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Abstract. Low back pain (LBP) is one of the most common 
musculoskeletal diseases in the world. The incidence is ~70% 
in adults and many of them suffer from disability. Recently, 
intervertebral disc degeneration (IDD) has been deemed as a 
main cause of LBP. The present study aimed to investigate the 
potentials of growth and differentiation factor‑5 (GDF‑5) in IDD. 
The protein levels of prostaglandin‑E2 (PGE2), tumor necrosis 
factor (TNF)‑α and interleukin (IL)‑1β in culture medium were 
evaluated by ELISA. mRNA and protein expression levels in 
nucleus pulposus (NP) cells were evaluated by reverse tran-
scription‑quantitative polymerase chain reaction (RT‑qPCR) 
and western blotting, respectively. Griess reaction was applied 
to test the nitric oxide (NO) concentration in the culture super-
natant. The expression levels of inducible NO synthase (iNOS) 
and cyclooxygenase‑2 (COX‑2) in NP cells were measured by 
RT‑qPCR. Collagen‑II, aggrecan, IκBα and phosphorylated 
(p)‑p65 expression levels were detected by western blotting. 
Compared with the control group, protein expression levels 
of TNF‑α, IL‑1β and PGE2, and NO concentration in culture 
medium were upregulated by LPS, which were significantly 
repressed by GDF‑5 overexpression (P<0.05). Additionally, 
GDF‑5 overexpression reduced lipopolysaccharide‑induced 
upregulation of TNF‑α, IL‑1β, iNOS, COX‑2, collagen‑II, 
aggrecan, IκBα and p‑p65 expression levels in NP cells.

Introduction

Low back pain (LBP) is one of the most common musculo-
skeletal diseases in the world, with an incidence of ~70% in 
adults (1). Unfortunately, many of those with LBP suffer from 

disability (1). Multiple causes could lead to LBP; however, 
intervertebral disc degeneration (IDD) and disc herniation are 
reported to be the two most common diagnoses and targets for 
intervention (2), with IDD being deemed as the main cause of 
LBP (3,4). IDD is a multifactorial process that is character-
ized by cellular and biochemical changes in the disc tissue, 
consequently generating structural failure (5).

A normal disc is composed of two types of tissues, the nucleus 
pulposus (NP) and the annulus fibrosus (AF), and they serve 
different roles in load bearing. Gelatinous NP is predominantly 
composed of type II collagen and proteoglycans, and its relatively 
higher water content (compared to AF tissues) is responsible for 
its resistance to compressive forces and hydrostatic pressuriza-
tion (6,7). In degeneration, loss of proteoglycans and water signal 
intensity is detected by changes in disc height and T2‑weighted 
magnetic resonance imaging (MRI) signal in the NP (8), which 
may lead to redistribution of load onto fibrochondrocyte‑like 
cells in the AF (9).

As IDD is associated with normal aging, many people 
with IDD indications on MRI do not suffer with pain or 
disability (10,11). However, current treatments for IDD, including 
surgery, steroid injection and physical therapy, treat symptoms 
and not disc structure/function regeneration.

Inflammation is correlated with IDD and it involves various 
cells and molecules (12). Multiple genes were reported to be 
associated with genetic predisposition to IDD, including the 
inflammatory genes cyclooxygenase (COX)‑2, interleukin 
(IL)1‑α, IL1‑β and IL‑6 (13).

The GDF‑5 gene was demonstrated to be a susceptibility 
gene for IDD (14,15) and defects in this gene result in abnor-
malities of collagen and proteoglycan discs in mice  (16). 
However, there was no report regarding overexpression of 
GDF‑5 in inhibiting inflammatory factors released by inter-
vertebral disc cells. Therefore, the present study aimed to 
demonstrate this hypothesis in vitro by analyzing the levels of 
nuclear factor (NF)‑κB and inflammatory factors.

Materials and methods

Reagents and animal ethics. Lipopolysaccharide (LPS) was 
purchased from Sigma‑Aldrich (Merck KGaA, Darmstadt, 
Germany). pRL‑TK plasmids were purchased from Promega 
Corporation (Madison, WI, USA). A total of 30 sprague Dawley 
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(SD) rats (6‑8 weeks old, 250‑300 g), regardless of their gender 
(24 male, 6 female), were purchased from Animal Research 
Center of Beijing University of Chinese Medicine (Beijing, 
China). All the rats were maintained at 27±3˚C and a humidity of 
60±15% with a 12 h light/dark cycle with free access to water and 
food. Then the rats were euthanized by abdominal injection of a 
lethal dose (90 mg/kg) of pentobarbital sodium (Sigma‑Aldrich; 
Merck KGaA). All animal work was performed in accordance 
with relevant national and international guidelines and approved 
by the Animal Experimental Ethical Committee of Beijing 
University of Chinese Medicine (Beijing, China).

NP cell isolation and culture. Following sacrifice, NP cells 
were isolated from the lumbar spines of adult SD rats. The 
spines were separated between each of the lumbar discs and, 
subsequently, a sterile scalpel blade was applied to extract the 
NP completely. NP was rinsed with PBS to remove other cells, 
followed by digestion with trypsin and collagenase at 37˚C for 
25 min. NP cells were incubated in high‑glucose Dulbecco's 
modified Eagle's medium (Gibco; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) supplemented with 10% fetal bovine 
serum (Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml peni-
cillin and 100 mg/ml streptomycin, cultured up to passage 
2‑3 at 37˚C. In order to create an IDD model group, cells were 
stimulated with 10 mg/ml LPS at 37˚C for 24 h. Cells cultured 
with normal medium were used as controls and cells treated 
with LPS + GDF‑5 were termed the LPS + GDP‑5 group.

ELISA assessments. The levels of prostaglandin‑E2 (PGE‑2), 
tumor necrosis factor (TNF)‑α and IL‑1β in the culture 
medium were assessed using a Rat TNF‑α Quantikine ELISA 
kit (cat. no. RTA00) or Rat IL‑1β/IL‑1F2 Quantikine ELISA 
kit (cat. no. RLB00; R&D Systems, Inc., Minneapolis, MN, 
USA), according to the protocols of the manufacturer.

Measurement of nitric oxide (NO) concentration. NO concen-
tration was measured using Griess reagent (Sigma‑Aldrich; 
Merck KGaA). In brief, NP cells were transfected with 
100 ng/ml GDF‑5 plasmid (Guangzhou Ribobio Co., Ltd., 
Guangzhou, China) using the Lipofectamine™ 2000 kit 
(Thermo Fisher Scientific, Inc.) for 2 h followed by incuba-
tion with 10 mg/ml LPS at 37˚C for 24 h. Culture supernatant 
(50 µl) from each group was incubated with the same volume 
(50 µl) of Griess reagent at room temperature for 15 min in 
a 96‑well plate. Subsequently, the absorbance at 540 nm was 
read. The standard curve was made by NaNO2.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA from NP cells was isolated using TRIzol 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's protocol. RT was conducted from 1 mg RNA with 
a 1st Strand cDNA Synthesis kit (Takara Biotechnology Co., 
Ltd., Dalian, China) to obtain first‑strand cDNA.

The relative gene expression levels were determined using 
qPCR. qPCR was conducted with a SYBR Premix Ex Taq kit 
(Takara Biotechnology Co., Ltd.) on an ABI Prism 7500 Fast 
Real‑Time PCR system (Applied Biosystems; Thermo Fisher 
Scientific, Inc.), according to the manufacturer's protocol. The 
primer sequences used were as follows: Inducible NO synthase 
(iNOS) forward, 5'‑ACA​CAG​TGT​CGC​TGG​TTT​GA‑3' and 

reverse, 5'‑AGA​AAC​TTC​CAG​GGG​CAA​GC‑3'; COX‑2 
forward, 5'‑ATC​AGA​ACC​GCA​TTG​CCT​CT‑3' and reverse, 
5'‑GCC​AGC​AAT​CTG​TCT​GGT​GA‑3'; TNF‑α forward, 
5'‑GAC​CCT​CAC​ACT​CAG​ATC​ATC​TT‑3' and reverse, 5'‑CCA​
CTT​GGT​GGT​TTG​CTA​CGA‑3'; IL‑1β forward, 5'‑TGA​AAT​
GCC​ACC​TTT​TGA​CAG‑3' and reverse, 5'‑CCA​CAG​CCA​
CAA​TGA​GTG​ATA​C‑3'; and β‑actin forward, 5'‑AAC​CTT​
CTT​GCA​GCT​CCT​CCG‑3' and reverse, 5'‑CCA​TAC​CCA​CCA​
TCA​CAC​CCT‑3'. β‑actin was used as an internal control. The 
thermocycling conditions of PCR were as follows: An initial 
denaturation at 95˚C for 10 min, followed by an amplification 
cycle consisting of three steps; denaturation at 95˚C for 15 sec, 
annealing at 58˚C for 30 sec and elongation at 72˚C for 30 sec. 
Triplicate Cq values were averaged and the relative expression 
levels were determined using the 2‑ΔΔCq method (17).

Western blotting. For the analysis of pathway‑related protein 
levels, NP cells were stimulated with 10 mg/ml LPS at 37˚C 
for 30 min. For collagen II and aggrecan protein levels, NP 
cells were cultured with 10 mg/ml LPS at 37˚C for 5 days. 
Subsequently, cells were washed with PBS and total protein 
was extracted with radioimmunoprecipitation assay lysis buffer 
(Beyotime Institute of Biotechnology, Haimen, China). The 
protein concentration was assessed using a BCA Protein Assay 
kit (Thermo Fisher Scientific, Inc.). Protein samples (20 mg) 
were separated by 10% SDS‑PAGE and transferred onto polyvi-
nylidene fluoride membranes (EMD Millipore, Billerica, MA, 
USA). Membranes were blocked with 5% fat‑free milk at room 
temperature for 1 h. Subsequently, the membranes were incu-
bated with primary antibodies against phosphorylated (p)‑IκB 
(cat. no. 2859), p‑p65 (cat. no. 3033), TNF‑α (cat. no. 13377), 
IL‑1β (cat. no. 12703) (1:1,000; Cell Signaling Technology, Inc., 
Danvers, MA, USA), aggrecan (cat. no. ab3773) and collagen‑II 
(cat. no. ab188570) (all 1:1,000; Abcam, Cambridge, UK) at 
4˚C overnight. Following three washes with Tris‑buffered 
saline with Tween‑20, the membranes were incubated with 
horseradish peroxidase (HRP)‑labeled Goat Anti‑Rabbit 
Immunoglobulin G (IgG; cat. no. A0208; Beyotime Institute 
of Biotechnology) or HRP‑labeled Goat Anti‑Mouse IgG 
(cat. no. A0216; Beyotime Institute of Biotechnology) that 
were conjugated with IRDye 800CW at room temperature for 
1 h. Immunoreactive bands were detected using an Odyssey 
infrared imaging system (LI‑COR Biosciences, Lincoln, 
NE, USA). β‑actin (cat. no.  4970; 1:2,000; Cell Signaling 
Technology, Inc.) was used as a control. Quantification was 
performed using ImageJ software version 1.43 (National 
Institutes of Health, Bethesda, MD, USA).

Statistical analysis. All experiments were repeated at least 
three times. Data were presented as the mean ±  standard 
deviation. Statistical analyses were conducted using one‑way 
analysis of variance, followed with Duncan's post hoc test. 
SPSS v. 19.0 (IBM Corp., Armonk, NY, USA) was used for 
statistical analyses. P<0.05 was considered to indicate a statis-
tically significant difference.

Results

GDF‑5 overexpression inhibits LPS‑induced elevation of 
TNF‑α and IL‑1β in culture medium. The protein levels of 
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TNF‑α and IL‑1β in culture medium were evaluated by ELISA. 
Results demonstrated that in the control group, the expression 
level of TNF‑α was only 95 pg/ml, while in the LPS‑induced 
IDD model group, the TNF‑α concentration was significantly 
elevated (P<0.01) compared with the levels in the control 
group (361 pg/ml). This level was significantly repressed to 
203 pg/ml by GDF‑5 overexpression (P<0.05; Fig. 1A). The 
changes to the IL‑1β level were similar to that of TNF‑α. 
In the control group, IL‑1β was only at a level of 23 pg/ml 
and in the IDD group this level was significantly higher than 
that in the control group (63 pg/ml; P<0.01). This level was 
significantly reduced to 46 pg/ml following GDF‑5 overex-
pression (P<0.05; Fig. 1B).

GDF‑5 overexpression represses LPS‑induced elevation of 
TNF‑α and IL‑1β in NP cells. mRNA expression levels of 
TNF‑α and IL‑1β were assessed in NP cells by RT‑qPCR. In 
the LPS‑induced IDD model group, the mRNA expression 
level of TNF‑α was ~6‑fold higher that in the control group 
(P<0.01) and GDF‑5 overexpression significantly inhibited 
TNF‑α to near the normal level (P<0.01; Fig. 2A). Similarly, 
in the IDD group, the mRNA expression level of IL‑1β was 
significantly increased by almost 4‑fold compared with the 
level in the control group (P<0.01), which was significantly 
decreased by GDF‑5 overexpression (P<0.05; Fig. 2B).

Following this, the protein expression levels of TNF‑α and 
IL‑1β in NP cells were evaluated by western blotting (Fig. 2C). 
In the IDD model group, the TNF‑α protein expression level 
was significantly higher compared with the level in the control 
group (P<0.01). Furthermore, GDF‑5 overexpression signifi-
cantly inhibited the level of TNF‑α (P<0.05; Fig. 2D). As for 
the IL‑1β protein expression level, in the IDD model group, 
IL‑1β was also significantly upregulated compared with the 
level in the control group (P<0.01). This level was suppressed 
by GDF‑5 overexpression; however, not to a significant level 
(Fig. 2E).

GDF‑5 overexpression decreases LPS‑induced production of 
PGE2 and NO in NP cells. ELISA demonstrated that, in the 
control group, the PGE2 level was only ~20 pg/ml. In the IDD 
model group, the PGE2 level was significantly increased by 
~17‑fold following LPS stimulation compared with the level in 
the control group (P<0.01). GDF‑5 overexpression significantly 
inhibited LPS‑induced PGE2 production to ~156 pg/ml in the 
culture medium (P<0.01; Fig. 3A).

Results of the Griess reaction indicated that, in the culture 
supernatant of the control group, the NO concentration was 
16  µM/l, whereas in the LPS‑stimulated cells, this level 
increased significantly to 36 µM/l in the IDD group (P<0.01). 
GDF‑5 overexpression significantly inhibited LPS‑induced 
NO production to 25 µM/l in NP cells (P<0.05; Fig. 3B).

GDF‑5 overexpression decreases LPS‑induced production of 
COX‑2 and iNOS in NP cells. RT‑qPCR indicated that LPS 
induced an ~10‑fold increase in gene expression of COX‑2 in 
comparison with the level in the control group (P<0.01). This 
increase induced by LPS treatment was significantly reduced 
(by 6‑fold) by GDF‑5 overexpression (P<0.05; Fig. 4A).

Results from RT‑qPCR demonstrated that LPS signifi-
cantly increased gene expression levels of iNOS, by 770‑fold 

of that in the control group (P<0.01). GDF‑5 overexpression 
significantly reduced the LPS‑induced gene expression level 
of iNOS by ~421‑fold (P<0.05; Fig. 4B).

Figure 1. GDF‑5 overexpression inhibits LPS‑induced secretion of TNF‑α 
and IL‑1β from nucleus pulposus cells. In the LPS group (model of inter-
vertebral disc degeneration), protein expression levels of (A) TNF‑α and 
(B) IL‑1β were significantly higher than those in the Ctrl group, and these 
levels were significantly repressed by GDF‑5 overexpression. **P<0.01 
vs. Ctrl group; #P<0.05 vs. LPS group. GDF‑5, growth and differentiation 
factor‑5; LPS, lipopolysaccharide; TNF‑α, tumor necrosis factor‑α; IL‑1β, 
interleukin‑1β; Ctrl, control.

Figure 2. GDF‑5 overexpression represses LPS‑induced production of 
TNF‑α and IL‑1β from nucleus pulposus cells. In the LPS group (model 
of intervertebral disc degeneration), the mRNA level of (A) TNF‑α was 
~5 folds higher than that in the Ctrl group and GDF‑5 overexpression signifi-
cantly inhibited TNF‑α elevation. (B) The mRNA expression level of IL‑1β 
demonstrated similar trends. (C) Western blotting was used to determine 
that protein expression levels of TNF‑α and IL‑1β. In the LPS group, results 
demonstrated that (D) TNF‑α and (E) IL‑1β protein expression levels were 
significantly higher than those in the Ctrl group. GDF‑5 overexpression 
inhibited this overexpression. **P<0.01 vs. Ctrl group; #P<0.05 and ##P<0.01 
vs. LPS group. GDF‑5, growth and differentiation factor‑5; LPS, lipopolysac-
charide; TNF‑α, tumor necrosis factor‑α; IL‑1β, interleukin‑1β; Ctrl, control.
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GDF‑5 overexpression protects NP cells from LPS‑induced 
matrix degradation. GDF‑5 overexpression effectively inhib-
ited plentiful matrix‑degrading enzymes, which were induced 
by LPS; therefore, analysis was performed to determine 
whether GDF‑5 overexpression antagonized LPS‑induced 
matrix degradation of NP cells. NP cells were stimulated with 
10 mg/ml LPS in the presence or absence of GDF‑5 overex-
pression for 5 days, followed by western blot analysis. Results 
indicated that stimulation of NP cells with LPS significantly 
reduced collagen‑II and aggrecan content compared with 
the levels in the control cells (P<0.01). GDF‑5 overexpres-
sion significantly inhibited the decrease of collagen‑II and 
aggrecan compared with that in LPS group (P<0.05; Fig. 5).

GDF‑5 overexpression prevents NF‑κB over‑activation from 
LPS‑stimulated NP cells. NP cells were pretreated with GDF‑5 

plasmid for 2 h and then stimulated with 10 mg/ml LPS for 24 h. 
Subsequently, western blotting was performed to evaluate the 

Figure 6. GDF‑5 overexpression prevents NF‑κB over‑activation in 
LPS‑stimulated nucleus pulposus cells. (A) Western blotting results for 
the protein expression levels of p‑IκB and p‑p65. Quantitative analysis of 
western blotting data demonstrated that GDF‑5 significantly inhibited the 
phosphorylation of (B) IκB and (C) p65 induced by LPS, indicating that 
GDF‑5 inhibited the activation of the NF‑κB pathway induced by LPS. 
**P<0.01 vs. Ctrl group; #P<0.05 and ##P<0.01 vs. LPS group. GDF‑5, growth 
and differentiation factor‑5; LPS, lipopolysaccharide; Ctrl, control; NF‑κB, 
nuclear factor‑κB; p, phosphorylated.

Figure 5. GDF‑5 overexpression protects NP cells from LPS‑induced matrix 
degradation. (A) Western blotting results for the protein expression levels 
of collagen‑II and aggrecan. Stimulation of NP cells with LPS significantly 
reduced (B) collagen‑II and (C) aggrecan content. GDF‑5 overexpression 
significantly inhibited the decrease of collagen‑II and aggrecan compared 
with that in the LPS group. **P<0.01 vs. Ctrl group; #P<0.05 vs. LPS group. 
NP, nucleus pulposus; GDF‑5, growth and differentiation factor‑5; LPS, lipo-
polysaccharide; Ctrl, control.

Figure 4. GDF‑5 overexpression decreases LPS‑induced production of 
COX‑2 and iNOS in nucleus pulposus cells. (A) LPS induced gene expres-
sion of COX‑2 in comparison with the Ctrl group, which was reversed by 
6 folds by GDF‑5 overexpression. (B) Regarding gene expression of iNOS, 
LPS increased gene expression levels of iNOS compared with those in the 
Ctrl group and GDF‑5 overexpression reversed LPS‑induced gene expression 
of iNOS. **P<0.01 vs. Ctrl group; #P<0.05 vs. LPS group. GDF‑5, growth and 
differentiation factor‑5; LPS, lipopolysaccharide; COX‑2, cyclooxygenase‑2; 
iNOS, inducible nitric oxide synthase; Ctrl, control.

Figure 3. GDF‑5 overexpression decreases LPS‑induced production of PGE2 
and NO in nucleus pulposus cells. In the Ctrl group, the levels of (A) PGE2 
and (B) NO were very low; however, these were significantly increased 
following LPS stimulation. GDF‑5 overexpression inhibited LPS‑induced 
PGE2 and NO production. **P<0.01 vs. Ctrl group; #P<0.05 and ##P<0.01 vs. 
LPS group. GDF‑5, growth and differentiation factor‑5; LPS, lipopolysac-
charide; PGE2, prostaglandin‑E2; NO, nitric oxide; Ctrl, control.
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mechanism of GDF‑5 on LPS‑treated NP cells (Fig. 6A). GDF‑5 
significantly inhibited the phosphorylation of IκB (P<0.01) and 
p65 (P<0.05) induced by LPS (Fig. 6B and C). These results 
demonstrated that GDF‑5 significantly inhibited the activation 
of the NF‑κB pathway induced by LPS.

Discussion

LBP is one of the most frequent musculoskeletal diseases 
worldwide and results from IDD (1,3,4). In IDD, cellular and 
biochemical deficits and structural failure occur in the discs (5). 
However, a large quantity of patients with IDD exhibit neither 
pain nor disability (10,11). GDF‑5 defects have been reported 
to lead to abnormalities of collagen and proteoglycan in discs 
in mice (16). Current treatments for IDD treat symptoms but 
not disc structure/function regeneration. Therefore, it is neces-
sary to explore possible effective therapies for IDD.

Inflammation is correlated with IDD (12); furthermore, 
various inflammatory genes have been demonstrated to be 
correlated with IDD, including COX‑2, IL‑1α, IL‑1β and 
IL‑6  (13). The present study utilized ELISA to determine 
levels of TNF‑α and IL‑1β in the culture medium, mean-
while, the mRNA and protein levels of TNF‑α and IL‑1β in 
NP cells were evaluated by RT‑qPCR and western blotting, 
respectively. Results indicated that in culture medium and NP 
cells, TNF‑α and IL‑1β levels were significantly increased in 
the LPS‑stimulated group, and GDF‑5 significantly decreased 
the aforementioned symptoms.

Mounting evidences have suggested that NO and PGE2 
serve crucial roles in the modulation of cellular metabolism 
of discs and the pathology of IDD (18‑20). PGE2 was found 
to be involved in the progression of sciatica (21). Additionally, 
NO was discovered to contribute to the development of radicu-
lopathy (22). In the present study, ELISA and Griess reactions 
were performed to assess the levels of PGE2 in culture medium 
and NO in NP cells, respectively. Results demonstrated that 
GDF‑5 overexpression significantly inhibited LPS‑induced 
upregulation of PGE2 and NO expression levels.

Furthermore, RT‑qPCR was conducted to evaluate the 
mRNA expression levels of COX‑2 and iNOS in NP cells. 
Results indicated that, GDF‑5 overexpression significantly 
reversed LPS‑induced elevation of gene expression of COX‑2 
and iNOS. Taken together, these results demonstrated that 
GDF‑5 attenuated LPS‑induced IDD via inhibiting the produc-
tion and release of inflammatory factors; however, the possible 
molecular mechanisms remain to be fully elucidated.

NP is predominantly composed of collagen‑II and 
aggrecan, and the decrease of collagen‑II is associated with 
disc degeneration (23,24). The present study demonstrated that 
GDF‑5 prevented the loss of collagen‑II and aggrecan that was 
induced by LPS. The NF‑κB pathway modulates inflamma-
tion (25,26). The results of the present study suggested that 
GDF‑5 inhibited phosphorylation of IκB and p65, which was 
stimulated by LPS in NP cells. However, further research 
performed in vivo is required to confirm this hypothesis.

In conclusion, the present study demonstrated that GDF‑5 
possessed anti‑inflammatory and anti‑degenerative effects on 
LPS‑induced IDD via inhibition of NF‑κB pathway activation 
in NP cells; therefore, GDF‑5 may be a potential novel agent 
for treating IDD in the future.
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