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TGF-β1 suppresses CCL3/4 expression through the
ERK signaling pathway and inhibits intervertebral disc
degeneration and inflammation-related pain in a
rat model

Jian Zhang1,3, Zemin Li1,3, Fan Chen1,3, Hui Liu1, Hua Wang1, Xiang Li1, Xianguo Liu2, Jianru Wang1

and Zhaomin Zheng1,2

The objective of this study was to investigate the regulatory effects of TGF-β1 on CCL3/4 expression and inflammation-related

pain during intervertebral disc degeneration (IVDD). TGF-β1 and CCL3/4 expression patterns in different degenerative human

nucleus pulposus (NP) tissues were measured by qPCR and immunohistochemistry (IHC), and the effects of TGF-β1 on CCL3/4

expression were measured by qPCR, ELISA and immunofluorescence. The roles of NF-κB and MAPK in TGF-β1-mediated

CCL3/4 promoter activity were studied using siRNAs, western blotting and qPCR. After establishing an IVDD rat model in vivo,
we administered intradiscal injections of TGF-β1. The effects of TGF-β1 on IVDD were determined by MRI and histological

analyses, and the effects of TGF-β1 on dorsal root ganglion (DRG) inflammation and pain development were determined by IHC

staining and pain-behavior testing, respectively. TGF-β1 and CCL3/4 expression was elevated in degenerative NP tissue. CCL4

expression was significantly inhibited by TGF-β1 treatment. Pharmacological inhibition or siRNA knockdown of the ERK1/2

signaling attenuated TGF-β1-mediated suppression of CCL4 expression. In vivo, TGF-β1 injection inhibited the development

of degenerative features in the IVDD model. Moreover, TGF-β1 prevented the inflammatory response and pain development.

The results of this study show that TGF-β1 downregulates CCL4 expression through ERK1/2 signaling activation in NP cells.

Furthermore, TGF-β1 can prevent degenerative processes, inhibit inflammatory responses in the DRG and prevent pain

development in the IVDD rat model. The results of this study indicate that TGF-β1 may represent a therapeutic target for the

control of inflammation-related pain associated with IVDD.
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INTRODUCTION

Lower back pain (LBP), a worldwide health problem
that perplexes spine surgeons, has attracted considerable
attention.1,2 Approximately 80% of the general population
has experienced or will experience LBP during their lives,1 and
increasing amounts of evidence show that intervertebral disc
degeneration (IVDD) plays an important role in LBP.3

Biological therapies have been proposed as novel strategies
for treating IVDD and LBP.4,5 Therefore, understanding the
mechanisms underlying IVDD is helpful for preventing and
treating IVDD-related diseases and LBP.6

Several growth factors, such as transforming growth factor-β
(TGF-β), insulin-like growth factor-1 (IGF-1), epidermal
growth factor (EGF), and fibroblast growth factor (FGF), have
the potential to inhibit IVDD.7 A strong immune suppressor,
TGF-β1, has been reported to inhibit the inflammatory
response in multiple cell types,8 and recent studies have
demonstrated that TGF-β1 has protective effects on IVDD.
For example, TGF-β1 promotes nucleus pulposus (NP) cell
proliferation, stimulates ECM synthesis, and inhibits MMP and
ADAMTS expression.9–13 Moreover, researchers have deter-
mined that TGF-β1 has anti-inflammatory effects in NP cells.14
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However, the mechanisms underlying the effects of TGF-β1 on
IVDD and on pain development are largely unknown.

Chemokines are tiny chemotactic cytokines that play vital
roles in the inflammatory response,15,16 and inflammatory
factors, such as TNF-α and IL-1β, can stimulate chemokine
expression in the ‘inflammatory soup’.16 In our previous study,
we demonstrated that TNF-α- and IL-1β-dependent induction of
CCL3 expression in NP cells promotes macrophage migration,
which plays a critical role in IVDD.17 More recently, we showed
that resistin regulates CCL4 through Toll-like receptor-4, p38-
MAPK, and activation of the NF-κB signaling pathway in
IVDD.18 Interestingly, recent studies have demonstrated that
CCL3 and CCL4 participate in the induction of neuropathic
pain.19–21 However, the influence of TGF-β1 on CCL3/4
expression in IVDD and pain development remains unknown.

Thus, the objective of this study was to investigate the
regulatory effects of TGF-β1 on CCL3/4 expression during
IVDD and pain development. We showed that CCL4 expres-
sion was significantly down-regulated by TGF-β1 in an ERK1-
/2-dependent fashion and that TGF-β1 prevented IVDD and
pain development in an IVDD model in rats.

MATERIALS AND METHODS
All experimental protocols were approved by the Ethics Committee of
the First Affiliated Hospital of Sun Yat-sen University, and all
experiments were performed in accordance with the approved guide-
lines for the care and use of laboratory animals of the above
institution.

Human-tissue collection and grading
From February 2014 to April 2016, we collected a total of 19 disc
samples from 19 patients (male:female, 9:10), whose average age was
40.9 years (range, 15–77 years). Detailed information regarding these
samples is provided in Table 1. Each patient provided informed

consent for sample collection before participating in the study. Patient
disease states were evaluated using the Pfirrmann grading scheme,
which entails the use of T2-weighted magnetic resonance imaging
(MRI) and independent image analyses performed by three observers.
Additional data on the NP tissue specimens used for cell isolation
and the donors of the specimens can be made available by the
corresponding author upon request.

Isolation and culture of primary NP cells
NP cells were isolated from adult Wistar rats (350 g) using a method
reported by Risbud et al.17 NP cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM, Invitrogen, Carlsbad, CA, USA)
and 10% fetal bovine serum (FBS, Invitrogen) supplemented with
antibiotics (Invitrogen) at 37 °C in a humidified atmosphere contain-
ing 5% CO2.

Real-time quantitative reverse transcription PCR (RT-qPCR)
Total RNA was extracted from NP cells using Trizol reagent
(DingGuo, China). This purified, DNA-free RNA was converted to
cDNA using a ReverTraAce qPCR RT Kit (TOYOBO, Japan).
Reactions were set up in triplicate in 96-well plates using SYBR Green
PCR Master Mix (TIANGEN, China). RT-qPCR analyses were
performed to detect target mRNA expression using a real-time IQ5
system (Bio-Rad, West Berkeley, CA, USA), and β-actin was used as an
internal control. The total volume of the reaction mixture used for
each PCR was 20 μl, which included 10 μl of SYBR Green mixture,
0.6 μl of each primer (10 μmol l− l), 2 μl of cDNA template and 6.8 μl
of ddH2O. The following PCR conditions were used for the experi-
ments: 95 °C for 15 min, 95 °C for 10 s, 60 °C for 20 s and 72 °C for
30 s for 40 cycles. Relative gene-expression levels were normalized to
β-actin expression levels, and the data were presented as fold changes
using the formula 2−ΔΔCT, as recommended by the manufacturer.
The sequences of the primers used herein are listed in Table 2.

Immunohistochemical (IHC) staining for the levels and
distributions of TGF-β1 and CCL3/4 in the NP
iImmunohistochemical (IHC) staining of tissue sections collected
from the discs of adolescent patients with idiopathic scoliosis was
performed to determine the levels and distributions of TGF-β1 and
CCL3/4 in the NP. After retrieval of antigens, quenching of endogen-
ous peroxidase and blocking of nonspecific binding, the sections were
incubated with the following antibodies: a mouse polyclonal antibody
against TGF-β1 (Novus, Littleton, CO, USA; 1:200 dilution),
rabbit polyclonal antibodies against human CCL3 (Abcam,
Cambridge, UK, 1:4000 dilution), CCL4 (Abcam, 1:2000 dilution),
and an HRP-conjugated secondary antibody. The immunopositive
cells in the NP were counted in five high-power fields (×400) by
independent researchers blinded to information pertaining to the
study, and the percentage of immunopositive cells was calculated by
dividing the number of immunopositive cells by the total number of
NP cells and then multiplying the resulting number by 100.

Enzyme-linked immunosorbent assay (ELISA)
NP cells were trypsinized, dispersed into single-cell suspensions
and seeded in six-well plates. Each well contained 5× 104 cells.
Recombinant human TGF-β1 (R&D, Minneapolis, MN, USA) was
the transforming growth factor used in all the groups. The concentra-
tion of CCL3/4 in the cell supernatant was detected using an MIP-1α/β
ELISA Kit (Elabscience, Wuhan, China), according to the manufac-
turer’s instructions.

Table 1 Information of human disc samples from 19 patients

Human disc sample Sex Age Diagnosis Level Grade

1 F 15 y AIS L2/3 I
2 M 14 y AIS L3/4 I
3 M 16 y AIS T11/12 I
4 F 17 y AIS T7/8 II
6 M 25 y Disc herniation L4/5 III
7 F 27 y Disc herniation L4/5 III
8 F 28 y Disc herniation L4/5 III
9 M 31 y Disc herniation L4/5 IV
10 M 54 y Disc herniation L5S1 IV
11 M 45 y Disc herniation L3/4 IV
12 F 48 y Disc herniation L4/5 IV
13 F 56 y Disc herniation L4/5 IV
14 F 59 y Disc herniation L3/4 IV
15 M 65 y Disc herniation L5S1 V
16 M 77 y Disc herniation L4/5 V
17 F 71 y Disc herniation L4/5 V
18 F 67 y Disc herniation L4/5 V
19 F 63 y Disc herniation L5S1 V

Abbreviations: AIS, adolescent idiopathic scoliosis; F, female; M, male; y, years.
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SiRNA and transfection
The rat ERK siRNA used herein was constructed by GenePharma
(Suzhou, China). Its sequences were as follows: sense, 5ʹ-CUG
GCUAAGUGCCAUCAAATT-3ʹ; and antisense, 5ʹ-UUUGAUGGCAC
UUAGCCAGTT-3ʹ. Rat NP cells were transferred to a 6-cm dish
(5× 106 cells) one day before transfection. Lipofectamine 2000
(Invitrogen) served as the transfection reagent. Fifteen microliters of
siRNA (10 nM) and 20 μl of Lipofectamine were separately diluted in
500 μl of opti-MEM. Five minutes later, they were mixed together and
incubated for 20 min. Then, the mixture was transferred to the above
dish with 5 ml of opti-MEM. After 6 h, the medium was replaced with
fresh complete medium. The cells were collected for RNA extraction
3 days after transfection.

Western blot analysis
NP cells were placed on ice immediately after treatment and washed
twice with ice-cold phosphate-buffered saline. The cells were lysed in
RIPA buffer, and total protein was extracted and quantified via BCA
assay using a BCA Protein Assay Kit (Pierce, Billings, MT, USA). Total
cellular proteins (20 μg per well) were resolved via 10% SDS-PAGE
and then transferred to PVDF membranes (Millipore, Boston, MA,
USA) via electroblotting. The membranes were blocked in 5% non-fat
dry milk with TBST and incubated with the following primary
antibodies overnight at 4 °C: an anti-ERK1/2 antibody (CST, Danvers,
MA, USA; 1:1000), an anti-phospho-ERK1/2 antibody (CST; 1:1000),
and an anti-GAPDH antibody (CST). After being washed with TBST,
the membranes were incubated with anti-rabbit or anti-rat HRP-
conjugated secondary antibodies, which were subsequently detected
with ECL Plus Reagent (Millipore). The results of this experiment
were quantified using a multi-gauge densitometry system (Fujifilm,
Tokyo, Japan).

Immunofluorescence confocal microscopy
NP cells were transferred to flat-bottom 96-well plates (5× 103 per
well). After treatment and incubation, the NP cells were fixed with 4%
paraformaldehyde, permeabilized with 0.5% Triton-X 100 in
phosphate-buffered saline for 10 min, blocked with phosphate-
buffered saline containing 1% BSA, and incubated with rabbit
polyclonal antibodies against CCL3 (Abcam, 5 μg ml− l) and CCL4
(Abcam, 5 μg ml− 1). Then, the cells were incubated overnight at 4 °C.
After being washed, the NP cells were incubated with an Alexa
Fluor-488 conjugated anti-rabbit secondary antibody (Invitrogen),
diluted 1:1000, for 1 h at room temperature. The cells were then
imaged with a laser scanning confocal microscope using a 20× /0.4
LCPlanFl objective (Olympus, Tokyo, Japan).

IVDD model and surgical technique
The animals used in this study were male Sprague-Dawley rats,
weighing 200–250 g (equivalent to 8–9 weeks old). All surgical
procedures were similar to the protocol used in the posterior disc-
puncture group in our previous study.22 IVDD induction proceeded as
follows:
The rat was placed prone, and a midline longitudinal incision was

made in the back. The left facet joint between the fourth and fifth
lumbar vertebra was removed. The L4 DRG, L5 nerve root, and the
L4/5 IVD were visualized. A 21-gauge needle was inserted parallel to
the endplates, 3.0 mm into the disc, where it was held for 30 s.
A clamp was used as a stopper to control the depth of the needle. The
muscles were closed with 3-0 silk suture, and the skin margins were
closed with 4-0 nylon suture.
One week post-surgery, 8 μl (1.6 ng) of TGF-β1 was injected into

the IVD through an anterior approach using a microliter syringe
(10 μl, Gaoge, Shanghai, China). The same procedure was repeated
2 weeks post-surgery.
Lumbar MRI examinations were performed 0, 2, 4, 6 and 8 weeks

after surgery.

Histological examination
Histological examinations were performed on samples from the two
groups at the indicated time points. The rats were killed, and the L4/5
IVDs were excised along with the adjacent vertebrae. After being fixed
with 10% neutral buffered formalin, the specimens were decalcified in
10% ethylene-diamino-tetraacetic acid solution and embedded in
paraffin wax. Then, the samples were sectioned longitudinally in the
sagittal plane at 5-mm intervals and stained with hematoxylin and
eosin (H&E) so that the morphological changes in the discs could be
assessed.

IHC staining for TNF-α and IL-1β in the DRG
IHC staining was performed to determine TNF-α and IL-1β expres-
sion levels in the DRG in the two groups. Immunohistochemical
examinations were performed 0, 2 and 4 weeks after surgery. The
protocol of dissecting L5 DRG was similar to that used in our previous
study.22 Then, the sections were incubated with a rabbit anti-rat
polyclonal TNF-a antibody (Cell Signaling, Danvers, MA, USA; 1:200
dilution) and rabbit polyclonal IL-1β antibody (Cell Signaling; 1:200
dilution), followed by biotinylated goat antirabbit IgG antiserum
(Vector Laboratories, Burlingame, CA, USA; 1:200 dilution). The
sections were subsequently rinsed and mounted on gelatin-coated
slides. Images of the stained sections were captured with a fluorescence
microscope attached to a CCD spot camera (Leica, Germany) and
processed with Leica IM50 software (Germany).

Table 2 Primers used for RT-qPCR analysis of gene expression

Primer 5ʹ Forward 3ʹ 5ʹ Reverse 3ʹ

CCL3 (rat) CATGGCGCTCTGGAACGAA TGCCGTCCATAGGAGAAGCA
CCL4 (rat) CCAATAGGCTCTGACCCTCC AAAGGCTGCTGGTCTCATAGT
ERK1/2 (rat) CTTGACTGAGTGTCGTGTCTC TCATAGTCCAGGATGATGCCA
TGF-β1 (human) CACTCCCGTGGCTTCTAGTG CTGGCGAGCCTTAGTTTGGA
CCL3 (human) TCAGACTTCAGAAGGACACGG CTGCATGATTCTGAGCAGGTG
CCL4 (human) GCAAGTCTGTGCTGATCCCA GCGGAGAGGAGTCCTGAGTA
β-actin CATTGTCACCAACTGGGACGATA GGATGGCTACGTACATGGCTG
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Figure 1 TGF-β1, CCL3 and CCL4 expression in different degenerative human intervertebral disc (IVD) tissues. (a) Representative MRI
images of different degenerative discs (from left, Grades I, II, III, IV, and V). (b–d) CCL3/4 and TGF-β1 mRNA expression levels were
significantly higher in NP tissue than in AF tissue. (e–g) CCL3/4 and TGF-β1 mRNA expression levels were significantly higher in severely
degenerative NP tissue (Grade IV (n=4), V (n=5)) than in mildly degenerative NP tissue (Grade I (n=1), II (n=2), III (n=3)). (h) CCL3
and CCL4 and TGF-β1 immunoreactivity was significantly higher in NP tissue than in AF tissue (*Po0.05 compared with the control
group). The tissue samples in each group were obtained from three different donors. All experiments were repeated three times.
TGF, transforming growth factor.
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Figure 2 TGF-β1 inhibits CCL3 and CCL4 expression in NP cells. (a) RT-PCR showed that TGF-β1 decreased CCL3 mRNA levels at 4,
8 and 24 h after TGF-β1 treatment. (b) TGF-β1 decreased CCL3 mRNA levels at various doses. (c) RT-PCR showed that TGF-β1 decreased
CCL3 mRNA levels at 4, 8 and 24 h after TGF-β1 treatment. (d) Moreover, the effects of TGF-β1 on CCL4 mRNA expression were
time- and dose-dependent. (e, f) The ELISA results showed that CCL3 protein levels were decreased in the conditioned medium after
stimulation. (g) The difference between the groups treated with 0 ng ml−1 TGF-β1 and 1 ng ml−1 TGF-β1 was not statistically significant.
TGF-β1 significantly inhibited CCL4 protein expression in a time-dependent manner in NP cells. (h) CCL3 and CCL4 protein expression in
TGF-β1-treated NP cells was confirmed using immunofluorescence microscopy. (i, j) (*Po0.05 compared with the control group) All
experiments were repeated three times. TGF, transforming growth factor.
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Behavioral study
Researchers blinded to the surgical protocol conducted the behavioral
tests. Reflex reactions to both mechanical and thermal harmful stimuli
applied to both hind paws were measured in eight rats from each
group within the week of surgery and during each of the 6 weeks
following.

Mechanical hyperalgesia and thermal hyperalgesia
The detailed testing protocol used herein was similar to that used in
our previous study.22

Mechanical hyperalgesia. Sensitivity to non-noxious mechanical
stimuli was tested by determining hind-paw withdrawal response to
von Frey hair (Stoelting, Wood Dale, IL, USA) stimulation of the
plantar surface. The rats were placed in a clear plastic cage with a wire
mesh bottom, allowing full access to the hind paw. Both the left and
right hind paws were assessed, and the average of the results from the
left and right sides was calculated.22

Thermal hyperalgesia. To examine thermal withdrawal latency,
noxious thermal stimulation was applied to the paw using a radiant
heat source (Plantar Test, Ugo Basile Biological Research Apparatus,
Comerio, Italy). Each rat was placed unrestrained under a clear glass
floor and allowed to habituate before testing. Radiant heat was focused
on the plantar surface of a hind paw when it was in contact with the
glass. The time until the rat withdrew its paw was recorded to the
nearest 0.1 s. The mean withdrawal latency was determined from
the last four measurements. The average of the results from the left
and right sides was calculated for further analysis.

Statistical analysis
Statistical analyses were performed using SPSS 18 software (SPSS, Inc.,
Chicago, IL, USA). One-way variance (ANOVA) and Student’s t-test
were used to analyze the difference between groups. Typically, the
results are presented as the mean± s.e.m. A Po0.05 was considered
statistically significant.

RESULTS

TGF-β1, CCL3 and CCL4 expression in different
degenerative human IVD tissues
Representative MRI images of different degenerative discs are
shown in Figure 1a (from left, Grades I, II, III, IV and V).
We examined CCL3/4 and TGF-β1 expression in different
degenerative human IVD tissues using real-time RT-PCR
analysis. We found that CCL3/4 and TGF-β1 mRNA expres-
sion levels were significantly higher in NP tissue than in AF
tissue (Figures 1b–d). CCL3/4 and TGF-β1 mRNA expression
levels (Grade IV (n= 4), V (n= 5)) were 2.96-fold (P= 0.001)
(Figure 1e), 5.26-fold (Po0.001) (Figure 1f), and 3.43-fold
higher (P= 0.002) (Figure 1g) in severely degenerative NP
tissue than in mildly degenerative NP tissue (Grade I (n= 1),
II (n= 2), III (n= 3)). We also evaluated CCL3/4 and TGF-β1
expression in normal NP tissues via immunohistochemical
staining analysis. CCL3 (54.60± 6.35% vs 22.67± 3.76%,
P= 0.013), CCL4 (40.67± 4.49% vs 20.33± 3.18%, P= 0.021)
and TGF-β1 immunoreactivity levels (31.00± 4.36% vs
14.67± 2.60%, P= 0.032) were significantly higher in NP tissue
than in AF tissue (Figure 1h).

TGF-β1 inhibits CCL3 and CCL4 expression in NP cells
To investigate the effects of TGF-β1 on CCL3 and CCL4
mRNA expression and protein secretion, we treated NP cells
with different doses of TGF-β1 at different time points, as
indicated previously. Our RT-PCR results showed that TGF-β1
decreased CCL3 mRNA expression to levels 0.87-fold
(P= 0.018), 0.80-fold (P= 0.002), and 0.81-fold (P= 0.004)
lower than their previous levels at 4, 8 and 24 h after TGF-β1
treatment, respectively, as shown in (Figure 2a). TGF-β1
decreased CCL3 mRNA expression levels at multiple doses,
as shown in (Figure 2b). Our RT-PCR results showed that
TGF-β1 decreased CCL4 mRNA expression levels to 0.41-fold
(Po0.001), 0.31-fold (Po0.001), and 0.21-fold (Po0.001)
lower than their previous levels at 4, 8 and 24 h after TGF-β1
treatment, respectively, as shown in (Figure 2c). Moreover, our
results showed that the effects of TGF-β1 on CCL4 mRNA
expression were time- and dose-dependent (Figure 2d). Our
ELISA results showed that CCL3 protein levels in the condi-
tioned medium were also decreased after TGF-β1 stimulation
(Figures 2e and f). However, the difference in CCL3 levels
between the 0 ngml− l and 1 ngml− l TGF-β1-stimulated
groups was not statistically significant. Moreover, TGF-β1
significantly inhibited CCL4 protein expression in a time-
dependent manner (Figure 2g). The effects of TGF-β1 on CCL4
protein levels peaked in cells treated with 1 ngml− l TGF-β1
and remained significantly elevated compared to those in cells
treated with 0.1 and 10 ngml− l TGF-β1 (Figure 2h). CCL3 and
CCL4 protein levels in TGF-β1-treated (10 ngml− l for 24 h)
NP cells were confirmed using immunofluorescence
microscopy (Figures 2i and j).

ERK1/2 signaling-pathway inhibition blocks TGF-β1-
mediated CCL4 suppression
To ascertain whether TGF-β1 (10 ngml− l)-mediated inhibition
of CCL3/4 expression requires MAPK and NF-κB signaling,
we pretreated NP cells with the indicated NF-kB inhibitor
(SM7368, 20 μM), ERK1/2 inhibitor (PD98059, 20 μM, 1:1000
dilution), p38 inhibitor (SB203580, 20 μM, 1:1000 dilution) or
c-Jun N-terminal kinase (JNK) inhibitor (SP600125, 20 μM,
1:1000 dilution). Pretreatment with the above agents signifi-
cantly inhibited TGF-β1-mediated suppression of CCL3 mRNA
and protein expression (Figures 3a and c).

Moreover, TGF-β1-mediated inhibition of CCL4 mRNA and
protein expression was significantly attenuated by ERK1/2
inhibition (Figures 3b, d and e).

TGF-β1 activates the ERK1/2 signaling pathway in NP cells,
and ERK siRNA infection blocks TGF-β1-mediated CCL4
suppression
To confirm that the ERK1/2 signaling pathway is required for
TGF-β1-mediated inhibition of CCL4 expression in NP cells,
we used western blotting to evaluate ERK1/2 signaling pathway
activity after the cells were treated with TGF-β1. We noted
a rapid increase in ERK1/2 phosphorylation post-TGF-β1
treatment. We also noted that ERK1/2 activity levels peaked
5–15min post-treatment and declined thereafter but remained
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elevated until 6 h post-treatment (Figure 4a). To ascertain
whether TGF-β1 activates ERK1/2 signaling, we constructed
ERK-specific small interfering RNA (siRNA). Our RT-PCR
results showed that ERK1/2 mRNA expression levels
decreased significantly after siRNA pretreatment (Figure 4b).
Furthermore, TGF-β1-mediated downregulation of CCL4
mRNA and protein expression was significantly inhibited by
ERK siRNA (Figures 4c and d).

TGF-β1 inhibits IVDD and the expression of CCL4 in vivo
To determine the role of TGF-β1 in IVDD in vivo, we
established a rat disc-degeneration model, which we had used
successfully in our previous study.22 MR imaging and H&E
staining data were recorded after disc puncture and TGF-β1
intradiscal injection. MR imaging showed significantly
increased disc degeneration (decreased signal intensity) at

4–8 weeks after disc puncture (Figure 5a). However, the
intensity of the T2 signal was significantly higher in the group
treated with intradiscal injections of TGF-β1 1 and 2 weeks
following puncture than in the group treated with puncture
only, indicating that TGF-β1 had a positive effect on the
IVDs (Figure 5a). The results of our MRI-guided quantitative
evaluation, which was performed in accordance with the
Pfirrmann grading system, confirmed that TGF-β1 has protec-
tive effects on IVDD (P= 0.011 and P= 0.03 for 6 and 8 weeks,
Figure 5b). Regarding the results of our histological assessment,
which were demonstrated by HE staining, disc height decreased
significantly, the NP shrunk and, in some cases, even dis-
appeared, the number of NP cells decreased, the collagen fibers
became disorganized, and the NP was partially or fully replaced
by fibrous tissue between 2 and 8 weeks after AF puncture
(Figure 5c). In contrast, in the TGF-β1-treated group, the
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Figure 3 ERK1/2 signaling pathway inhibition blocks TGF-β1-mediated CCL4 suppression. (a, c) Pretreatment significantly attenuated
TGF-β1-mediated suppression of CCL3 mRNA and protein expression. (b, d, e) ERK1/2 inhibition significantly attenuated TGF-β1-mediated
suppression of CCL4 mRNA and protein expression (*Po0.05 compared with the control group). All experiments were repeated three
times. TGF, transforming growth factor.
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collagen fibers showed slight disorganization, the collagen
structure was fuzzy, and the NP displayed proteoglycan and
water loss (Figure 5c). Moreover, the TGF-β1-treated group
displayed significantly preserved disc heights and NP content
compared with the puncture group between 2 and 8 weeks
after puncture (Figure 5c).

IHC staining showed strong CCL4 immunoreactivity
(67.00± 5.20%, 50.67± 4.09%) in NP cells at 4 and 8 weeks
after puncture (Figures 5d and e). However, after TGF-β1
injection, IHC staining showed significantly decreased CCL4
immunoreactivity in these cells (42.00± 4.04%, 34.33± 2.03%;
P= 0.019 and 0.023 for 4 and 8 weeks; Figures 5d and e).
Notably, the number of NP cells was significantly decreased at
8 weeks after surgery. These results indicated that the positive
effects of TGF-β1 on the IVD may be associated with CCL4
suppression.

TGF-β1 injection attenuates the inflammatory response in
the DRG and improves pain behavior in vivo
To determine the effects of TGF-β1 on DRG inflammation and
pain development, we performed an IHC staining analysis of
the DRG and conducted pain-behavior testing in the animal
model. IHC staining revealed strong TNF-α (64.67± 5.46%,
41.00± 4.93%) and IL-1β immunoreactivity (50.33± 4.33%,
30.67± 3.76%) in the DRG at 2 and 4 weeks after puncture
(Figures 6a–c). In contrast, in the TGF-β1 injection group, IHC
staining revealed significantly decreased TNF-α (45.67± 4.81%,
27.00± 2.89%) and IL-1β immunoreactivity (33.33± 4.10%,
19.33± 3.28%; Po0.05; Figures 6a–c) in the DRG. Regarding
mechanical sensitivity, the puncture group displayed greater
mechanical hyperalgesia at 1–6 weeks post-puncture than
did the TGF-β1 group (Po0.05; Figure 6d). Interestingly,
the TGF-β1 group displayed mechanical hypersensitivity at

GAPDH

ERK

pERK

Ctr 5 15 30 1 6 24TGF-β1
min h

*

*
*

*

*

Figure 4 TGF-β1 activates the ERK1/2 signaling pathways in NP cells, and ERK siRNA infection blocks TGF-β1-mediated CCL4
suppression. (a) Following TGF-β1 treatment, ERK1/2 phosphorylation rapidly increased. ERK1/2 activity peaked 5–15 min post-treatment
and declined thereafter but remained elevated until 6 h post-treatment. (b) RT-PCR showed that ERK1/2 mRNA decreased significantly
after siRNA pretreatment. (c, d) ERK siRNA significantly inhibited TGF-β1-mediated suppression of CCL4 mRNA and protein expression.
(*Po0.05 compared with the control group). All experiments were repeated three times. TGF, transforming growth factor.
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5–6 weeks after puncture was normal compared with
before puncture (Figure 6d). Evidence of thermal
hyperalgesia was noted in both groups at 1 and 2 weeks
after puncture compared with before puncture (Po0.05)
(Figure 6e). However, no significant difference in thermal

hyperalgesia severity was noted between the puncture and
TGF-β1 groups at any time point (Figure 6e). These results
indicate that TGF-β1 application is associated with reductions
in DRG inflammation and improvements in pain behavior
in vivo.
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Figure 5 TGF-β1 inhibits intervertebral disc degeneration (IVDD) and the expression of CCL4 in vivo. (a) The intensity of the T2 signal was
significantly higher in the group treated with intradiscal injections of TGF-β1 1 and 2 weeks following puncture than in the group treated
with puncture only (N=8 for each group). (b) The MRI-guided quantitative evaluation performed according to the Pfirrmann grading
system confirmed that TGF-β1 exerts protective effects on IVDD (N=8 for each group). (c) H&E staining showed severe degenerative
changes between 2 and 8 weeks after AF puncture. Notably, the TGF-β1 group displayed significantly preserved disc heights and NP
content compared with the puncture group between 2 and 8 weeks after puncture. (d, e) IHC staining showed strong CCL4
immunoreactivity in NP cells at 4 and 8 weeks after puncture (N=3 for each group at different time point). However, after TGF-β1
injection, IHC staining showed significantly decreased immunoreactivity in these cells. Notably, the number of NP cells was significantly
decreased at 8 weeks after surgery (*Po0.05 compared with the control group). TGF, transforming growth factor.
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Figure 6 TGF-β1 injection attenuates the inflammatory response in the dorsal root ganglion (DRG) and improves pain behavior in vivo.
(a–c) Immunohistochemical (IHC) staining showed strong TNF-α and IL-1β immunoreactivity in the DRG at 2 and 4 weeks after puncture
(N=3 for each group at different time point). In contrast, in the TGF-β injection group, IHC staining showed significantly decreased TNF-α
and IL-1β immunoreactivity. (d) The puncture group displayed greater mechanical hyperalgesia at 1–6 weeks post-puncture than the
TGF-β1 group (N=9 for each group). The TGF-β1 group displayed normal mechanical hypersensitivity at 5–6 weeks after puncture
compared with before puncture. (e) No significant difference in thermal hyperalgesia was noted between the puncture and TGF-β1 groups
at any time points (N=9 for each group; *Po0.05 compared with the control group, #Po0.05 compared with preoperative data).
(f) A proposed model of the relationship between TGF-β1 and CCL4 in intervertebral disc degeneration (IVDD) and the development of
inflammation-related pain. TGF, transforming growth factor.
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DISCUSSION

In this study, we showed that TGF-β1 and CCL3/4 expression
levels are positively correlated with IVD degeneration grades.
Moreover, we also demonstrated the regulatory mechanism
underlying the effects of TGF-β1 on CCL3 and CCL4 expres-
sion in NP cells for the first time. Specifically, we demonstrated
that TGF-β1 inhibits CCL3 and CCL4 expression, especially
CCL4 expression, through ERK signaling-pathway activation in
NP cells. TGF-β1 regulates CCL4 expression in a time-
dependent manner but does not regulate CCL3 expression in
a specific manner. We found that intradiscal injections of
TGF-β1 could inhibit disc degeneration and CCL4 expression
in NP cells, as well as prevent inflammation in the DRG in vivo.
Moreover, we found that the pain behavior of the rats in the
TGF-β1 group was significantly improved compared with that
of the rats in the control group.

Previous studies have shown that TGF-β1 is involved in
IVDD. It is well documented that TGF-β1 is overexpressed in
degenerative discs.23–25 Furthermore, TGF-β1 can suppress
IL-1β and TNF-α expression and thus inhibit inflammatory
responses in degenerative discs.26 IVDD is also an inflamma-
tory disease, and NP cells produce high levels of inflammatory
cytokines and chemokines, which accelerate the progression of
IVDD.27 However, little is known about the role of TGF-β1 in
regulating chemokine expression in NP cells. According to our
results, TGF-β1 and CCL3/4 expression levels were positively
correlated with IVDD grades, indicating that TGF-β1 and
CCL3/4 may play roles in in IVDD.

Chemokines play a vital role in the inflammatory response
associated with IVDD.28,29 In our previous study, we demon-
strated that TNF-α- and IL-1β-dependent induction of CCL3
expression in NP cells promotes macrophage migration, which
plays a critical role in IVDD.17 More recently, we showed that
resistin regulates CCL4 through Toll-like receptor-4, p38-
MAPK and NF-κB signaling pathway activation in IVDD.18

Additionally, it has also been reported that TGF-β1 can inhibit
IL-1β- and TNF-α-induced inflammatory responses in degen-
erative discs.14,26 However, the regulatory mechanisms under-
lying the effects of TGF-β1 on chemokines, including CCL3/4,
in IVDD are unknown. Thus, in this study, we demonstrated
for first the time that TGF-β1 downregulates CCL3 and CCL4
expression in NP cells.

The MAPKs are a class of serine/threonine kinases that
respond to extracellular stimuli, such as growth factors,
neurotransmitters, hormones, cell stress and cell adhesion, in
mammalian cells. The families involved in the MAPK signaling
pathway in mammalian cells include the p38 MAPK, ERK and
JNK families.30 It has been reported that MAPK and NF-κB
play important roles in the inflammatory response associated
with disc degeneration.31 Our previous study showed that the
MAPK and NF-κB pathways regulate CCL3 promoter activity
in NP cells,17 findings consistent with the results of this study.
We also demonstrated that the regulatory mechanism under-
lying the effects of resistin on CCL4 in NP cells involves the
p38-MAPK and NF-κB signaling pathways.18 However, in this
research, we found that the ERK pathway is a main regulator of

the effects of TGF-β1 on CCL4 in NP cells. The ERK1/2
signaling pathway has been shown to play a crucial role in
IVDD. However, the effects of ERK1/2 on inflammatory and
catabolic responses during IVDD are complicated and remain
unclear. The ERK1/2 signaling pathway activation tightly
regulates MMP and ADAMTS expression, thereby causing
proteoglycan depletion.32,33 However, Yang H et al.34 demon-
strated that ERK1/2 inhibitors abolished the antagonistic effect
of TGF-β1 on TNF-α-mediated catabolic responses in IVD,
indicating a role of ERK1/2 pathway in suppressing the
inflammation-induced catabolic responses. Furthermore, a
study by Xiao YQ suggested that TGF-β inhibits inflammatory
cytokine production through cross-talk between MAPKs,
specifically ERK-dependent inhibition of p38 MAPK caused
by up-regulation of MAPK phosphatase-1.35 Moreover, cross-
talk between the ERK1/2 and Smad signaling pathways
may also enhance TGF-β-dependent anti-inflammatory and
anabolic responses.36–39 Similarly, our silencing studies using
ERK siRNA transfection showed that TGF-β1-dependent
CCL4 expression was increased, a finding that highlighted the
importance of the ERK1/2 signaling pathway in the regulation
of CCL4 expression by TGF-β1. The precise regulatory
mechanism of TGF-β1 on ERK-dependent CCL4 suppression,
which probably involves ERK cross-talk, is still unclear and
should be investigated in future research.

It has been reported that TGF-β1 has the potential to slow
the progress of IVDD in animal models.36 In our previous
study, we demonstrated that TGF-β1 exerts anti-catabolic
effects by inhibiting Syndecan-4 expression and promoting
MMP3 expression in NP cells.34,40 To further elucidate
the role of TGF-β1 in IVDD, we performed an in vivo study.
Disc-puncture animal models have been used extensively in
IVDD research.41 We successfully established an IVDD model
in rats in our previous study.22 As in that study, we observed
degenerative changes between 2 and 8 weeks after surgery,
including decreased signal intensities on MR imaging
and reduced NP sizes and disc heights on H&E staining.
Interestingly, after TGF-β1 injection, we observed significantly
increased MR signal intensities, as well as significantly increased
disc heights and NP content. CCL4 expression levels in NP
cells decreased significantly after TGF-β1 injection. These
findings indicate that TGF-β1 has protective effects on IVDD,
effects that may be associated with CCL4 suppression.

Inflammatory cytokines are highly expressed within some
degenerative discs, and inflammation-like reactions may sensi-
tize entrapped nerves, resulting in pain-signal transmission
after minimal mechanical stimulation in animal models.42 In
our previous study, we demonstrated that both inflammatory
cytokine expression and posterior AF rupture were associated
with pain-behavior changes in the IVDD rat model.22 In the
degenerative-disc model, inflammatory factors were highly
expressed in the DRG, a phenomenon to which pain was
attributed.22,43 In this study, the posterior disc-puncture model
was established as previously described. Interestingly, after
TGF-β1 intradiscal injection, pain behavior and TNF-α and
IL-1β immunoreactivity in the DRG were attenuated,
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suggesting that TGF-β1 can suppress inflammatory cytokine
expression in the DRG and alleviate inflammation-related pain.

Some researchers recently reported that LBP is caused by a
combination of inflammatory pain and neuropathic pain
associated with a long-lasting inflammatory state.44 Saika
et al.45 suggested that CCL4 is a novel key mediator and that
the peripheral CCL4-CCR5 axis participates in neuropathic
pain. It also has been reported that peripheral nerve injury
elicits CCL3 and CCR1 up-regulation, leading to pain.19 On the
basis of our results, we propose that TGF-β1 alleviates pain in
part by suppressing CCL3 and CCL4 expression.

There were several limitations to this study. First, we did not
examine the relationship between CCL3/4 and pain develop-
ment or the regulatory mechanism underlying this relationship.
Second, we did not evaluate the TGF-β1-CCL3/4 axis receptor,
nor did we elucidate the exact mechanism by which the
receptor participates in IVDD or pain development. Further
research is needed to elucidate the details of the mechanisms
underlying these phenomena.

On the basis of our findings, we propose that TGF-β1 down-
regulates CCL4 expression in NP cells through activation of the
ERK signaling pathway. Furthermore, we suggest that TGF-β1
can prevent degenerative processes, inhibit inflammatory
responses in the DRG and prevent pain development in the
IVDD rat model. The results of this study may indicate that
TGF-β1 is a therapeutic target for the control of inflammation-
related pain associated with IVDD.
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