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Abstract
Intervertebral disc degeneration (IVDD) is a common chronic musculoskeletal disease 
that causes chronic low back pain and imposes an immense financial strain on pa-
tients. The pathological mechanisms underlying IVDD have not been fully elucidated. 
The development of IVDD is closely associated with abnormal epigenetic changes, 
suggesting that IVDD progression may be controlled by epigenetic mechanisms. 
Consequently, this study aimed to investigate the role of epigenetic regulation, in-
cluding DNA methyltransferase 3a (DNMT3a)-mediated methylation and peroxi-
some proliferator-activated receptor γ (PPARγ) inhibition, in IVDD development. The 
expression of DNMT3a and PPARγ in early and late IVDD of nucleus pulposus (NP) 
tissues was detected using immunohistochemistry and western blotting analyses. 
Cellularly, DNMT3a inhibition significantly inhibited IL-1β-induced apoptosis and ex-
tracellular matrix (ECM) degradation in rat NP cells. Pretreatment with T0070907, a 
specific inhibitor of PPARγ, significantly reversed the anti-apoptotic and ECM degra-
dation effects of DNMT3a inhibition. Mechanistically, DNMT3a modified PPARγ pro-
moter hypermethylation to activate the nuclear factor-κB (NF-κB) pathway. DNMT3a 
inhibition alleviated IVDD progression. Conclusively, the results of this study show 
that DNMT3a activates the NF-κB pathway by modifying PPARγ promoter hyper-
methylation to promote apoptosis and ECM degradation. Therefore, we believe that 
the ability of DNMT3a to mediate the PPARγ/NF-κB axis may provide new ideas for 
the potential pathogenesis of IVDD and may become an attractive target for the 
treatment of IVDD.
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1  |  INTRODUC TION

Intervertebral disc degeneration (IVDD) is a prevalent and chronic 
musculoskeletal disorder that causes chronic low back pain (LBP).1,2 
In the lifetime of humans, approximately 80% of people worldwide 
are affected by LBP, substantially reducing the quality of life of 
patients, increasing the financial burden and elevating medical re-
sources utilization.3,4 Presently, the treatment of IVDD is primarily 
conservative and surgical, making it difficult to fundamentally delay 
or reverse its occurrence and progression. Additionally, IVDD treat-
ment is a great challenge for doctors. Factors such as inflammatory 
response, oxidative stress, autophagy, abnormal mechanical stress, 
nutritional deficiency and genetics can accelerate IVDD develop-
ment.5–7 However, the pathological mechanism of IVDD has not 
been fully elucidated, and further research is urgently needed to re-
veal its exact pathological mechanism. Recent studies have shown 
that IVDD development is closely associated with abnormal epigen-
etic changes,8,9 suggesting that IVDD progression may be controlled 
by epigenetic mechanisms.

Epigenetic modifications regulate gene expression by influ-
encing transcription or inhibiting translation without involving 
alterations in DNA sequences.10 It generally includes DNA meth-
ylation, histone modification, adenosine triphosphate-dependent 
chromatin remodelling, and non-coding RNA interference, of 
which DNA methylation is one of the most widely studied epigen-
etic regulatory mechanisms.11 DNA methylation is regulated by 
DNA methyltransferase 3a (DNMT3a) and DNA methyltransfer-
ase 3b (DNMT3b), which are maintained by DNA methyltransfer-
ase 1 (DNMT1).12 DNA is usually methylated at the C-phosphate-G 
(CpG) island cytosine base 5 in gene promoters or enhancers, 
thereby silencing the transcriptional activity of the target genes.13 
Recent genomic studies have shown significant differences in the 
DNA methylation profiles between mildly and severely degenera-
tive human intervertebral discs (IVD), suggesting that DNA meth-
ylation is involved in the human IVDD process.14 Recent studies 
have shown that DNMT3b m6A hypomethylation regulated by 
ALKBH5 promotes disc degradation through E4f1 defects, sug-
gesting that DNA methylation plays an important role in the 
pathological process of IVDD.15 However, key genes involved in 
regulating DNMT3a methylation that may control the develop-
ment of IVDD and have therapeutic potential remain unclear.

Peroxisome proliferator activates receptor-γ (PPARγ), a member 
of the nuclear hormone receptor family, is involved in various patho-
physiological processes, such as regulating lipid and sugar metab-
olism, inhibiting inflammation, inducing tumour cell differentiation 
and apoptosis, and anti-atherosclerosis.16 There are three forms of 
PPARγ; particularly, the expression of PPARγ2 and PPARγ3 is pres-
ent in adipose tissue and macrophages, while PPARγ1 is widely 
expressed in many tissues and has high expression in articular carti-
lage.17 Studies have found that mice lacking PPARγ show accelerated 
development of osteoarthritis compared with wild-type mice,18,19 
indicating that PPARγ is essential for maintaining chondrocyte ho-
meostasis. Recent studies have shown that PPARγ activator can 

inhibit the degradation of the extracellular matrix (ECM) of the nu-
cleus pulposus (NP), thereby delaying the progression of IVDD,20,21 
suggesting that PPARγ may be a potential therapeutic target for 
IVDD. However, the specific molecular mechanism that mediates 
PPARγ remains unclear. NF-κB pathway plays a crucial role in the 
pathological processes of IVDD.22 Inhibition of the NF-κB pathway 
can reduce the ECM catabolism, inflammation, apoptosis, senes-
cence and pyroptosis of NP cells.23,24 However, whether PPARγ can 
participate in IVDD development by regulating the NF-κB pathway 
activity remains unclear. Consequently, this study aimed to explore 
whether PPARγ can alleviate IVDD through the NF-κB pathway.

In this study, we found that DNMT3a-mediated PPARγ pro-
moter hypermethylation plays a crucial role in IVDD development. 
Furthermore, we observed that enhancing PPARγ expression 
through promoter demethylation inhibited the NF-κB signalling 
pathway and slowed IVDD development. Therefore, we inferred 
that increased PPARγ activity could delay IVDD development and 
that PPARγ may be a potential target for the treatment of IVDD.

2  |  METHODS

2.1  |  Human NP tissue collection and classification

The magnetic resonance imaging (MRI) data of human NP tissues 
were classified according to the Pfirrmann grading method.25 Discs 
categorized as Pfirrmann Grade I or II was considered as early IVDD 
group, and Pfirrmann Grade III, IV, or V was classified as late IVDD 
group. Early NP tissue was collected from patients diagnosed with 
idiopathic scoliosis and lumbar fractures (5 females and 3 males; age 
19.4 ± 4.88; Grade I [n = 3] and Grade II [n = 5]), and late NP tissue 
was collected from patients diagnosed with lumbar disc herniation 
or lumbar spondylolisthesis undergoing disc fusion surgery (14 fe-
males and 10 males; age 43 ± 6.42 years; Grade III [n = 8], Grade IV 
[n = 8] and Grade V [n = 8]). Pfirrmann Grades I–V tissue samples 
were randomly selected three for immunohistochemistry (IHC) anal-
ysis. The remaining NP tissue samples were frozen in liquid nitro-
gen and stored for western blotting analysis. All patients provided 
written informed consent, and all protocols were approved by the 
Ethics Committee of the Second Hospital of Lanzhou University 
(2023A-588).

2.2  |  Culture of rat nucleus pulposus cells

The extraction method for Sprague–Dawley rat NP cells was based 
on our previous research.26 Extracted NP cells were cultured in 
flasks containing Dulbecco's Modified Eagle Medium (DMEM)/F12 
medium containing 10% fetal bovine serum (FBS) in an incubator at 
37°C, 5% CO2. When the cells reached approximately 90% conflu-
ency, NP cells were dissociated using 0.25% trypsin and subcultured. 
Third-generation NP cells were used for the subsequent experi-
ments in this study.
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2.3  |  Lentiviral transfection

DNMT3a short hairpin RNA (shRNA) and scrambled shRNA were 
purchased from Gemma (Shanghai, China). Transfection with 
DNMT3a shRNA inhibited DNMT3a expression Lentiviruses con-
taining DNMT3a shRNA or negative control lentivirus (shRNA-NC) 
were added to NP cells at a multiplicity of infection (MOI) of 100. 
NP cells were cultured in a 37°C, 5% CO2 incubator. After 24 h, the 
medium was changed, and the cells were cultured for 3 days and 
transferred for subsequent experiments. Transfection efficiency 
was determined using western blotting and quantitative reverse 
transcriptase polymerase chain reaction (qRT-PCR). The sequences 
were as follows:

Dnmt3a-Rat-2182-1:5′-TCGCT​CCG​CTG​AAG​GAA​TATT-3′.
Dnmt3a-Rat-764-2:5′-GAATC​CTT​ACA​AGG​AAG​TTTA-3′.
Dnmt3a-Rat-1292-3:5′-CCAGA​TGT​TCT​TCG​CCA​ATAA-3′.

2.4  |  Western blotting assay of protein expressions

Human and rat NP tissues were lysed in a lysis buffer containing 
protease inhibitors for 30 min. The cell lysate was centrifuged at 
12,000 rpm, 4°C for 15 min. Protein detection in the supernatant 
was performed using a Bradford Protein Assay Kit. Equal-sized 
protein samples were separated using 10% sodium dodecyl sul-
fate (SDS)-polyacrylamide gel electrophoresis and transferred 
to a polyvinylidene fluoride membrane (Millipore, Billerica, MA, 
USA). The membrane was blocked with 5% bovine serum albu-
min for 2 h at room temperature, then incubated overnight at 4°C 
with primary antibodies against the following proteins: DNMT3a 
(anti-rabbit, 1:1000), PPARγ (anti-rabbit, 1:1000), Caspase-3 (anti-
rabbit, 1:1000), Bcl-2 (anti-rabbit, 1:1000), Bax (anti-rabbit, 1:1000), 
Collagen II (anti-rabbit, 1:1000), Aggrecan (anti-rabbit, 1:1000), 
Adamts-4 (anti-rabbit, 1:1000), MMP-3 (anti-rabbit, 1:1000), p-P65 
(anti-rabbit, 1:1000), P65 (anti-rabbit, 1:1000), p-IKBα (anti-rabbit, 
1:1000), IKBα (anti-rabbit, 1:1000) and β-actin (anti-mouse, 1:1000). 
Subsequently, the membrane was washed thrice for 10 min each and 
incubated with horseradish peroxidase-conjugated goat anti-rabbit 
antibody (1:5000; Beyotime) or horseradish peroxidase-conjugated 
goat anti-mouse antibody (1:5000; Beyotime) at room temperature 
for 2 h. ImageJ software (https://​imagej.​nih.​gov/​ij/​) was used to ana-
lyse the western blot data.

2.5  |  qRT-PCR

Total RNA was extracted from rat NP cells using AG RNAex Pro 
Reagent (Accurate Biotechnology, Ltd., China), and the absorb-
ance ratios at 260/280 nm and 260/230 nm were determined using 
a UV–Vis spectrophotometer (Thermo, USA) to assess the purity 
and concentration of total RNA in each sample. Reverse transcrip-
tion of mRNA into cDNA was conducted using Evo M-MLV RT 
Kit. Subsequently, qRT-PCR was performed using the SYBR Green 

Premix Pro Taq HS qPCR Kit (Accurate Biotechnology Ltd., China). 
The primers used were as follows: Rat DNMT3a, forward 5’-AAGGA​
CCC​TGC​GGT​GATCT-3,’ reverse 5′-TTGGG​TAA​TAG​CTC​TGA​GGCG-
3′; GAPDH, forward 5′-GGAAG​CTT​GTC​ATC​AAT​GGAAATC-3′; re-
verse 5′-TGATG​ACC​CTT​TTG​GCTCCC-3′. Three replicate wells were 
set up per reaction to quantify the gene expression of interest using 
the 2−ΔΔCt method.

2.6  |  Methylation-specific PCR (MSP)

The CpG island of the rat PPARγ promoter was analysed using 
MetPrimer software (http://​www.​uroge​ne.​org/​methp​rimer/​​), and 
MSP primers were designed. Genomic DNA was extracted from 
NP cells according to the instructions provided with the EasyPure® 
Genomic DNA Kit (Beijing, China). DNA was modified with bisulfite 
using a DNA Bisulfite Conversion Kit (TIANGEN, Beijing, China). PCR 
products were analysed on agarose gels for density using ImageJ 
software. Methylated and unmethylated PPARγ primer sequences 
were as follows: Methylated primers: forward 5′-CGTGG​GAT​TTT​
TGT​GGC-3′, Reverse 5′-CACGA​AAC​CCG​GTA​ACT-3′; Unmethylated 
primers: Forward 5′-GAATG​TGG​GAT​TTT​TGTGTT-3′, Reverse 5′-
CCCAC​AAA​ACC​CAC​ATA​ACTC-3.

2.7  |  Immunofluorescence staining

Rat NP cells were transferred to flat-bottomed 24-well plates at 
a specified density (5 × 103 cells/well). After treatment, cells were 
fixed with 4% paraformaldehyde, followed by permeability with 
0.5% tritonX-100 for 30 min, blocked with 5% BSA, and incubated 
overnight at 4°C with corresponding antibodies. After washing, cells 
were incubated with DyLight 649 or DyLight 488 (Abbkine) anti-
rabbit secondary antibody, which was diluted at 1:300, incubated at 
37°C for 1 h, and then photographed using an inverted fluorescence 
microscope (Olympus).

2.8  |  Terminal deoxynucleotidyl 
transferase-mediated dUTP nick end labeling 
(TUNEL) staining

DNA damage level was detected using TUNEL staining. NP cells 
were seeded into 24-well plates, fixed with fresh 4% paraformal-
dehyde for 30 min, and incubated with 3% H2O2 and 0.5% Triton 
X-100 for 30 min. Finally, according to the manufacturer's instruc-
tions, the cells and the TUNEL reaction mixture were incubated at 
37°C for 1 h and counterstained with 4′,6-diamidino-2-phenylin-
dole (DAPI) for 15 min in the dark. After washing the cells thrice 
with PBS at room temperature in the dark, images of the cells 
were obtained using a fluorescence microscope (Olympus, Tokyo, 
Japan). Apoptotic cells showed dense fluorescent particles in the 
nucleus.

https://imagej.nih.gov/ij/
http://www.urogene.org/methprimer/
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2.9  |  Cell viability assay

Cell Counting Kit-8 (CCK-8; Yeasen Biotechnology) was used to 
measure NP cell viability. NP cells were seeded in 96-well plates 
containing 100 μL of whole medium (containing 10% FBS) and in-
cubated for 24 h in a 37°C 5% CO2 incubator. PPARγ inhibitor 
(T0070907) (Medchem Express, Shanghai, China) was added to 5, 
10, 15, 25, 50 and 100 μM complete medium culture for 24 h; on the 
next day, 10 μL of CCK-8 solution per well was added and incubated 
at 37°C for 2 h. Finally, the 450 nm optical density (OD450) was 
measured using a microplate analyser (Bio-Rad, Hercules, CA, USA). 
Similarly, another batch of cells was used to detect cell viability of 
the PPARγ activator (GW1929) (Medchem Express, shanghai, China) 
and NF-κB pathway activator (diprovocim) (Medchem Express, 
shanghai, China). The percentage cell viability was calculated as 
(

1 −
[

= meanOD in the drug group∕meanOD in the control group
])

× 100% .

2.10  |  Animal experiments

Adult male Sprague–Dawley rats (200–250 g) were purchased from 
Lanzhou Veterinary Research Institute in Gansu Province. The rats 
were placed at an indoor temperature of 23 ± 2°C, were alternately 
reared under light and dark conditions for 12 h, and were fed regular 
supplementation with feed and purified water. A classic rat fibre ring-
needled IVDD model was used as previously described.27 All experi-
mental rats were anaesthetised using pentobarbital sodium (40 mg/kg, 
intraperitoneal injection). They were pierced with a 21G needle at Co6-
7, CO7-8, and CO8-9, rotated 180°, and held for 30 s. Subsequently, we 
administered a 2 μL PBS injection into the NP of Co6-7, 2 μL of shRNA-
NC into the NP of Co7-8, and 2 μL of shRNA-DNMT3a into the NP 
of Co8-9. The rats were returned to their cages and fed continuously.

2.11  |  X-ray and MRI scan

All rats' tails underwent X-ray and MRI 8 weeks after surgery. The 
rats remained in a horizontal supine position with the tail extending 
straight on the mammography device (GE). X-ray irradiation was per-
formed at a distance of 66 cm between the collimator and film, pen-
etration voltage of 35 kV and exposure intensity of 63 mA. The sagittal 
T2-weighted MRI image was acquired using a 3.0 T clinical magnet 
with a fast-spin echo sequence with a time-to-repetition of 5400 ms, 
a time-to-echo of 920 ms, a 320 (h) × 256 (v) matrix, a field-of-view of 
260°, and four excitations. The section thickness was 2 mm, and the 
gap was 0 mm. After the X-ray and MRI examinations were completed, 
the rats were euthanized, and images were acquired and analysed.

2.12  |  Haematoxylinand eosin (HE) staining, 
toluidine blue staining and safranine O staining

Fresh 4% paraformaldehyde was used to fix human NP tissue and 
rat NP tissue, which was embedded in paraffin and then sectioned 

into 5 μm sections for use. HE, toluidine blue and Safranine O stain-
ings were performed according to the manufacturer's instructions. 
After staining, the seal was fixed with gel and photographed using 
an EVOS microscope (EVOS-FL Cell imaging System, Thermo Fisher 
Scientific).

2.13  |  IHC staining

Fresh 4% paraformaldehyde was used to fix human NP tissue 
and rat NP tissue, which was embedded in paraffin and then sec-
tioned into 5 μm sections for use. Endogenous peroxidase activity 
was blocked with 3% H2O2 for 15 min and then incubated with 
5% bovine serum albumin (BSA) and 1% Tween-20 in phosphate-
buffered saline (PBS) for 30 min to block non-specific antigens. 
The tissue sections were incubated overnight with anti-PPARγ, 
DNMT3a, Collagen II, MMP-3 and Caspase-3 antibodies at 4°C. 
Subsequently, tissue sections were incubated with the corre-
sponding enzyme-labelled secondary antibody (Proteintech, 
1:5000) and counterstained with haematoxylin. Photographic re-
cords were generated using a panoramic histiocyte scanner and 
analysed using the ImageJ software.

2.14  |  Statistical analysis

Data were analysed using GraphPad Prism 9 software, and all ex-
periments were repeated at least thrice. We used t-tests and one-
way or two-way analysis of variance (anova) to compare data from 
different groups. The Kruskal–Wallis test was used to analyse differ-
ences between groups. The values of p < 0.05 (*p < 0.05, **p < 0.01, 
***p < 0.001) were considered statistically significant.

3  |  RESULTS

3.1  |  Expression of DNMT3a and PPARγ  in human 
NP tissues

Early and late human NP tissue samples were collected, and the de-
gree of NP tissue degeneration was assessed based on the patient's 
T2 MRI images (Figure 1A). Haematoxylin and eosin (HE) and toluidine 
blue staining showed a change in the characteristics of NP tissues dur-
ing the progression of IVDD. In the early IVDD group, the collagen fi-
bres in NP tissues were neatly arranged, and the ECM staining of NP 
cells was uniform. In the late IVDD group, the collagen fibres in the 
NP tissue were highly disordered, and the NP cells were clustered in 
large quantities, showing large vacuolar cells (Figure 1B). Additionally, 
western blotting analysis showed increased DNMT3a expression and 
decreased PPARγ expression in late IVDD group, compared with early 
IVDD group (Figure 1C–E). Further, the expression levels of DNMT3a 
and PPARγ were measured in human NP tissues by immunohisto-
chemical analysis. Compared to early NP tissues, DNMT3a expression 
in late NP tissues was increased and PPARγ expression was decreased 
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F I G U R E  1 Expression of DNMT3a and PPARγ in human NP tissues; (A) MRI T2 images of human NP tissue according to the Pfirrmann 
grades; (B) Haematoxylin and eosin staining (HE) and toluidine blue staining of early and late human NP tissues; (C) Western blotting analysis 
of DNMT3a and PPARγ in early and late human NP tissues; (D, E) Relative quantitative protein levels of DNMT3a and PPARγ; (F) Expression 
of DNMT3a and PPARγ by immunochemical staining in early and late human NP tissues; (G, H) Quantitative levels of immunohistochemical 
staining of DNMT3a and PPARγ in early and late human NP tissues; Three biological replicates were contained in each experiment. All data 
are expressed as mean ± standard deviation (SD); **p < 0.01, ***p < 0.01.



6 of 16  |     CHENG et al.

(Figure 1F–H). These results suggest that DNMT3a level increase, and 
PPARγ level gradually decrease during the IVDD progression.

3.2  |  IL-1β treatment causes increased 
expression of DNMT3a and decreased expression of 
PPARγ in rat NP cells

Inflammation is considered an important contributing factor to IVDD 
progression.28 IL-1β can significantly increase the expression of ap-
optosis-associated proteins (Caspase-3, Bax, and Bcl-2) in IVD cells 
in vitro, promoting apoptosis and ECM degradation in NP cells.29,30 
Therefore, we evaluated the changes in PPARγ and DNMT3a in IL-
1β-treated NP cells. Western blot analysis revealed that IL-1β treat-
ment increased the levels of DNMT3a expression while reducing 
PPARγ levels in NP cells in a dose-dependent manner (Figure 2A–C) 
and time-dependent manner (Figure  2D–F). Therefore, the sub-
sequent experiment selected IL-1β concentration of 10 ng/mL for 
24 h. Additionally, immunofluorescence analysis confirmed that the 

DNMT3a expression increased and the PPARγ expression decreased 
in IL-1β-treated NP cells (Figure 2G,H). These results are consistent 
with the findings in human tissue studies that DNMT3a was up-reg-
ulated, and PPARγ was down-regulated during IL-1β-induced NP cell 
degeneration.

3.3  |  DNMT3a inhibition attenuates IL-1β -induced 
apoptosis and ECM degradation

To investigate whether silencing DNMT3a inhibits the apopto-
sis of IL-1β-induced rat NP cells in  vitro, we infected lentiviruses 
with scrambled shRNA (shRNA-NC) and DNMT3a shRNA (shRNA-
DNMT3a) and assessed the silencing efficiency using qRT-PCR 
and western blotting (Supporting Information  S1). Western blot-
ting results showed that DNMT3a inhibition significantly reversed 
the IL-1β-induced increase in DNMT3a expression (Figure  3A,B). 
Apoptosis is often accompanied by the upregulation of Caspase-3 
and Bax expression and the downregulation of Bcl-2. As shown in 

F I G U R E  2 IL-1β treatment can cause increased DNMT3a expression and decreased PPARγ expression in NP cells. (A–F) Western blotting 
was used to measure the expression of DNMT3a and PPARγ and the relative quantitative protein levels of DNMT3a and PPARγ in NP cells 
treated with different IL-1β concentrations and times; (G, H) IL-1β treated DNMT3a and PPARγ representative immunofluorescence staining 
in NP cells at different times; Three biological replicates were contained in each experiment. All data are expressed as mean ± standard 
deviation (SD); *p < 0.05, **p < 0.01, ***p < 0.01.
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F I G U R E  3 DNMT3a inhibition attenuates IL-1β-induced apoptosis and ECM degradation. (A–E) Western blotting and quantitative 
analyses show western blot levels of DNMT3a, Bax, Bcl-2, and Caspase-3 in rat NP cells in different groups; (F, G) TUNEL staining and 
apoptotic cell ratio quantification. (H–L) Western blotting and quantitative analyses show levels of Collagen II, Aggrecan, Adamts-4, 
and MMP-3 in different groups; (M–O) immunofluorescence and quantitative analysis showed changes in Collagen II and MMP-3. Three 
biological replicates were contained in each experiment. All data are expressed as mean ± standard deviation (SD); *p < 0.05, **p < 0.01, 
***p < 0.01, ns p > 0.05.
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Figure 3A,C–E, IL-1β promoted the expression of Bax and Caspase-3 
pro-apoptotic proteins and reduced the expression level of anti-
apoptotic protein Bcl-2 compared to the control group (p < 0.05). 
Additionally, the shRNA-DNMT3a group, compared with the IL-1β 
and shRNA-NC groups, experienced significantly reduced pro-
apoptotic proteins (Bax and Caspase-3) expression and increased 
anti-apoptotic proteins (Bcl-2) expression, indicating that the silenc-
ing of DNMT3a can inhibit the apoptosis of IL-1β-induced NP cells 
(Figure  3A,C–E). Moreover, TUNEL staining showed that shRNA-
DNMT3a significantly reduced the IL-1β-induced NP cells apoptosis 
ratio (Figure 3F,G).

Furthermore, we evaluated whether inhibition of DNMT3a in-
hibits IL-1β-induced ECM degradation in rat NP cells. The balance 
between ECM synthesis and degradation contributes to the struc-
tural stability of intervertebral discs, which is a key indicator of NP 
cell function. We examined the expression of matrix decomposition 
enzymes (MMP-3 and Adamts-4), collagen II, and aggrecan in NP 
cells to assess the balance between ECM synthesis and degradation 
in NP cells. As shown in Figure 3H–L, IL-1β promoted MMP-3 and 

Adamts-4 expression levels and decreased collagen II and aggre-
can expression levels compared with the control group (p < 0.05). 
Additionally, shRNA-DNMT3a increased collagen II and aggrecan 
expression levels and decreased MMP-3 and Adamts-4 expression 
levels compared to the IL-1β and shRNA-NC groups (Figure 3H–L). 
Additionally, immunofluorescence staining showed that shRNA-DN-
MT3a significantly increased collagen II expression levels and de-
creased MMP-3 expression levels (Figure  3M–O). These results 
suggest that DNMT3a silencing inhibits NP apoptosis and ECM 
degradation.

3.4  |  DNMT3a inhibits PPARγ  expression by 
modifying PPARγ  promoter methylation

The UCSC Genomic Explorer database (http://​genome.​ucsc.​edu) was 
used to predict the PPARγ promoter CpG island region. As shown 
in Figure 4A, the PPARγ promoter in rats has a typical CpG island 
located in the 1312/1418 region. To further clarify the epigenetic 

F I G U R E  4 DNMT3a inhibits PPARγ expression by modifying PPARγ promoter methylation. (A) The island of C-phosphate-G (CpG) in 
the PPARγ promoter region was found on the UCSC website; (B, C) methylation and quantification of PPARγ promoters in NP cells by MSP 
detection 24 h after transfection of shRNA-DNMT3a; (D, E) Western blotting and quantification analyses show levels of PPARγ after IL-1β 
and shRNA-DNMT3a treatment; (F, G) immunofluorescence and quantitative analyses show changes in PPARγ. Three biological replicates 
were contained in each experiment. All data are expressed as mean ± standard deviation (SD); *p < 0.05, **p < 0.01, ***p < 0.01, ns p > 0.05.

http://genome.ucsc.edu
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mechanism of PPARγ inhibition due to abnormal DNA methyla-
tion, we used shRNA-NC or shRNA-DNMT3a to transfect NP cells 
and detected the DNA methylation status of PPARγ promoters in 
rat NP cells (1312/1418 sites) using MSP analysis. The MSP results 
showed that the methylation degree of the PPARγ promoter was 
significantly increased after IL-1β treatment in rat NP, whereas the 
activity of DNMT3a was inhibited after shRNA-DNMT3a treatment 
compared with the IL-1β and shRNA-NC groups, resulting in a signifi-
cant decrease in the degree of methylation of the PPARγ promoter 
(Figure 4B,C). Moreover, western blotting results showed that the 
shRNA-DNMT3a group experienced significantly increased PPARγ 
expression levels compared with the IL-1β and shRNA-NC groups 
(Figure  4D,E). Furthermore, immunofluorescence and quantita-
tive analyses showed that shRNA-DNMT3a significantly increased 
PPARγ expression levels compared to the IL-1β and shRNA-NC 
groups (Figure 4F,G). The above results show that DNMT3a inhibits 
the expression of PPARγ by modifying PPARγ promoter methylation.

3.5  |  DNMT3a inhibits PPARγ  to promote 
apoptosis and ECM degradation

To determine whether DNMT3a exerts anti-apoptotic effects via 
PPARγ, we pretreated NP cells with a specific inhibitor of PPARγ 
(T0070907). First, we detected the toxic effects of T0070907 on 
rat NP cells, and the results showed that no toxicity existed in NP 
cells below 10 μM (Figure 5A). Western blotting and immunofluo-
rescence results showed that T0070907 inhibited PPARγ expres-
sion (Figure 5B,C,G,H). In addition, compared with the shRNA-NC 
group, the shRNA-DNMT3a group experienced significantly re-
duced IL-1 β-induced Bax and Caspase-3 expression levels and 
increased PPARγ and Bcl-2 expression levels. However, pretreat-
ment with T0070907 reversed the increase in PPARγ owing to 
shRNA-DNMT3a treatment and increased Bax and Caspase-3 ex-
pression levels while reducing the expression of Bcl-2, suggesting 
that inhibition of PPARγ expression eliminated the anti-apoptotic 

F I G U R E  5 DNMT3a inhibits PPARγ to promote apoptosis in NP cells. (A) CCK-8 was used to determine the cytotoxic effect of different 
concentrations of T0070907 on NP cells for 24 h; (B) Western blotting and quantitative analyses show changes in PPARγ, Bax, Bcl-2, and 
Caspase-3 in rat NP cells after T0070907 pretreatment; (C–F) Western blotting quantification of PPARγ, Bax, Bcl-2, and Caspase-3; (G, H) 
immunofluorescence and quantitative analyses show changes in PPARγ; (G, I) TUNEL staining and apoptotic cell ratio quantification. Three 
biological replicates were contained in each experiment. All data are expressed as mean ± standard deviation (SD); *p < 0.05, **p < 0.01, 
***p < 0.01.
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effect of shRNA-DNMT3a (p < 0.05) (Figure  5B,D–F). Similarly, 
the TUNEL staining results showed that DNMT3a inhibition sig-
nificantly reduced the apoptosis rate, whereas T0070907 sig-
nificantly reversed the anti-apoptotic effect of shRNA-DNMT3a 
(Figure 5G,I). These results indicate that DNMT3a inhibition regu-
lates NP apoptosis through PPARγ.

In addition, to determine whether DNMT3a participates in an-
ti-ECM degradation via PPARγ, we pretreated NP cells by adding 
T0070907 to the medium. Western blotting showed that the shR-
NA-DNMT3a group experienced significantly reduced IL-1β-induced 
Adamts-4 and MMP-3 expression levels and increased collagen 
II and aggrecan expression levels compared with the shRNA-NC 
group. However, T0070907 eliminated the anti-ECM degradation 
of shRNA-DNMT3a by inhibiting PPARγ expression (Figure 6A–E). 
Similarly, immunofluorescence results showed that DNMT3a inhi-
bition significantly increased collagen II and decreased MMP-3 ex-
pression. The inhibitory effect of shRNA-DNMT3a was reversed in 

the presence of T0070907 (Figure 6F–H). Thus, DNMT3a inhibition 
regulates the degradation of ECM in NP cells via PPARγ.

3.6  |  DNMT3a regulates the activity of the 
PPARγ/NF-κB axis

NF-κB pathway plays a crucial role in the pathological processes of 
IVDD. PPARγ can regulate the activity of the NF-κB pathway and 
participate in the ECM degradation of chondrocytes, anabolism, 
apoptosis and inflammation, and other pathological processes in 
osteoarthritis. However, whether PPARγ can participate in IVDD 
development by regulating the NF-κB pathway activity remains 
unclear. To further explore the underlying molecular mechanism of 
PPARγ regulating apoptosis and ECM degradation in NP cells, we 
observed that DNMT3a inhibition significantly inhibited the acti-
vation of the NF-κB pathway induced by IL-1β compared with the 

F I G U R E  6 DNMT3a inhibits PPARγ to promote ECM degradation in NP cells. (A–E) Western blotting and quantitative analysis 
showed changes in Collagen II, Aggrecan, Adamts-4, and MMP-3 expression levels in rat NP cells after T0070907 pretreatment; (F–H) 
immunofluorescence and quantitative analysis showed changes in Collagen II and MMP-3; Three biological replicates were contained in each 
experiment. All data are expressed as mean ± standard deviation (SD); *p < 0.05, **p < 0.01, ***p < 0.01.
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IL-1β and shRNA-NC groups (Figure 7A–C), indicating that the NF-κB 
pathway is involved in apoptosis and ECM degradation of NP cells. 
In addition, when T0070907 was pretreated, the inhibitory effect 
of DNMT3a inhibition on the NF-κB pathway declined compared 
to that of shRNA-DNMT3a (Figure 7D–F), indicating that DNMT3a 
regulates the activity of the PPARγ/NF-κB axis.

3.7  |  PPARγ  regulates apoptosis and ECM 
degradation by inhibiting the NF-κB pathway

We further verified whether PPARγ regulates apoptosis and ECM 
degradation in NP cells via the NF-κB pathway. First, we exam-
ined the effects of PPARγ activator (GW1929) and NF-κB path-
way activator (diprovocim) on NP cell viability and observed that 
10 μM GW1929 and 20 μM diprovocim were not toxic to NP cells 
(Supporting Information S2). Therefore, we chose GW1929 at a con-
centration of 10 μM and diprovocim at 20 μM for the relevant ex-
perimental studies. Figure 8A–C show that GW1929 pretreatment 
inhibits-induced activation of the NF-κB pathway induced by IL-1β. 
In addition, western blotting showed that GW1929 significantly re-
duced the Bax and Caspase-3 expression levels and increased the 
Bcl-2 expression levels compared to IL-1β group, while the anti-ap-
optotic effect of GW1929 was debilitated by activating the NF-κB 
pathway, indicating that PPARγ regulates the apoptosis of NP cells 
through the NF-κB pathway (Figure 8D–K). Similarly, compared with 
the IL-1β, GW1929 significantly reduced the Adamts-4 and MMP-3 
expression levels and increased Collagen II and Aggrecan expression 
levels, while the anti-ECM degradation of GW1929 was weakened 

by activating the NF-κB pathway using diprovocim (Figure 8D–K). 
These results suggest that PPARγ regulated ECM degradation in NP 
cells through the NF-κB pathway.

3.8  |  DNMT3a inhibition ameliorates 
puncture-induced IVDD in vivo

To detect the protective effects of DNMT3a inhibition in rat in-
tervertebral discs, we used a classical acupuncture-induced IVDD 
model. The degree of IVDD in the rats was assessed using radiog-
raphy, MRI and Pfirrmann grading. We mapped the stages of male 
Co5–6, Co6–7, Co7-8, and Co8-9 from each SD rat to the Sham, 
IVDD, IVDD+shRNA-NC and IVDD+shRNA-DNMT3a groups. 
Radiographic and MRI T2 images of the rat coccygeal vertebrae 
were acquired 8 weeks after surgery, and disc height measure-
ments and Pfirrmann grades were performed (Figure 9A–C). The HE 
staining and saffranine O staining were performed on NP tissues 
of rats in different groups, and histological scores were performed 
(Figure 9D,E). This indicated that DNMT3a inhibition significantly 
improved the development of IVDD. In addition, further immuno-
histochemical analysis showed that the level of DNMT3a in the 
IVDD+shRNA-DNMT3a group was significantly lower than that 
in the IVDD and IVDD+shRNA-NC groups, indicating that shRNA-
DNMT3a could significantly reduce the expression of DNMT3a 
in the NP tissues of IVDD rats. More importantly, compared with 
the IVDD and IVDD+shRNA-NC groups, the expressions of PPARγ 
and collagen II increased, while the expression levels of MMP-3 
and Caspase-3 decreased in the IVDD+shRNA-DNMT3a group 

F I G U R E  7 DNMT3a regulates the activity of the PPARγ/NF-κB axis. (A–C) Western blotting and quantitative analyses show levels 
of p-P65, P65, p-IkBα, and IkBα in rat NP cells following IL-1β and shRNA-DNMT3a treatment; (D–F) Western blotting and quantitative 
analyses showed p-P65, P65, p-IkBα, and IkBα levels in rat NP cells after T0070907 pretreatment; Three biological replicates were contained 
in each experiment. All data are expressed as mean ± standard deviation (SD); *p < 0.05, **p < 0.01, ***p < 0.01, ns p > 0.05.
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(Figure  9F–K). This indicated that inhibition of DNMT3a could 
significantly inhibit ECM degradation and apoptosis. In summary, 
DNMT3a inhibition can increase the anabolism of ECM and de-
crease the apoptosis of NP cells, thus improving the ameliorate 
puncture-induced IVDD in vivo.

4  |  DISCUSSION

LBP caused by IVDD is increasingly becoming a focus of medical at-
tention.31 According to a statistical analysis of the 2019 Global Burden 
of Disease Study, LBP rose from 13th to 9th place between 1990 and 
2019, and disability caused by LBP increased by 46.9%.32 Apoptosis 
and ECM degradation are crucial contributing factors in IVDD devel-
opment.33,34 Currently, it is difficult to fundamentally delay or reverse 

the further development of IVDD by clinical methods (conservative 
or surgical) treatment. Therefore, it is crucial to explore the poten-
tial pathogenic mechanisms underlying IVDD. Recent studies have 
revealed that multiple differential methylation sites in IVDD are as-
sociated with human disc degeneration14 and that DNMT3a modifi-
cations regulate various musculoskeletal disorders.35,36 In this study, 
we first revealed that DNMT3a levels increased and PPARγ levels 
decreased gradually during the IVDD progression, suggesting an un-
derlying regulatory relationship. In vitro experiments demonstrated 
that DNMT3a decreased PPARγ expression levels, which was caused 
by DNMT3a-mediated promoter PPARγ hypermethylation. DNMT3a 
inhibition increased PPARγ expression and inhibited apoptosis and 
ECM degradation of IL-1β-induced NP cells. Further studies showed 
that PPARγ regulates apoptosis and ECM degradation by inhibiting 
the NF-κB pathway in NP cells. Therefore, our results revealed that 

F I G U R E  8 PPARγ regulates apoptosis and ECM degradation by inhibiting the NF-κB pathway. (A–C) Western blotting and quantitative 
analysis showed p-P65, P65, p-IkBα, and IkBα levels in rat NP cells after treatment with GW1929 and Diprovocim; (D–K) western blotting 
and quantitative analyses show Bax, Bcl-2, Caspase-3, Collagen II, Aggrecan, Adamts-4 and MMP-3 levels treated with GW1929 and 
Diprovocim. Three biological replicates were contained in each experiment. All data are expressed as mean ± standard deviation (SD); 
*p < 0.05, **p < 0.01, ***p < 0.01.
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PPARγ inhibition was associated with abnormal methylation and may 
serve as a key target for IVDD treatment.

The role of DNMT3a-mediated methylation in many diseases and 
pathological processes has been extensively studied. Li et al.37 found 
that DNMT3a can mediate TCF21/hnRNPA1 methylation by regu-
lating the NF-κB signalling pathway to aggravate liver fibrosis, sug-
gesting that DNMT3a-mediated methylation may play a critical role 

in the pathophysiology of the disease. PPARγ is involved in various 
physiopathological processes, which are closely related to the main-
tenance of homeostasis of chondrocytes. Interestingly, inhibition of 
DNA methylase levels (DNMT1, DNMT3a, and DNMT3b) promotes 
PPARγ expression and improves pulmonary fibrosis.38 Similarly, 5aza, 
a DNA methylase inhibitor, was found to attenuate the methylation 
of the PPARγ promoter region, thereby promoting PPARγ expression, 

F I G U R E  9 DNMT3a inhibition ameliorated puncture-induced IVDD in vivo. (A) Representative X-ray image and MRI T2 image of the 
intervertebral disc at 8 weeks after shRNA-DNMT3a injection in rats; (B) the variation of the disc height index is calculated based on X-ray 
images; (C) Pfirrmann grade scores calculated from MRI T2 images; (D, E) HE, Safranine O staining images and histological scores; (F–K) 
IHC staining and quantitative analysis of DNMT3a, PPARγ, Collagen II, MMP-3 and Caspase-3 in intervertebral disc samples from different 
groups of rats. Three biological replicates were contained in each experiment. All data are expressed as mean ± standard deviation (SD); 
**p < 0.01, ***p < 0.01 and ns p > 0.05.
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maintaining homeostasis in chondrocytes, and delaying the osteoar-
thritis progression.19 Here, we described for the first time that the 
key DNA methylation regulator, DNMT3a, can affect the PPARγ ex-
pression by regulating CpG island methylation in the promoter region, 
revealing the underlying mechanism of epigenetic regulation of IVDD.

Apoptosis and ECM degradation are thought to be important 
factors that accelerate IVDD progression. A previous study found 
that the apoptosis rate in degenerated NP tissues was significantly 
higher than that in the early IVDD group and that excessive apop-
tosis affected the homeostasis of the IVD tissue structure.39,40 
Increased ECM degradation is often accompanied by increased 
levels of Adamts and MMPs-degrading enzymes.41 Therefore, 
under the action of adverse factors, an increase in Adamts and 
MMPs degradation enzymes in NP cells leads to increased deg-
radation of collagen II and aggrecan, thereby accelerating the oc-
currence and development of IVDD.42 Therefore, the inhibition of 
apoptosis and ECM degradation may be an attractive therapeutic 
strategy for IVDD. In this study, our silencing of DNMT3a signifi-
cantly inhibited apoptosis and ECM degradation in IL-1β-induced 
NP cells. In vitro experiments further confirmed that the protec-
tive effect of DNMT3a against apoptosis and ECM degradation 
diminished in the presence of an inhibitor of PPARγ (T0070907), 
indicating that DNMT3a regulates apoptosis and ECM degradation 
in IL-1β-induced NP cells by PPARγ.

However, the specific downstream regulatory mechanism of 
DNMT3a-mediated PPARγ methylation in regulating apoptosis and 
ECM degradation in NP cells remains unclear and deserves further 
in-depth study. The NF-κB pathway is considered an important 
signalling pathway within cells primarily because it can regulate 
various pathophysiological processes such as cell inflammation, 
apoptosis, ECM degradation and aging.43–45 Zheng et al.46 reported 
that S100A8/A9 binds to TLR4 to increase the expression of MMPs, 
TNF-α, and IL-6 in NP cells through the NF-κB signalling pathway, 
delaying the IVDD progression. Similarly, Zou et al.47 found that 
HO-1 expression was lower in the NP cells of patients with IVDD 
than in that of those in the early IVDD group. Additionally, in vitro 
experiments further revealed that the underlying mechanism of 
HO-1 delay in IVDD inhibits IL-1β-induced apoptosis by promoting 
the formation of Beclin-1/PI3KC3 complexes to promote autoph-
agy and inhibit NF-κB activity. Consistent with previous studies, 
we treated NP cells with GW1929 and diprovocim to investigate 
the regulatory relationship between the PPARγ and NF-κB path-
ways. Our results showed that PPARγ inhibition can accelerate 
IVDD development by activating the NF-κB signalling pathway 
by phosphorylating p65. However, we demonstrated that upreg-
ulation of PPARγ inhibited the activation of NF-κB signalling and 
attenuated IL-1β-induced apoptosis and ECM degradation and 
that the protective effect of PPARγ diminished in the presence of 
NF-κB pathway activators. Conclusively, these findings describe 
for the first time that DNMT3a in NP cells can mediate the PPARγ/
NF-κB axis activity, participating in NP apoptosis and anabolic ca-
tabolism of ECM.

This study had some limitations. First, grades I and II were 
mainly obtained from patients with idiopathic scoliosis and lumbar 
fractures, and the sample size of early human NP tissues was rel-
atively small. Second, genetic factors and disc sampling may vary. 
Finally, in the in vitro experiments, we selected normal rat NP cells 
for functional experimental verification; however, there were cer-
tain differences between species, and further studies are needed 
in the future.

Summarily, this study revealed that PPARγ has a protective ef-
fect against apoptosis and ECM degradation of NP. In vitro, DNMT3a 
inhibits demethylation of the PPARγ promoter region and the acti-
vation of the NF-κB signalling pathway. Thereby reducing apoptosis 
and ECM degradation in NP cells. In vivo, DNMT3a inhibition also 
had a protective effect against IVDD. We believe that the DNMT3a 
mediated-PPARγ/NF-κB axis may provide new insights into the po-
tential pathogenesis of IVDD and may be an attractive target for the 
treatment of IVDD.
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