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Abstract
Background Intervertebral disc degeneration (IVDD) is a common spine disease with inflammation as its main 
pathogenesis. Mulberroside A (MA), isolated from herbal medicine, possesses anti-inflammatory characteristics in 
many diseases. Whereas, there is little exploration of the therapeutic potential of MA on IVDD. This study aimed at the 
therapeutic potential of MA on IVDD in vivo and in vitro and the mechanism involved.

Methods In vitro, western blotting, RT-qPCR, and immunofluorescence analysis were implemented to explore 
the bioactivity of MA on interleukin-1 beta (IL-1β)-induced inflammation nucleus pulposus cells (NPCs) isolated 
from Sprague-Dawley male rats. In vivo, X-ray and MRI were applied to measure the morphological changes, 
and histological staining and immunohistochemistry were employed to investigate the histological changes of 
intervertebral disc sections on puncture-induced IVDD rat models.

Results In vitro, MA up-regulated the expression level of anabolic-related proteins (Aggrecan and Collagen II) and 
decreased catabolic-related proteins (Mmp2, Mmp3, Mmp9, and Mmp13) in IL-1β-induced NPCs. Furthermore, MA 
inhibits the production of pro-inflammatory factors (Inos, Cox-2, and Il-6) stimulated by IL-1β. Mechanistically, MA 
inhibited the signal transduction of mitogen-activated protein kinase (MAPK) and nuclear factor kappa-B (NF-κB) 
pathways in IL-1β-induced NPCs. Moreover, MA might bind to Ppar-γ and then suppress the NF-kB pathway. In vivo 
experiment illustrated that MA mitigates the IVDD progression in puncture-induced IVDD model. X-ray and MRI 
images showed MA restore the disc height and T2-weighted signal intensity after puncturing. H&E and Safranin O/
Fast Green also showed MA also alleviated morphological changes caused by acupuncture. In addition, MA reversed 
the expression level of Mmp13, Aggrecan, Collagen II, and Ppar-γ induced in IVDD models.

Conclusions MA inhibited degenerative phenotypes in NPCs and alleviated IVDD progression via inhibiting the 
MAPK and NF-κB pathways; besides, MA suppressed the NF-κB pathway was attributed to activating Ppar-γ, those 
supported that MA or Ppar-γ might be a potential drug or target for IVDD.
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Introduction
Intervertebral disc degeneration (IVDD) is a common 
spinal disease that any spinal surgeon is in frequent con-
tact with, and it is a major cause of low back pain, which 
seriously worsens the health-related quality of life and 
causes an enormous socio-economic burden [1–3]. 
IVDD is influenced by a variety of factors, including age, 
lifestyle, trauma, mechanical stress, and genetics, but, the 
exact mechanism of IVDD remains unclear [4–6].

The progression of IVDD is characterised by changes in 
cellular metabolism in the intervertebral disc microenvi-
ronment, leading to progressive structural and functional 
damage. Recent studies have shown that the overproduc-
tion of pro-inflammatory mediators plays a critical role 
in the pathological processes of IVDD, such as extracellu-
lar matrix (ECM) degradation, cell senescence, and apop-
tosis [7, 8]. The secretion of pro-inflammatory mediators 
contributes to the signaling transduction of mitogen-
activated protein kinase (MAPK) and nuclear factor-
kappa-B (NF-κB) pathways, and previous researches 
have reported that the above two pathways play a cru-
cial role in the degeneration of ECM in nucleus pulposus 
cells (NPCs) [9, 10]. Therefore, inhibiting inflammatory 
response is critical for the treatment of IVDD.

Mori Cortex is one of the well-known traditional Chi-
nese herbal medicines, which exhibits great medicinal 
properties in various diseases [11, 12]. Mulberroside A 
(MA), a natural polyhydroxylated stilbene compound 
extracted from Mori cortex [13], has been demonstrated 
to have some biological properties, including anti-hyper-
uricemic, anti-inflammatory, and analgesic properties 
[13–15]. In our previous study, MA showed the ability 
of down-regulate the protein generation of IL-1β and 
IL-6 via suppressing the signal transduction of MAPK 
and NF-κB pathways in chondrocytes, thereby exhibit-
ing anti-inflammatory effects [16]. However, whether 
MA has an anti-inflammatory effect on IVDD remains 
unknown. Therefore, we used an IL-1β-induced NPCs 
to investigate the potential role of MA on IVDD in this 
study.

Materials and methods
Experimental materials and reagents
MA (HY-N0619), GW9662 (HY-16,578) and dimethyl 
sulfoxide (DMSO, HY-Y0320) were purchased from Med-
ChemExpress (Monmouth Junction, NJ, USA). Recombi-
nant rat interleukin-1 beta (IL-1β) protein was purchased 
from R&D Systems (Minneapolis, USA).

Animals
Sprague-Dawley (SD) rats (6 weeks old, male) were 
obtained from the Hubei Province Experimental Animal 
Centre (Wuhan, China). The study was approved by the 
Animal Experimentation Ethics Committee of Tongji 

Hospital, Tongji Medical College, Huazhong University 
of Science and Technology.

Harvest and culture of primary nucleus pulposus cells 
(NPCs)
The primary NPCs were obtained from the nucleus pulp-
osus of 6w SD male rats. Briefly, nucleus pulposus tissues 
were harvested under sterile conditions and then incu-
bated with 0.25% trypsin at 37 °C for 0.5 h. The samples 
were then digested with collagenase II at 37  °C for 3  h. 
After removal of collagenase II, the DMEM/F12 medium 
(Hyclone, USA) containing with 10% fetal bovine serum 
(Gibco, USA) was used to culture NPCs. The NPCs in the 
1st or 2nd passages were used for the following study.

Cell viability assessment
The viability of NPCs with different treatment were ana-
lyzed using a cell counting kit-8 (CCK-8, Boster, China) 
and a Calcein/PI staining assay kit (Beyotime, China). 
In brief, NPCs were seeded into 96-well plates, followed 
by the treatment with IL-1β (5 ng/mL) and concentra-
tion gradients of MA (20, 40, and 80 µM) for 24 h. After-
wards, the CCK-8 reagent was added to the cells and a 
microplate reader (BioTek, USA) was employed to evalu-
ate cell viability. For the Calcein/PI staining assay, a fluo-
rescence microscope (EVOS FI AUTO, USA) was used to 
capture live/dead cell images, and the percentage of live 
cells to total cells was counted by Image J.

Western blotting
Briefly, NPCs with different interventions were lysed on 
ice for 0.5 h using a lysate reagent. Afterwards, The BCA 
kit (Boster, China) was employed to measure the concen-
trations of protein samples. Cellular proteins (20 µg) were 
separated by electrophoresis and transferred to a mem-
brane. Bovine serum albumin (5%) was used to block the 
protein bands, which were then incubated with corre-
sponding primary antibodies listed in Table 1 at 4 °C for 
16 h, and with secondary antibodies at room temperature 
for 1  h. Finally, Image Lab System (Bio-Rad, USA) was 
used to analyse the target protein bands.

Real time-quantitative polymerase chain reaction 
(RT-qPCR)
Total RNA was extracted using a TRIZOL kit (Takara Bio 
Inc, Japan), and cDNA was synthesized using a cDNA 
synthesis kit (Yeasen, China). The amplification of cDNA 
was performed using an RT-qPCR kit, and specific prim-
ers are listed in Table 2. The relative mRNA levels were 
determined using the 2–ΔΔCt method.

Immunofluorescence staining
A suitable number of cells were incubated in a 24-well 
cell culture plate and subjected to various treatments 
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after attachment. Following a rinse with Tris Buffered 
Saline with Tween (TBST), the cells were fixed with a 
fixation reagent (Servicebio, China) for 0.5  h and then 
permeabilized with 0.2% Triton X-100 (BioFroxx, Ger-
many) for 0.1  h. After being blocked for 1  h, the NPCs 
were incubated with the primary antibodies (Mmp13, 
Collagen II, and p-P65, 1:200) at 4 °C for more than 16 h. 
Subsequently, corresponding fluorescent secondary anti-
bodies (Boster, China) were added to the cells and incu-
bated for 1 h away from light. The nucleus of NPCs was 
then stained with a DAPI solution (Boster, China) for 
0.1  h. Finally, images of immunofluorescence staining 
were captured using a microscope.

IVDD model generation and treatment
According to previous study, rat IVDD models can be 
constructed through needle puncture to the tail disc in 
vivo experiments [17, 18]. A total of 18 rats were used 
for in vivo experiments and three intervention mea-
sures were implemented in consecutive discs in rat coc-
cygeal (Co7/8-Co9/10) of the same individual in order 
to reduce errors caused by individual differences. The 
discs in Co7/8-Co9/10 of each rat were divided into three 
groups as follows: (1) The SHAM group, which received 
no treatment in the disc of Co7/8. (2) The IVDD group, 
which was punctured and injected 2 µL Phosphate Buff-
ered Saline (PBS) in the disc of Co8/9. (3) The IVDD + 
MA group, which was punctured and injected with 2 µL 
80 µM MA in the disc of Co9/10. After 8 weeks, radio-
logical analysis and histological staining were performed.

Radiological analysis
A digital X-ray imaging system (uDR 780i, Union Imag-
ing, China) was used to perform an X-ray on the coc-
cygeal vertebra. Surgimap software V.2.3.2 was used to 
measure the disc height index (DHI) [19]. A 3.0T mag-
netic resonance imaging (MRI) scanner (uMR 780, union 
imaging, China) was employed to obtain T2-weighted 
MR images in the coronal (Cor) and sagittal (Sag) plane. 
Finally, the MRI images were analyzed using the Pfir-
rmann score [20].

Statistical analysis
All data were shown as mean ± standard deviation (SD) 
and analyzed using GraphPad Prism V.8 (GraphPad Soft-
ware Inc., USA). The normal distribution was assessed 
using the Shapiro-Wilk test. One-way analysis of variance 
followed by Tukey post hoc test was used to analyze data 
between multiple experimental groups that meet the nor-
mal distribution. Otherwise, the Kruskal–Wallis test was 
used. The p value less than 0.05 was considered as statis-
tical significance.

Table 1 Primary antibodies for western bolt
Primary 
Antibody

Catalog 
Number

Dilution 
Ratio

Source

Gapdh 60004-1-Ig 1:50,000 Proteintech Group, Wuhan, 
Hubei, China

Aggrecan 13880-1-AP 1:1,000 Proteintech Group, Wuhan, 
Hubei, China

Collagen I # 84,336 1:1,000 Cell Signaling Technology, 
Beverly, MA, USA

Collagen II 28459-1-AP 1:1,000 Proteintech Group, Wuhan, 
Hubei, China

Mmp2 66366-1-Ig 1:1000 Proteintech Group, Wuhan, 
Hubei, China

Mmp3 BM4074 1:500 Boster, Wuhan, Hubei, China
Mmp9 10375-2-AP 1:500 Proteintech Group, Wuhan, 

Hubei, China
Mmp13 18165-1-AP 1:1,000 Proteintech Group, Wuhan, 

Hubei, China
Cox-2 # 12,282 1:1,000 Cell Signaling Technology, 

Beverly, MA, USA
Inos #13,120 1:1,000 Cell Signaling Technology, 

Beverly, MA, USA
Il-6 A14687 1:500 ABclonal, Wuhan, Hubei, 

China
Ppar-γ A11183 1:1000 ABclonal, Wuhan, Hubei, 

China
p-P38 #4511 1:1,000 Cell Signaling Technology, 

Beverly, MA, USA
P38 #8690 1:1,000 Cell Signaling Technology, 

Beverly, MA, USA
p-Erk #4377 1:1,000 Cell Signaling Technology, 

Beverly, MA, USA
Erk #4695 1:1,000 Cell Signaling Technology, 

Beverly, MA, USA
p-Jnk #4668 1:1,000 Cell Signaling Technology, 

Beverly, MA, USA
Jnk #9252 1:1,000 Cell Signaling Technology, 

Beverly, MA, USA
p-P65 #3033 1:1,000 Cell Signaling Technology, 

Beverly, MA, USA
P65 #8242 1:1,000 Cell Signaling Technology, 

Beverly, MA, USA

Table 2 Primer sequence used in the RT-qPCR experiment
Gene Sequence
Rat-Collagen II-F 5’- C G A G G C A G A C A G T A C C T T G-3’
Rat-Collagen II-R 5’- T G C T C T C G A T C T G G T T G T T C-3’
Rat-Mmp13-F 5’- C A A G C A G C T C C A A A G G C T A C-3’
Rat-Mmp13-R 5’- T G G C T T T T G C C A G T G T A G G T-3’
Rat-Cox-2-F 5’- C T C A G C C A T G C A G C A A A T C C-3’
Rat-Cox-2-R 5’- G G G T G G G C T T C A G C A G T A A T-3’
Rat-Inos-F 5’- C T A T T C C C A G C C C A A C A A C A C-3’
Rat-Inos-R 5’- G T C A C A T G C A G C T T G T C C A G-3’
Rat-Gapdh-F 5’- G G T G A A G G T C G G T G T G A A C G-3’
Rat-Gapdh-R 5’- C T C G C T C C T G G A A G A T G G T G-3’
F: Forward; R: Reverse
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Results
Viability of NPCs treated with IL-1β/MA and selection of 
optimal concentrations of MA
The molecular formula of MA is in Fig.  1A. The viabil-
ity of NPCs was assessed using a CCK-8 kit to deter-
mine the effects of IL-1β and MA. As shown in Fig. 1B, 
the data indicates that NPCs viability was inhibited by 
160 µM MA at 24 h (p < 0.05), while MA at or below 80 
µM did not affect NPC viability (p > 0.05). Furthermore, 
the CCK-8 and Calcein/PI staining assay demonstrated 
that cell viability was not affected by the administration 
of varying concentrations of MA and/or 5 ng/mL IL-1β 
alone or in combination for 24  h (p > 0.05) (Fig.  1C-E). 
Therefore, we chose to use MA at concentrations of 20, 
40, and 80 µM for subsequent experiments.

MA inhibited the ECM degeneration in IL-1β-induced NPCs
To investigate the role of MA in ECM metabolism dur-
ing the progression of IVDD, NPCs were induced with 
IL-1β (5 ng/ml) or/and MA (20, 40, and 80 µM) for 24 h. 
As shown in Fig.  2A-B, IL-1β decreased the protein 

levels of Aggrecan and Collagen II, while increasing the 
generation of Collagen (I) However, the degenerative 
effects induced by IL-1β were reversed by the applica-
tion of 80 µM MA. In addition, IL-1β upregulated the 
protein expression of matrix metalloproteinases (Mmps), 
including Mmp2, Mmp3, Mmp9, and Mmp13, whereas 
MA downregulated the expression of Mmps (Fig. 2C-D). 
Additionally, RT-qPCR analysis in Fig. 2H demonstrated 
that MA increased the mRNA levels of the Collagen II 
gene and decreased the mRNA levels of the Mmp13 gene 
after IL-1β stimulation. In Fig.  2E-G, immunofluores-
cence staining also showed that IL-1β upregulated the 
protein level of Mmp13 and downregulated the Colla-
gen II, as the fluorescence intensity of Mmp13 increased 
and Collagen II decreased. However, MA treatment 
reversed the protein generation of Mmp13 and Collagen 
(II) Therefore, MA inhibits ECM degeneration in NPCs 
induced by IL-1β.

Fig. 1 Viability of NPCs intervened with MA/IL-1β and choice of optimal concentrations of MA. (A) Chemical structure of MA. (B) The viability of NPCs 
intervened with different MA concentrations (0, 20, 40, 80, and 160 µM) for 24 h was evaluated by a CCK-8 kit. (C) The viability of NPCs was intervened 
with IL-1β (5 ng/mL) alone or with different MA concentrations (20, 40, and 80 µM) for 24 h was evaluated by a CCK-8 kit. (D) A Calcein /PI double staining 
of NPCs after intervention with IL-1β (5 ng/mL) alone or with different MA concentrations (20, 40, and 80 µM) for 24 h (green, living cells; red, nucleus of 
dead cells). (E) Quantitative analysis of the percentage of living cells. Data were shown as means ± SD, n = 3. ∗∗∗p < 0.001; ns, no significant difference
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MA reduced the inflammation responses in IL-1β-induced 
NPCs
To investigate whether MA inhibited the inflammation 
response in NPCs induced by IL-1β, we detected the 
expression of pro-inflammatory factors, including Inos, 
Cox-2, and Il-6. As shown in Fig. 3A-B, we saw that IL-1β 

significantly increased the production of Inos, Cox-2, and 
Il-6 at the protein level. However, the upregulation of 
these inflammatory phenotypes was inhibited after MA 
treatment. In addition, similar trends in mRNA expres-
sion were observed under the same intervention condi-
tions (Fig. 3C).

Fig. 2 MA inhibited IL-1β-stimulated ECM degeneration in NPCs. (A-D) The expressions of anabolic-related proteins (Aggrecan, Collagen II, and Collagen 
I) and catabolic-related proteins (Mmp2, Mmp3, Mmp9, and Mmp13) in NPCs were analyzed with western blotting. (E-G) the expressions of Collagen II 
and Mmp13 were detected by immunofluorescence, scalebar = 200 μm. (H) The mRNA expression of Collagen II and Mmp13 were analyzed by RT-qPCR. 
Data were shown as means ± SD, n = 3. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ns, no significant difference
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MA inhibited activation of MAPK and NF-κB pathways in 
IL-1β-induced NPCs
Activation of MAPK and NF-κB pathways contribute to 
the inflammation responses and the ECM degeneration 
in NPCs, while inhibition of the above two pathways can 
alleviate the progression of IVDD [9, 10]. A previous 
study showed that the above two pathways were a kind 
of early activation pathways, and the activation peaks at 
15 min after IL-1β (5 ng/ml) stimulation [21]. To inves-
tigate the effect of MA on the two pathways, NPCs were 
induced with IL-1β (5 ng/ml) for 15 min or/and MA (20, 
40, and 80 µM) for 24 h.

As shown in Fig.  4A-B and E-F, the key nodes of the 
two signaling pathways such as phosphor-P65 (p-P65), 
phospho-P38 (p-P38), phosphor-Jnk (p-Jnk), and phos-
phor-Erk (p-Erk) were significantly activated 15  min 
after IL-1β stimulation. Whereas, the activation of these 
pathways was inhibited by the administration of MA. In 
addition, the expression of p-P65 was accumulated in the 
nucleus after IL-1β stimulation, while MA inhibited this 
nuclear translocation of p-P65 (Fig. 4C-D).

MA suppressed the ECM degeneration via activating 
Ppar-γ in IL-1β-induced NPCs
Previous study found that peroxisome proliferator acti-
vated receptor γ (Ppar-γ) has shown excellent anti-
inflammatory characteristics by suppressing NF-κB 
pathway [22], and the expression level of Ppar-γ is down-
regulated in various diseases, such as osteoarthritis [23], 
rheumatoid arthritis [24], and colitis [25]. In Fig.  5A-B, 
the data showed that IL-1β inhibited the expression of 
Ppar-γ in NPCs compared to the control group. How-
ever, the administration of MA reversed the decreas-
ing trend of Ppar-γ in IL-1β-induced NPCs. Thus, we 
hypothesized that Ppar-γ may play a role in the progres-
sion of IVDD, and investigated whether the anti-degen-
eration effects of MA were dependent on Ppar-γ. Next, 
we introduced the Ppar-γ antagonist GW9662 into our 
experiment. As shown in Fig. 5, Ppar-γ in the NPCs was 
inhibited by using 10 µM GW9662, and these NPCs were 
followed the application of IL-1β (5 ng/mL) and MA (80 
µM). The study showed that the production of Ppar-γ 
was suppressed by GW9662. In additional, the inhibition 
of Ppar-γ significantly increased the production of Il-6, 
Inos, Cox-2, Mmp13, Collagen I and decreased the pro-
duction of Collagen II in MA-treated NPCs (Fig. 5C-D). 

Fig. 3 MA reduced the inflammation responses in IL-1β-stimulated NPCs. (A-B) The inflammatory proteins expressions (Inos, Cox-2, and Il-6) in NPCs 
shown in western blotting. (C) The mRNA expression levels of inflammatory genes (Inos and Cox-2) were analyzed by RT-qPCR. Data were shown as 
means ± SD, n = 3. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ns, no significant difference
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In addition, RT-qPCR detection confirmed the results 
shown by western blot (Fig.  5E). The above data sug-
gested that MA inhibited the ECM degeneration in 
IL-1β-induced NPCs via activation of Ppar-γ.

MA inhibited activation of NF-κB pathway via activating 
Ppar-γ in IL-1β-induced NPCs
As shown above, IL-1β contributed to the activation of 
the MAPK and NF-κB pathways, which promoted the 
inflammatory response, enhanced ECM catabolism, 
suppressd ECM anabolism, and triggered ECM degen-
eration and development of IVDD. Conversely, MA 
blocked signaling transduction of the MAPK and NF-κB 
pathways. Furthermore, MA inhibited the ECM degen-
eration via activation of Ppar-γ in IL-1β-induced NPCs, 

thus, we investigated whether MA ameliorated the ECM 
degeneration by inhibiting the two pathways via Ppar-γ. 
In Fig.  6, the data showed that the inhibition of Ppar-γ 
by the Ppar-γ antagonist GW9662 activated the NF-κB 
pathways in MA-treated NPCs, which suggested that MA 
might regulate the NF-κB signal via Ppar-γ. However, 
Ppar-γ antagonist GW9662 could not block the suppres-
sive effect of MA on MAPK signaling.

MA alleviated the progression of needle puncture-induced 
IVDD rat models
In vivo, we designed to investigate the therapeutic effect 
of MA in rat models of IVDD. As shown in Fig. 7A-B, the 
X-ray and MRI images revealed the stenosis of the inter-
vertebral space and the decreased T2-weighted signal 

Fig. 4 MA suppressed MAPK and NF-κB pathways in IL-1β-stimulated NPCs. The proteins expressions of NF-κB (P65) (A-B) and MAPK (P38, Jnk, and Erk) 
(E-F) were analyzed with western blotting. (C) Immunofluorescence staining and (D) quantitative analysis of the nuclear translocation of P-P65 in NPCs. 
Data were shown as means ± SD, n = 3. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ns, no significant difference
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Fig. 5 Inhibition of Ppar-γ weakened the anti-inflammatory, anabolism enhancing, and catabolism suppressing effects of MA on IL-1β- stimulated NPCs. 
(A-B) The proteins expressions of Ppar-γ were analyzed with western blotting. (C-D) The expressions of anabolic proteins (Collagen II and Collagen I) and 
catabolic protein (Mmp13) in the Ppar-γ-inhibition NPCs along with or without the administration of 5 ng/ml of IL-1β and 80 µM of MA. (E) The mRNA 
expression of Collagen II, Mmp13, Cox-2, and Inos were detected by RT-qPCR analysis. Data were shown as means ± SD, n = 3. ∗p < 0.05; ∗∗p < 0.01; 
∗∗∗p < 0.001; ns, no significant difference
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intensity after surgery. However, the above IVDD-like 
features were significantly reversed with the applica-
tion of MA. Furthermore, disc specimens stained with 
H&E and Safranin O/Fast Green revealed significant 
morphological changes in the IVDD group, whereas the 
trend of deterioration was alleviated after the MA treat-
ment in the IVDD + MA group (Fig. 7C-D). Additionally, 
the IVDD + MA group showed a remarkable recovery 
of ECM compared to the IVDD group. As in the IVDD 

group, the production of Mmp13 was upregulated, 
together with the decreased of Collagen II and Aggre-
can; however, in the IVDD + MA group, the production 
of Mmp13, Collagen II, and Aggrecan were reversed after 
MA treatment (Fig. 7E-F). In addition, the expression of 
Ppar-γ was downregulated in the IVDD group compared 
to the SHAM group, whereas the IVDD + MA group 
showed an upregulation of Ppar-γ after the MA treat-
ment (Fig. 7E-F). Taken together, the above in vivo results 

Fig. 6 Inhibition of Ppar-γ weakened the inhibition effect of MA on NF-κB signaling pathway in IL-1β-stimulated NPCs. (A-D) Western blot analysis 
showed the inhibition of Ppar-γ activated the NF-κB (P65) and MAPK (P38, Jnk, and Erk) signaling pathway. Data were shown as means ± SD, n = 3. 
∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ns, no significant difference
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Fig. 7 MA ameliorated IVDD-related change in rat IVDD models. (A) The representative X-ray images and MRI images (B) the measurement of DHI and the 
evaluation of Pfirrmann score among the SHAM, IVDD, and IVDD + MA groups. (C) H&E staining, (D) Safranin O/Fast Green staining. (E) IHC images of Ag-
grecan, Mmp13, Collagen II, Ppar-γ, and (F) the quantification of positive NPCs. Data were shown as means ± SD, n = 6. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; 
ns, no significant difference
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Fig. 8 Schematic illustration of the potential protective effects of MA on the progression of IVDD (figure was created with https://www.biorender.com/). 
MA alleviates the progression of IVDD via the MAPK and Ppar-γ/NF-kB signaling pathways

 

https://www.biorender.com/
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demonstrated that MA treatment was effective in revers-
ing degenerative phenotypes, thereby alleviating the pro-
gression of IVDD.

Discussion
IVDD is the main cause of low back pain. It also causes 
the neurological damage, which affects the daily work 
and quality of life among the middle-aged workers and 
elderly people [26–28]. Current clinical strategies for 
IVDD mainly focus on the use of conventional drugs, 
which aim to alleviate symptoms, and most of them can-
not reverse the pathological changes of IVDD. Therefore, 
it is necessary to explore a drug that not only allivates 
the symptoms, but also reverses the pathological change 
to delay the progression of IVDD. Previous studies have 
shown that inflammation may contribute to the progres-
sion of IVDD [7, 29]. MA, as a natural polyhydroxylated 
stilbene compound extracted from Mori cortex, has been 
reported to have a significant effect on anti-hyperurice-
mic, anti-inflammatory, anti-osteoarthritis, and anti-kid-
ney cancer effects [14–16, 30]. According to our previous 
research, MA has anti-inflammatory effects on osteo-
arthritis [16]. However, the therapeutic role of MA in 
IVDD has not been investigated. This study is the first to 
show that MA has the property of alleviating IVDD, and 
this effect is based on the activation of PPAR-γ.

The anabolic and catabolic phenotypes of NPCs play an 
important role in maintaining the metabolic homeosta-
sis of the intervertebral disc microenvironment. IVDD is 
generally considered as a result of increased catabolism 
and decreased anabolism, as both types of metabolism 
trigger to the ECM degradation. Mmps, including Mmp2, 
Mmp3, Mmp9, and Mmp13, are crucial types of ECM 
catabolism proteins in NPCs [31]. Crean et al. reported 
that the increased expression of Mmp9 and Mmp2 was 
closely associated with the severe degree of IVDD [32]. 
In addition, Le Maitre et al. showed that the Mmp13 pro-
tein was significantly upregulated in the early degener-
ated inner of NPCs [33]. As another major component of 
the ECM in NPCs, Aggrecan and Collagen II are crucial 
for maintaining the osmotic pressure and resilience of the 
NPCs [34]. Our data showed that MA inhibited the pro-
duction of Mmp13, Mmp9, and Mmp2, and promoted 
the production of Collagen II and Aggrecan in IL-1β-
induced NPCs. Inflammatory proteins, including Inos, 
Cox-2, and Il-6, are correlated with the IVDD progres-
sion [29, 35, 36]. These inflammatory markers could fur-
ther increase the catabolic-related proteins and decrease 
the anabolic-related proteins. Our study showed that MA 
application significantly IL-1β-pretreated NPCs. What’s 
more, in vivo experiments showed that the administra-
tion of MA into acupuncture discs attenuated the pro-
gression of IVDD in rat models.

Inflammatory pathways, such as MAPK and NF-κB, 
are both key negative regulators on the catabolism and 
anabolism in NPCs and promote the progression of 
IVDD [9, 10]. Previous research has shown that the suc-
cessful transmission of the above two signaling pathways 
increase the production of inflammatory cytokines and 
catabolic-related proteins and decrease the production of 
anabolic-related proteins [9, 10, 16, 37]. In other words, 
inhibition of the two pathways may be a therapeutic tar-
get for IVDD. Our study showed that IL-1β upregulated 
the production of p-P38, p-Erk, p-Jnk, and p-P65. How-
ever, the application of MA reversed the upregulation 
of these proteins in IL-1β-induced NPCs, reflecting the 
inhibitory role of MA on MAPK and NF-κB pathways 
and suggesting that MA ameliorated the IVDD progres-
sion by suppressing the two signaling pathways.

Ppar-γ is a ligand-activated transcription factor closely 
associated with many inflammatory diseases [38–41]. A 
previous study showed that the overexpression of Ppar-γ 
inhibited synovial inflammation in rheumatoid arthri-
tis [42]. The activation of Ppar-γ has the chondropro-
tective effects on the progression of osteoarthritis [43]. 
Pioglitazone is a highly selective Ppar-γ agonist. Liu et 
al. found that pioglitazone inhibited the generation of 
inflammatory cytokines and maintained the expression 
of anabolic proteins in IL-17 induced NPCs [44]. Another 
study showed that DNA methyltransferase 3a promotes 
apoptosis and ECM degradation of NPCs by inhibit-
ing the expression of Ppar-γ [45]. These findings suggest 
that Ppar-γ may be a therapeutic target for IVDD. Our 
results demonstrated that MA had the ability to increase 
the expression of Ppar-γ, suggesting that MA could be 
used as a type of Ppar-γ agonist. Furthermore, the anti-
inflammatory effects of MA were suppressed to some 
extent after the administration of Ppar-γ specific antago-
nist GW9662. Therefore, we concluded that MA exerts 
its anti-inflammatory effects by activating Ppar-γ. We 
further investigated whether the Ppar-γ inhibition affects 
the following processes, such as inflammatory response, 
ECM degradation, and MAPK and NF-κB signaling 
transduction. Our studies showed that the inhibition of 
Ppar-γ by GW9662 suppressed the anti-inflammatory 
properties of MA in IL-1β-induced NPCs. Meanwhile, 
it reversed the catabolism-suppressing and anabolism-
enhancing roles of MA in IL-1β-induced NPCs. Its 
strong anti-inflammatory effect may be due to inhibition 
of NF-κB signaling transduction pathway [46, 47]. On the 
one hand, Ppar-γ can directly interact with NF-κB p50/
NF-κB p65 dimer to inhibit this nuclear translocation of 
p-P65. On the other hand, Ppar-γ can inhibit IκBα deg-
radation to inhibit NF-κB signaling [48]. In this study, we 
found that blocked Ppar-γ impaired the suppressive effect 
of MA on the NF-κB signaling transduction. However, 
the inhibition of Ppar-γ could not reverse the inhibitory 
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effect of MA on MAPK pathway. Previous research dem-
onstrated that Jnk and P38 phosphorylate the amino-ter-
minal domain of Ppar-γ and subsequently decreased the 
production of Ppar-γ [49], which is consistent with our 
experimental results. These above data suggested that 
the inflammatory inhibition role of MA in IL-1β-induced 
NPCs may be mediated via Ppar-γ.

This study has several potential shortcomings. First, 
it is difficult to intervene directly and non-invasively 
the intervertebral disc, and target-NPCs drug delivery 
systems remain unexplored. Second, the anti-degen-
erative effect of MA on IVDD has not been verified on 
IVDD patients. Thus, the clinical effects of MA on IVDD 
patients need to be further investigated. Third, the con-
clusion of this study was that MA played a role in amelio-
rating IVDD by inhibiting the MAPK and Ppar-γ/NF-κB 
signaling pathways, but this may not be the only mecha-
nism of MA on NPCs. Forth, the underlying mechanism 
is demonstrated only in vitro and requires further in 
vivo validation. Fifth, our study showed that MA inhib-
its IVDD by activating the expression of Ppar-γ, but its 
therapeutic efficacy lacks comparison with pioglitazone, 
a commonly used Ppar-γ agonist. In the future, we will 
explore the potential mechanisms of MA in more depth 
and compare the therapeutic efficacy with other drugs for 
IVDD treatment. Considering the potential therapeutic 
effect of MA on IVDD in rat, further study remains to be 
performed.

Conclusion
As shown in Fig. 8, our study is the first to demonstrated 
that MA treatment has anti-inflammatory properties by 
suppressing the MAPK and NF-κB pathways in rat mod-
els. The protective mechanism of MA on IVDD is closely 
related to the activation of Ppar-γ, suggesting that MA or 
Ppar-γ may be a potential drug or molecular target for 
the treatment of IVDD.
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