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Abstract. Lower back pain is a common problem in 
middle‑aged and elderly people, and intervertebral disc degen‑
eration (IVDD) is often the main cause. The present study 
aimed to explore the effects of dimethyl fumarate (DMF) on 
inflammation and oxidative stress in the intervertebral disc. 
C57/BL6 mice were used to construct an IVDD model by tail 
suspension and daily intraperitoneal injections of 10 mg/kg 
DMF were administered to analyze the effects of DMF on 
IVDD. In addition, human nucleus pulposus (NP) cells were 
cultured and stimulated cells with recombinant human IL‑1β 
and DMF to examine the effects of DMF on inflammation 
and oxidative stress in NP cells. DMF significantly increased 
the intervertebral disc height index of mice and inhibited the 
degradation of the extracellular matrix of mouse NP tissue. 
In addition, DMF also decreased the expression of inflamma‑
tory factors [including IL‑6, IL‑8, matrix metalloproteinase 
(MMP)3 and MMP13] in NP cells. In terms of oxidative 
stress, DMF significantly increased the antioxidative stress 
response in NP cells and reduced endoplasmic reticulum 
stress. DMF also increased the activity of the nuclear factor 
erythroid 2‑related factor (Nrf) 2/heme oxygenase (HO)‑1 
signaling pathway in NP cells and increased the phosphoryla‑
tion of Akt. DMF also increased the anti‑inflammatory and 
antioxidative ability of NP cells by promoting the activity 
of the Nrf2/HO‑1 and PI3K/Akt signaling pathways, thus 
delaying IVDD.

Introduction

The intervertebral disc is primarily divided into the peripheral 
fibrous annulus, the central nucleus pulposus (NP) and the 
upper and lower cartilage endplates. The surrounding fibrous 
rings are arranged according to concentric circles by multiple 
layers of fibrous cartilage and are supplied by vascular nutri‑
ents at the surface of the rings (1). The intervertebral disc is 
composed of glycoprotein, proteoglycan, collagen and elastic 
fibers. The proteoglycan in the intervertebral disc tissue can 
form a stable structure with elastin and collagen and adjust the 
pressure of the disc. The hydrating function of proteoglycan 
can maintain normal ion concentration and osmotic pressure 
in the intervertebral disc, so as to ensure the maintenance of 
the ion concentration and osmotic pressure gradient and the 
normal function of the intervertebral disc (2).

Lower back pain is a common problem in middle‑aged and 
elderly people, and intervertebral disc degeneration (IVDD) is 
often the main cause. The prevalence of low back pain caused 
by IVDD reaches 20% worldwide, and 60% of people over 
70 years old have been indicated to suffer from intervertebral 
disc disease (3). IVDD is caused by multiple factors, in which 
inflammation and oxidative stress play an important role (3). 
Studies have suggested that pro‑inflammatory factors (such as 
TNF‑α and IL‑1β) play an important role in the process of 
IVDD (4,5). A significant increase in the expression of TNF‑α 
and IL‑1β was detected in the degenerated intervertebral disc 
of patients (6). These inflammatory factors can stimulate nerve 
growth and angiogenesis of NP cells by inducing the release 
of nerve growth factors, such as brain derived neurotrophic 
factor and vascular endothelial growth factor (7). In NP cells, 
TNF‑α and IL‑1β can also upregulate the expression of matrix 
metalloproteinases (MMPs) that degrade the extracellular 
matrix of NP cells (8). In addition, during the process NP cell 
degeneration, the balance of oxygen free radical production 
and antioxidant defense is disrupted, leading to the accumula‑
tion of reactive oxygen species (ROS), which further leads to 
cell damage and apoptosis (8). Therefore, inhibiting inflam‑
mation and apoptosis of NP cells is the key to preventing and 
treating IVDD.

Dimethyl fumarate (DMF) has been used in Europe 
to treat severe psoriasis. In 2012, the US Food and Drug 
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Administration approved DMF application in the clinical 
treatment of relapse‑remitting multiple sclerosis (9). In 
clinical statistical analysis, DMF has a good safety record 
so far in diseases such as psoriasis (10). DMF was superior 
to placebo in terms of the proportion of patients achieving a 
≥75% improvement from baseline according to the Psoriasis 
Area and Severity Index (10). Studies have shown that DMF 
has immunomodulatory and anti‑inflammatory effects in the 
treatment of neurological diseases, such as neuritis and spinal 
cord injury (11,12). Therefore, some studies have applied 
DMF to different organs and different diseases. For example, 
in breast cancer cells, DMF can inhibit the NF‑κB pathway, 
thereby reducing the inflammatory response (13). After 
applying DMF to lung fibroblasts, it was reported that DMF 
inhibits the TNF‑β1 signaling pathway and ultimately exerts 
anti‑fibrotic effects (14). It is noteworthy that numerous studies 
on the central nervous system have demonstrated that DMF 
can effectively activate nuclear factor erythroid 2‑related factor 
(Nrf)2 and promote the activation of its downstream anti‑
oxidant stress pathway. Therefore, DMF has a good application 
prospect in terms of diseases associated with inflammation and 
oxidative damage (15). However, to the best of our knowledge, 
there is still no relevant study investigating whether DMF has 
anti‑inflammatory and antioxidative effects in IVDD.

The present study used C57BL5 mice to construct an 
IVDD model, with the aim to study the effect of DMF on 
IVDD, and cultured human nucleus pulposus (NP) cells to 
study the molecular mechanisms underlying DMF function. 
The present results highlight the potential of DMF treatment 
for clinical IVDD.

Materials and methods

Animals and grouping. A total of 60 C57/BL6 male mice 
(Charles River Laboratories, Inc.) were used for the present 
study. The mice were 8 weeks old, weighed 20‑25 g and were 
housed in standard barrier facilities (25˚C; 55‑65% humidity; 
alternating light rhythm of 24 h). The mice had free access to 
lab mouse food and distilled water, which were supplemented 
daily. The mice were randomly divided into three experimental 
groups (20 mice each): Control group, degenerative group and 
treatment group. Mice in the control group were routinely 
housed, while mice in the degenerative and treatment groups 
were modeled for IVDD. The mice in the treatment group 
were given a daily intraperitoneal injection of 10 mg/kg DMF 
(Sigma‑Aldrich; Merck KGaA) when the IVDD model was 
performed (16). The study was approved by The Animal Ethics 
Committee of Qinghai Provincial People's Hospital Animal 
Center (Xining, China; approval no. GS‑XNH‑17‑A‑0832).

IVDD model procedure and treatment. After anesthetizing 
the degenerative and treatment group mice with pentobarbital 
sodium at a dose of 40 mg/kg, the tail of the mouse was 
wrapped with a medical tape and it was suspended on the top 
pulley in a special squirrel cage. The hind limbs of the mice 
are >1‑cm above the ground and the forelimbs were able to 
crawl freely in the cages. The front paws could support the 
mice to move and feed (17). The health and behavior of the 
mice were observed twice a day. After 1 month of hanging the 
tail of the mouse, X‑rays were used to observe the condition of 

the lumbar intervertebral disc. Signs of severe pain, including 
abnormal movement and sound, were considered humane 
endpoints requiring immediate euthanasia. All mice then 
received euthanasia via cervical dislocation (after being anes‑
thetized using intraperitoneal administration of pentobarbital 
sodium at a dose of 40 mg/kg). Death was confirmed by 
observing breathing and the heartbeat.

X‑ray. After 1 month of hanging, the mice were anesthetized 
and placed in a tray in the right lateral position. Small animal 
X‑ray instruments were purchased from the American Faxitron 
and model number was MX‑20. After obtaining X‑ray images 
of each mouse, the intervertebral space height of the lumbar 
vertebrae of each mouse was measured, and the intervertebral 
disc height index (DHI) was calculated. DHI is the ratio of 
the sum of the heights of two adjacent vertebral bodies to the 
height of the intervertebral disc (18).

Cell culture and treatment. Human primary intervertebral 
disc nucleus cells were cultured to study the effect of DMF on 
IVDD. Human NP cells (cat. no. CP‑H097) were purchased 
from Procell Life Science & Technology Co., Ltd. NP cells 
were cultured using Dulbecco's modified eagle medium/F12 
medium and added 10% fetal bovine serum (with 1% penicillin 
plus streptomycin) to the medium (all Gibco; Thermo Fisher 
Scientific, Inc.). The conditions of the cell culture incubator 
were set to 37˚C and 5% CO2. When the cell density reached 
90%, recombinant human IL‑1β (50 ng/ml; Sigma‑Aldrich; 
Merck KGaA) was used to stimulate NP cell degeneration. 
DMSO was used to dissolve the DMF powder and stored as 
a 10 µmol/ml stock solution. In total, 70 µmol/l of DMF was 
used to treat NP cells for 24 h at 37˚C.

Western blotting. At the end of the mouse modeling, the 
mice in all groups were sacrificed as aforementioned and 
the spine was extracted. Then, the intervertebral discs of the 
lumbar spine were scraped using a sterile blade and collected 
to extract the proteins using RIPA lysis buffer (Invitrogen; 
Thermo Fisher Scientific, Inc.). A BCA kit (Pierce; Thermo 
Fisher Scientific, Inc.) was used to measure protein concentra‑
tion. An equal amount of protein (30 µg) was added to each 
well of a 10% SDS‑PAGE gel. After gel electrophoresis the 
proteins were transferred to polyvinylidene fluoride (PVDF) 
membranes (Roche Diagnostics). Then the membranes were 
blocked with a non‑specific antigen with 5% skimmed milk 
for 1 h at room temperature. The following primary antibodies 
were incubated with the PVDF membranes: Collagen II 
(1:3,000; cat. no. ab34712) aggrecan (1:5,000; cat. no. ab3778), 
superoxide dismutase (SOD)1 (1:2,000; cat. no. ab183881), 
SOD2 (1:1,000; cat. no. ab68155), Peroxiredoxin 1 (Prdx1) 
(1:3,000; cat. no. ab41906) Prdx4 (1:4,000; cat. no. ab184167), 
MMP3 (1:5,000; cat. no. ab52915), MMP13 (1:3,000; 
cat. no. ab219620), C/EBP homologous protein (CHOP; 
1:5,000; cat. no. ab179823), endoplasmic reticulum chaperone 
BiP (GRP‑78; 1:2,000; cat. no. ab21685), caspase‑12 (1:2,000; 
cat. no. ab62484), Nrf2 (1:3,000; cat. no. ab92946), HO‑1, 
(1:2,000; cat. no. ab68477), Akt (1:1,000; cat. no. ab18785), 
phosphorylated Akt (1:3,000; cat. no. ab38449) and β‑actin 
(1:5,000; cat. no. ab6276) (all rabbit antibodies; Abcam) were 
used to incubate the PVDF membranes. CHOP, GRP‑78 and 
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caspase‑12 are involved in the ER stress pathway (19). The 
PVDF membranes were incubated overnight at 4˚C. After 
washing the PVDF membranes with TBS‑0.1% Tween‑20, the 
PVDF membranes were incubated with secondary HRP‑goat 
anti‑rabbit (1:3,000; cat. no. ab205718; Abcam) for 2 h at room 
temperature. Finally, the amount of protein expression was 
detected using ECL (Invitrogen; Thermo Fisher Scientific, 
Inc.). Protein extraction and detection from NP cells was also 
performed using this methodology.

RNA isolation and reverse transcription‑quantitative 
(RT‑q)PCR. After obtaining mouse intervertebral disc tissue, 
total RNA was extracted using TRIzol® (Invitrogen; Thermo 
Fisher Scientific, Inc.). RNase‑free water was used to dissolve 
RNA and the RNA concentration was detected using a 
spectrophotometer [Unico (Shanghai) Instrument Co., Ltd.; 
http://www.unicosh17.com.cn/]. SuperScript® IV Reverse 
Transcriptase (Invitrogen; Thermo Fisher Scientific, Inc.) was 
used to reverse transcribe the mRNA to cDNA (10 min at 55˚C; 
10 min at 80˚C; 30 min at 4˚C) according to the manufacturer's 
protocol. Primers used to amplify cDNA were designed by 
Shanghai Jierui Biotechnology Co., Ltd. cDNA was amplified 
using PowerUp™ SYBR® Green Master Mix (Invitrogen; 
Thermo Fisher Scientific, Inc.). The thermocycling condi‑
tions used were as follows: 2 min at 50˚C; 2 min at 95˚C; and 
30 cycles of 3 sec at 95˚C and 30 sec at 60˚C, according to the 
manufacturer's protocol. GAPDH expression was used as the 
control and the 2‑ΔΔCq method was used to calculate relative 
RNA expression (20). The extraction and detection of RNA 
from NP cells was also performed using this methodology. 
The primers sequences are shown in Table I.

Cell Counting Kit (CCK)‑8 assay. The optimal concentration 
of DMF and IL‑1β was determined by detecting the viability of 

Table I. Continued.

Name Sequence, 5'‑3'

B, Mouse

Aggrecan
  Forward GGTGTTGACACACCGCGCGTATA
  Reverse GTGCTCTATGAGATCTGATCG
MMP3
  Forward CGCTATTAGCGTCATCAGTC
  Reverse GGTCTAGACTTAAAGCTACGT
MMP13
  Forward CAAGCTCGTTGTGCACGTGTA
  Reverse CGTGTTGACACGTATGGTTCA
GAPDH
  Forward GCATCACGTACTGACACCATG
  Reverse CGACTGACTGACACTGCGA

MMP, matrix metalloproteinase; SOD, superoxide dismutase; Prdx, 
peroxiredoxin 1; CHOP, C/EBP homologous protein; GRP‑78, endo‑
plasmic reticulum chaperone BiP; Nrf2, erythroid 2‑related factor; 
HO‑1, heme oxygenase.

Table I. Reverse transcription‑quantitative PCR primer sequences.

A, Human

Name Sequence, 5'‑3'

IL‑6
  Forward ACTCACCTCTTCAGAACGAATTG
  Reverse CCATCTTTGGAAGGTTCAGGTTG
IL‑8
  Forward CAGTTGAAGTTGCCATCAGC
  Reverse CAGTTGAAGTTACCATCAGC
MMP3
  Forward GGTCACCATCAACGCTGACTGACTG
  Reverse AGTCCGATCGACTACTAGCACTGACT
MMP13
  Forward CGTACGTACTACTACGACGGCTAT
  Reverse GTGCACTGACGAGCACTGTGCGTTG
SOD1
  Forward ATGGTGTTTGCAACCACATGGCATG
  Reverse GACAACAGTTGGTTGCAACGGTCATG
SOD2
  Forward ACTGAGCTCTGCATGACGTAGTC
  Reverse CGACTACGTACGACGCGACCTGCA
Prdx1
  Forward CGCTGAGCTATGTTGCACACAGT
  Reverse GCGTATGCGACTACACATCAGT
Prdx4
  Forward GGTTGGTACACACATCAGCTACAC
  Reverse GGTGTATCGACACTGTGTGACA
CHOP
  Forward AGTCTTGGTTGTGTACGTTGTG
  Reverse CGTGTGTGCACATACTGTGAC
GRP‑78
  Forward GTGTGCACGACGTACAGCT
  Reverse AGCTATCAGCACACGTTGTGT
Caspase‑12
  Forward GGTGTGCAGCACACGTACTGACG
  Reverse CGACTACACTGCACTGACTGAC
Nrf2
  Forward ACTGACGACTGACGTACGACGG
  Reverse GCTACGTACTGACTGATCCATGCA
HO‑1
  Forward AGCATCGTACTGACTGATGGTCAC
  Reverse GTGCTGACGTACTGACGACCATGC
Akt
  Forward CCACAACAGCTATCGACCGTAC
  Reverse GTCATCTACTGACTGACACTA
GAPDH
  Forward ACAACTTTGGTATCGTGGAAGG
  Reverse GCCATCACGCCACAGTTTC

B, Mouse

Collagen II
  Forward ACGTGCGTATCACGGACGA
  Reverse CGTACGTAGCTGGTGTTTGACC
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NP cells using CCK‑8 assay, according to the manufacturer's 
protocol. The NP cells were plated onto 96‑well plates, and 
then NP cells were stimulated with 10, 30, 50, 70 or 100 µmol/l 
DMF and 10, 30, 50, 70 or 100 ng/ml IL‑1β. After 3 days 
of stimulation, 10 µl CCK‑8 reagent (Dojindo Molecular 
Technologies, Inc.) was added to each well and the cells were 
placed in the incubator for a further 4 h. Then microplate reader 
was used to measure the absorbance at 450 nm of each well.

ELISA. After the density of NP cells reached 70%, NP cells 
were stimulated with IL‑1β (50 ng/ml) alone of IL‑1β 
(50 ng/ml) + DMF (70 µmol/l) for 3 days. At the end of the treat‑
ment, the supernatant of the cells was taken and the precipitate 
was removed using centrifugation (10,500 x g, 15 min, 4˚C). 
ELISA kits [Hangzhou Multi Sciences (Lianke) Biotech 
Co., Ltd.; http://lianke.lnxysf.com/introduce/] were used to 
detect the activity of IL‑6 (cat. no. 70‑EK106/2‑96), IL‑8 

(cat. no. 70‑EK108‑96), MMP3 (cat. no. HA‑ET1705‑98‑100) 
and MMP13 (cat. no. RK‑KOA0275).

Detection of catalase (CAT) and SOD activity. The 
level of oxidative stress in NP cells was determined by 
detecting the activity of CAT and SOD in NP cells. After 
treating the NP cells for 1 day, the precipitate from the 
culture supernatant of the NP cells was removed using 
centrifugation. Then CAT (cat. no. 70‑EK1306‑24) and SOD 
(cat. no. 2A‑706002‑480) activity kits [both Hangzhou Multi 
Sciences (Lianke) Biotech Co., Ltd.] were used to measure 
the content of CAT and SOD.

Immunofluorescence (IF) staining. Plates (24‑well) were used 
to culture NP cells. After the cell density reached 70%, the 
cells were stimulated with IL‑1β (50 ng/ml) alone or IL‑1β 
(50 ng/ml) + DMF (70 µmol/l) for 1 day at 37˚C. Then, the 

Figure 1. DMF relieves tail suspension‑induced intervertebral disc degeneration in mice. (A) X‑ray of mice intervertebral disc. (B) DHI of mice. (C) Western 
blot and (D‑G) reverse transcription quantitative‑PCR results of collagen II, aggrecan, MMP3 and MMP13. *P<0.05 vs. the control group, #P<0.05 vs. tail 
suspension group. DMF, dimethyl fumarate; DHI, disc height index; MMP, matrix metalloproteinase.



EXPERIMENTAL AND THERAPEUTIC MEDICINE  20:  269,  2020 5

medium was discarded, cells removed from the 24‑well plates 
and treated with 4% paraformaldehyde and 0.5% Triton‑PBS. 
Skimmed milk (5%) was used to block non‑specific antigens 
for 1 h at room temperature. Cells were incubated with the 
aforementioned primary antibodies at 4˚C overnight. After 
washing the cells with PBS, the cells were incubated with 
fluorescent secondary antibody dilution for 1 h. DAPI was 
used to stain the nucleus for 10 min at room temperature. 
Finally, the staining results were observed using a fluorescence 
microscope (magnification, x400).

Statistical analysis. SPSS version 21.0 (IBM Corp) and 
GraphPad Prism version 7.0 (GraphPad Software) were used 
analyze the data. The data are presented as the mean ± SD. All 
experiments were repeated more than three times. Comparisons 
between multiple groups performed using one‑way ANOVA 

test followed by Tukey's post hoc test. P<0.05 was considered 
to indicate a statistically significant difference.

Results

DMF relieves tail suspension‑induced IVDD in mice. A 
mouse model of IVDD was established and DMF was admin‑
istered to determine the effect of DMF on IVDD. X‑ray results 
(Fig. 1A and B) showed that the DHI of the lumbar vertebrae of 
the tail‑suspended mice was lower compared with that of the 
control group, while the DHI of the mice in the DMF group 
was significantly increased compared with the tail suspension 
group. These data indicated that DMF improved the interver‑
tebral disc height of the lumbar vertebrae of the mice. Western 
blotting (Fig. 1C) and RT‑qPCR (Fig. 1D‑1G) showed that 
DMF significantly increased extracellular matrix collagen II 

Figure 2. DMF reduces IL‑1β‑induced inflammatory factor levels in nucleus pulposus cells. Cell Counting Kit‑8 assay of (A) DMF and (B) IL‑1β. ELISA results 
of (C) IL‑6, (D) IL‑8, (E) MMP3 and (F) MMP13. (G‑J) reverse transcription quantitative‑PCR results of IL‑6, IL‑8, MMP3 and MMP13. Immunofluorescence 
staining and results of (K) MMP3 and (L) MMP13, magnification, 400x. *P<0.05 vs. the control group, #P<0.05 vs. the IL‑1β group. DMF, dimethyl fumarate; 
MMP, matrix metalloproteinase.
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and aggrecan in NP tissue, and significantly decreased MMP3 
and MMP13 compared with the tail suspension group. These 
results indicated that the IVDD model was successfully estab‑
lished and that DMF alleviated IVDD in mice, likely due to 
the decreased degradation of the extracellular matrix of the 
NP tissue.

DMF decreases IL‑1β‑induced inflammatory levels in 
NP cells. In total, 10, 30, 50, 70 and 100 µmol/l DMF was 
used to stimulate NP cells and analyze cell viability using a 
CCK‑8 assay (Fig. 2A). The results showed that cells stimu‑
lated with 70 µmol/l DMF reached the highest cell viability, 
therefore 70 µmol/l DMF was used to treat NP cells in subse‑
quent experiments. In addition, 50 ng/ml IL‑1β was the lowest 
dose to induce a significant difference compared with the 
untreated group (Fig. 2B). The results of ELISA (Fig. 2C‑2F) 
and RT‑qPCR (Fig. 2G‑2J) showed that IL‑1β increased the 
expression of inflammatory factors (IL‑6, IL‑8, MMP3 and 
MMP13) in NP cells compared with the control group, while 
IL‑1β + DMF decreased these levels in NP cells compared 
with the IL‑1β treatment group. IF staining (Fig. 2K and L) 
also demonstrated that IL‑1β + DMF decreased the expression 
of MMP3 and MMP13 compared with IL‑1β only treatment.

DMF inhibits oxidative stress in NP cells. Oxidative stress 
is an important factor in IVDD (21), therefore the effect of 
DMF on oxidative stress in NP cells was analyzed. IF staining 
(Fig. 3A and B) detected the expression of SOD1 and SOD2, 
indicating that IL‑1β + DMF treatment increased SOD1 and 
SOD2 expression compared with IL‑1β treatment. The results 
of western blotting (Fig. 3C) and RT‑qPCR (Fig. 3D‑G) also 
showed that the expression of SOD1, SOD2, Prdx1 and Prdx4 
was significantly decreased in IL‑1β‑stimulated NP cells 
compared with the control group, while DMF attenuated 
IL‑1β‑induced oxidative stress. In addition, the activity of CAT 
(Fig. 3H) and SOD (Fig. 3I) were examined in NP cells, and 
the results showed that IL‑1β + DMF increased the activity of 
CAT and SOD compared with the IL‑1β group.

DMF decreases IL‑1β‑induced endoplasmic reticulum stress 
in NP cells. The expression of signaling molecules in the 
endoplasmic reticulum stress‑related pathway was examined 
in NP cells. The results of IF staining (Fig. 4A and B) showed 
that the expression of CHOP and GRP‑78 was increased in 
IL‑1β induced NP cells and decreased by DMF. The results 
of western blotting (Fig. 4C) and RT‑qPCR (Fig. 4D‑4F) also 
showed that DMF decreased the expression of CHOP, GRP‑78 

Figure 3. DMF inhibits oxidative stress in nucleus pulposus cells. Immunofluorescence staining results of (A) SOD1 and (B) SOD2 (magnification, 400x. 
(C) Western blot and reverse transcription quantitative‑PCR results of (D) SOD1, (E) SOD2, (F) Prdx1 and (G) Prdx4. Activity of (H) CAT and (I) SOD. 
*P<0.05 vs. the control group, #P<0.05 vs. the IL‑1β group. DMF, dimethyl fumarate; SOD, superoxide dismutase; Prdx, peroxiredoxin 1; CAT, catalase.
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and caspase‑12. These results indicated that DMF decreased 
endoplasmic reticulum stress levels in NP cells.

DMF promotes the Nrf2/HO‑1 and PI3K/Akt signaling 
pathways in NP cells. The Nrf2/HO‑1 and PI3K/AKT signaling 

pathways are important antioxidant and anti‑inflammatory 
pathways (22). The results of IF staining (Fig. 5A and B) 
showed that DMF increased the expression of Nrf2 and HO‑1 
in NP cells compared with the control. Western blotting 
(Fig. 5C) and RT‑qPCR (Fig. 5D‑5F) also showed that DMF 

Figure 4. DMF decreases IL‑1β‑induced endoplasmic reticulum stress in nucleus pulposus cells. Immunofluorescence staining results of (A) CHOP and 
(B) GRP‑78 (magnification, 400x. (C) Western blot and reverse transcription quantitative‑PCR results of (D) CHOP, (E) GRP‑78 and (F) caspase‑12. *P<0.05 vs. 
the control group, #P<0.05 vs. the IL‑1β group. DMF, dimethyl fumarate; CHOP, C/EBP homologous protein; GRP‑78, endoplasmic reticulum chaperone BiP.

Figure 5. DMF promotes Nrf2/HO‑1 and PI3K/Akt signaling pathways in nucleus pulposus cells. Immunofluorescence staining results of (A) Nrf2 and 
(B) HO‑1 (magnification, 400x). (C) Western blot and reverse transcription quantitative‑PCR results of (D) Nrf2, (E) HO‑1 and (F) Akt. *P<0.05 vs. the control 
group, #P<0.05 vs. the IL‑1β group. DMF, dimethyl fumarate; Nrf2, erythroid 2‑related factor; HO‑1, heme oxygenase 1; p‑, phosphorylated.
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increased Nrf2 and HO‑1 expression and promoted the phos‑
phorylation of Akt compared with IL‑1β treatment. These data 
indicated that DMF increased the activity of the Nrf2/HO‑1 
and PI3K/Akt signaling pathways.

Discussion

At present, the molecular mechanisms underlying degen‑
erative disc disease are not fully understood. The pathological 
basis primarily involves inflammatory infiltration, decreased 
NP cell number and functional decline, NP dehydration, 
proteoglycan reduction and the change of collagen type and 
distribution (23). Gruber et al (24) reported that the number 
of aged and apoptotic NP cells in degenerated intervertebral 
disc tissue were increased, causing elevated inflammatory 
factors and abnormal metabolism of extracellular matrix (via 
increased MMP activity, and decreased quantity of collagen 
and proteoglycan). These changes are closely related to ROS. 
ROS are normal aerobic metabolites, including hydrogen 
peroxide, superoxide anion (O2

‑) and hydroxyl radicals (OH). 
Under normal circumstances, the production and elimination 
of ROS are in a dynamic equilibrium, and low concentrations of 
ROS function as signaling molecules in normal physiological 
activities, such as cell proliferation and differentiation, body 
damage repair and inflammatory immunity. When the ROS 
production in the body increases due to various reasons (such 
as injury and senescence) or the body's ability to resist ROS 
decreases, the body enters an oxidative stress state (25). At this 
time, ROS can directly cause the oxidative damage to DNA, 
proteins and lipids through the NP cell membrane, thereby 
causing destruction of these cells (26). High concentrations of 
ROS can also cause apoptosis in NP cells by disrupting the 
membrane permeability of mitochondria (27). The oxidative 
respiratory chain on the mitochondrial inner membrane is the 
primary site of ROS production, and it is also the most sensitive 
part of the ROS generation pathway (27). During the aerobic 
metabolism electron transfer process, some electrons will leak 
from the electron transport chain and combine with oxygen 
molecules to form O2

‑ (27). Importantly, mitochondria have a 
two‑layer membrane structure; the outer membrane has good 
permeability, while the inner membrane has poor permeability, 
which prevents the transport of protons, most ions and water 
molecules (27). When the ROS content in the body exceeds 
the normal requirement, the mitochondrial membrane perme‑
ability transition pore is activated, increasing the permeability 
of the mitochondrial inner membrane, and the water molecules 
diffuse into the mitochondrial cytoplasm where there is a 
lower osmotic pressure (28). The increasing osmotic pres‑
sure of the mitochondria causes it to swell, leading to rupture 
of the mitochondrial outer membrane (29). Cytochrome c 
located in the mitochondrial membrane gap is released into 
the cytosol to activate the downstream caspases 3, 6 and 7, 
causing apoptosis of the NP cells (29). In addition, ROS can 
also participate in the inflammatory response, regulate NP cell 
apoptosis and promote the synthesis and release of intracel‑
lular MMPs (MMPs 1, 3 and 13) and aggrecanase (ADAM‑TS) 
by activating various pathways, such as JNK, p38/MAPK and 
NF‑κB (29). MMPs and ADAM‑TS are the main enzymes 
for extracellular matrix and proteoglycan and collagen II, 
which can induce the degradation of the intervertebral disc 

extracellular matrix, ADAM‑TS‑dependent proteoglycan and 
collagen II (30). This is the pathophysiological basis of the 
IVDD (30). It has been demonstrated that ROS participates 
in the occurrence and development of IVDD (31,32). In the 
present study, DMF‑treated mice expressed less MMP3 and 
MMP13 in the intervertebral disc tissue, while the increased 
expression of extracellular matrix components (collagen II 
and aggrecan) indicated that DMF protected the extracellular 
matrix of NP cells from degradation of MMPs. In addi‑
tion, DMF stimulated NP cells and significantly decreased 
inflammation and oxidative stress in NP cells, as shown by 
the decrease of inflammatory factor expression and increase 
of SOD activity. This indicated that the anti‑inflammatory 
and antioxidative effects of DMF can protect NP cells. DMF 
was also reported to reduce IL‑1β‑induced cell nucleus endo‑
plasmic reticulum stress, which is further evidence of the 
protective effect of DMF on cell nucleus.

When various external factors, such as injury and infection 
among others, cause the balance between ROS production 
and the antioxidant defense system to be disrupted, the body 
enters an oxidative stress state, activating a series of antioxi‑
dant stress defense responses and antioxidant transcription 
factors, including Nrf2 and AP‑1. Activation of these tran‑
scription factors ultimately increases the expression and 
synthesis of antioxidant enzymes, such as SOD, CAT and 
HO‑1, which protects the body from oxidative stress (33). 
Nrf2 is an important antioxidant defense factor in the body, 
expressed in almost all cells. When the body's ROS levels 
increase, the Nrf2 located in the cytosol is dissociates from 
its inhibitor Keap1 and is activated (34). Free Nrf2 enters the 
nucleus and binds to the Maf protein to form a dimer and 
binds to the antioxidant response element, thereby initiating 
the transcriptional expression of a series of antioxidant 
enzymes (35). The Nrf2/HO‑1 signaling pathway is a crucial 
protective pathway against oxidative stress caused by various 
external causes, such as injury and infection. Studies have 
confirmed that Nrf2/HO‑1 signaling pathway can regulate 
>200 antioxidant proteases, phase II detoxification enzymes 
and anti‑inflammatory factors (36,37). The transcriptional 
expression of endogenous protective genes plays an irre‑
placeable role in antioxidative stress, anti‑inflammatory, 
anti‑apoptosis and antitumor responses (38). Studies have 
confirmed that numerous diseases are related to the increase 
of oxygen free radicals in the body, such as Alzheimer's 
disease, Parkinson's disease and pulmonary fibrosis, and 
there are several changes in the expression of Nrf2 at 
different stages of such diseases (39,40). The degenerative 
disease of the intervertebral disc also has an inflammatory 
reaction accompanied by the pathological increase of oxygen 
radicals in the body (41). The role of Nrf2 in antioxidation 
and anti‑inflammation has been recognized in a number of 
diseases, such as myocardial infarction and inflammatory 
bowel disease (42,43); however, and whether these functions 
of Nrf2 are also closely associated with degenerative diseases 
of intervertebral disc is unclear. The PI3K/Akt pathway regu‑
lates apoptosis during oxidative stress. Studies have shown 
that activation of the PI3K/Akt pathway protects nerve cells 
from oxidative stress (44,45). Inhibition of Akt activity makes 
cells more sensitive to ROS and more susceptible to oxida‑
tive damage (46). The PI3K/Akt signaling pathway plays an 
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important role in the expression of antioxidant enzymes, 
including HO‑1 and glutamate cysteine ligase. Therefore, 
Akt‑related signaling pathways are important for the body to 
resist oxidative stress (47). In the present study, the activity of 
the Nrf2/HO‑1 signaling pathway and the PI3K/Akt signaling 
pathway in the NP was significantly decreased after stimula‑
tion of the NP cells with IL‑1β. In DMF‑stimulated NP cells, 
the expression of Nrf2 and HO‑1 and the level of phosphory‑
lated Akt was increased, indicating that DMF promoted the 
activity of these two signaling pathways in NP cells. This 
may be the mechanism of the anti‑inflammatory and antioxi‑
dant effects of DMF in NP cells.

In DMF‑treated mice, DHI was significantly increased and 
extracellular matrix degradation was also inhibited, indicating 
that DMF relieved IVDD in mice. In cell experiments, DMF 
increased the viability of NP cells and inhibited IL‑1β‑induced 
inflammation, oxidative stress and endoplasmic reticulum 
stress. In addition, DMF also promoted the activity of the 
Nrf2/HO‑1 and PI3K/Akt signaling pathways in NP cells, 
which helps clarify the mechanism of DMF in protecting 
intervertebral discs. Overall, DMF demonstrated good efficacy 
in protecting against IVDD. To the best of our knowledge, the 
present study is the first to report that DMF improves IVDD, 
and these results may aid in the development of DMF treatment 
to clinically prevent IVDD.
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