (blue) in NPCs. Data are shown as the mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

mitochondria into the cytoplasm [41,42] Although AIM2 is a sensor of
dsDNA in the cytoplasm, cytoplasmic dsDNA in NPCs is predominantly
recognized by the DNA receptor cGAS [10,43]. The activation of
cGAS-Sting-NLRP3 axis subsequently triggers pyroptosis in NPCs, while
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the pharmacological inhibition of mPTP diminishes the release of
mtDNA into the cytoplasm and suppresses the
mtDNA-cGAS-Sting-NLRP3 axis-mediated pyroptotic response [11]. In
this study, we found that knockdown and inhibition of Drpl improved
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abnormal mitochondrial fission, attenuated MMP decrease, reduced
mtDNA release from mitochondria into cytoplasm, and alleviated
oxidative stress-induced pyroptosis in NPCs.

The activity of Drpl is regulated by a variety of post-translational
modifications, which plays a crucial role in the modulation of Drpl
activity, protein stability, GTPase activity, and translocation between
the mitochondria and cytoplasm [44]. Among these post-translational
modifications, phosphorylation has garnered significant attention
because of its functional implications. The protein Drpl possesses mul-
tiple phosphorylation sites, with two primary sites, Ser-616 and Ser-637,
being extensively studied for their distinct functions [14,26,45]. Espe-
cially the phosphorylation of Ser-616 facilitates mitochondrial fission,
which is regulated by upstream phosphokinases, including CDKI1,
CaMKII and ERK1/2 [27,28,46]. Our previous study revealed an
up-regulation of ERK1/2 phosphorylation in IL-1f-treated NPCs [29]. A
recent study also reported that Piezoll facilitates Drp1°* 616 phos-
phorylation by activating ERK1/2 in response to matrix stiffness,
thereby promoting the translocation of Drpl to mitochondria and sub-
sequent NPCs apoptosis [34]. In the present study, we observed a
marked increase of the phosphorylation level of ERK1/2 in severely
degenerative HNP tissues. In addition, our in vitro experiments
confirmed that p-ERK1/2 was significantly up-regulated in NPCs under
oxidative stress. Treatment with the ERK inhibitor PD98059 effectively
mitigated oxidative stress-induced Drpl phosphorylation, inhibited
Drpl translocation to the mitochondria, and suppressed both apoptosis
and pyroptosis in NPCs.

Several limitations are evident in this study. First of all, the exact
mechanism through which Drpl facilitates mPTP opening remains
incompletely elucidated in this study. Secondly, although previous
studies have highlighted a potential correlation between mitophagy and
mitochondrial fission, our study does not delve into the connection be-
tween Drpl and mitophagy. Furthermore, the role of other phosphoki-
nases than ERK1/2 in the regulation of Drpl activity also warrants
further investigation.

In conclusion, our study demonstrates that the up-regulation of Drpl
in NPCs is correlated with the severity of IVDD. Specifically, increased
phosphorylation of Drpl can contribute to apoptosis and pyroptosis in
NPCs. In addition, treatment with the Drpl inhibitor Mdivi-1 shows
potential in alleviating IVDD both in vitro and in vivo. These findings
offer deeper insights into the molecular mechanisms underlying IVDD,
suggesting that Drpl may serve a potential therapeutic target in IVDD,
and Mdivi-1 holds promise as a potential candidate for IVDD treatment.
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