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TSG-6 secreted by bone marrow mesenchymal stem cells attenuates
intervertebral disc degeneration by inhibiting the TLR2/NF-κB
signaling pathway
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Abstract
Inflammation has been correlated with intervertebral disc degeneration (IDD). Recent evidence suggests that TNF-α-
stimulated gene 6 protein (TSG-6) secreted by bone marrow mesenchymal stem cells (BMSCs) displays a remarkable ability
to inhibit inflammatory processes in a variety of diseases. However, it is unknown whether BMSCs exert their therapeutic
effect against IDD by secreting TSG-6. Here we investigated the effects of BMSCs and TSG-6 on IDD and explored the
possible underlying mechanisms in vitro and in vivo. We found that BMSCs and TSG-6 reduced the expression of MMP-3
and MMP-13, and increased the expression of collagen II and aggrecan in the IL-1β-treated nucleus pulposus cells (NPCs),
but the protective effects of BMSCs and TSG-6 were attenuated when TSG-6 expression was silenced. We also found that
the activation of the TLR2/NF-κB pathway was inhibited by BMSCs and TSG-6. The levels of IL-6 and TNF-α in the
degenerated NPCs were reduced and the proliferation of IL-1β-treated NPCs was increased in the presence of BMSCs and
TSG-6. Furthermore, in vivo experiments showed that BMSCs and TSG-6 restored the MRI T2-weighted signal intensity
and increased collagen II and aggrecan expression in the degenerated nucleus pulposus (NP) tissues. Finally, our results
showed that BMSCs and TSG-6 downregulated the TLR2/NF-κB signaling and reduced the expression of MMPs and
inflammatory cytokines in the degenerated NP tissues. The present study is the first to demonstrate the involvement of
TLR2/NF-κB pathway in the potential anti-IDD therapeutic effect of TSG-6, and the results provide new insight into the
beneficial effect of BMSCs in the treatment of IDD.

Introduction

Low back pain is one of the leading causes of job-related
disability and costs at least $50 billion each year in the

United States. It is estimated that up to 80% of adults will
experience some form of back pain in their lifetime, and
almost 5% of sufferers become chronically disabled [1, 2].
Intervertebral disc degeneration (IDD) is a condition char-
acterized by a reduction in the water and proteoglycan (PG)
content of the nucleus pulposus (NP) and is one of the
dominating contributing factors to low back pain [3, 4]. The
traditional treatments for IDD include nonsurgical and
surgical approaches. These methods may alleviate the low
back pain but often result in reoccurrence in the same or
adjacent discs and fail to eliminate the degeneration of the
disc [5, 6]. Consequently, it is necessary to research more
effective treatments for IDD. A normal intervertebral disc
forms the main joint between two consecutive vertebrae and
is composed of three parts: the highly viscous, cartilaginous
NP; annulus fibrosus (AF); and the cartilage endplates.
Degenerative changes in NP tissue include decreased cell
density, catabolism of the extracellular matrix (ECM), and
increased proteinases and inflammatory cytokines [7, 8].
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Therefore, therapeutic strategies have focused on inhibiting
the degeneration of nucleus pulposus cells (NPCs) and their
ECM products.

Recently, cell-based therapy, such as bone marrow
mesenchymal stem cell (BMSC) treatment, has been
developed as a potential strategy for repairing tissue inju-
ries. BMSCs are multi-potent stem cells with relatively low
immunogenicity. These cells are easy to isolate from human
donors or patients, expand rapidly in culture, and differ-
entiate into several cellular phenotypes in vitro and in vivo.
Previous studies have tested the potential of BMSCs to
repair tissues by differentiating to replace injured cells.
However, recent studies have indicated that transplanted
BMSCs exert their therapeutic effect without evidence of
long-term engraftment [9]. Therefore, the mechanisms by
which BMSCs exert their beneficial effects remain con-
troversial. Currently, an increasing number of studies
demonstrate that the protective effects of BMSCs might be
due to potent immunomodulatory and immunosuppressive
properties via paracrine secretions or cell-to-cell contacts
[10–14], and a previous study has found that BMSCs can
delay degenerative changes by suppressing inflammation in
NPCs [15]. However, the precise mechanisms of this action
are not yet clear.

A hallmark of IDD is the significant increase in pro-
inflammatory cytokines, such as interleukin-1β (IL-1β) and
tumor necrosis factor-α (TNF-α), which stimulate the
expression of catabolic enzymes, leading to breakdown of
the ECM and reduction of the water content of the NP tissue
[16–20]. Toll-like receptors (TLRs) are a group of pattern
recognition receptors that can mediate innate and adaptive
immunity against exogenous or endogenous dangerous
ligands and danger-associated molecular patterns produced
after tissue injury [21, 22]. TLR activation increases the
levels of the catabolic proteases matrix metalloproteinase
(MMP)-3 and MMP-13 in disc cells [23, 24]. In particular,
TLR2 activates the conserved myeloid differentiation pri-
mary response gene 88 (MyD88)-dependent pathway,
which results in the activation of nuclear factor (NF)-κB in
the inflammatory pathogenesis of IDD; moreover, several
recent studies have found that pro-inflammatory cytokines,
such as IL-1β, TNF-α, HMGB-1, and ECM fragments, such
as hyaluronic acid fragments, are endogenous ligands of
TLR2 which can strongly activate TLR2 signaling in human
intervertebral disc cells [23–25]. Thus, TLR2 may play a
crucial role in human disc degeneration [23, 26].

NF-κB is a central component of the cellular response to
damage, stress, and inflammation. Under normal conditions,
NF-κB is localized primarily in the cytoplasm and maintains
an inactive state in association with the inhibitory protein
IκB. In response to stimulation, including inflammatory,
oxidative, or mechanical stress, IκB is phosphorylated by
IκB kinase and is then ubiquitinated and degraded; its

degradation allows NF-κB to translocate into the nucleus
where it binds to its cognate DNA site to induce tran-
scription of NF-κB-targeted genes, e.g., TNF-α, IL-1β,
MMP-3, and MMP-13 [27–29]. Numerous studies have
shown that activation of the NF-κB signaling system occurs
in IDD, especially in the NP tissue [30–33]. Moreover,
previous studies have found that inhibiting the activation of
the NF-κB can delay the process of IDD [34, 35].

TNF-α-stimulated gene 6 protein (TSG-6) is a 30 kD
glycoprotein that can exert an anti-inflammatory effect.
Several studies have shown that BMSCs can secrete a
variety of anti-inflammatory proteins, such as TSG-6, to
modulate the inflammatory microenvironment partly by
inhibiting the activation of the TLR2/ NF-κB signaling
pathway [36, 37]. These results demonstrate that TSG-6
repairs the injured tissue by attenuating the inflammatory
cascade.

To our limited knowledge, there has been no research
about the effects of TSG-6 secreted by BMSCs on degen-
eration of the intervertebral disc. Therefore, in the present
study, we examined the anti-inflammatory effects of
BMSCs on the process of IDD and investigated whether
TSG-6 secreted from BMSCs exerts its protective effect
through suppressing the activation of the TLR2/NF-κB
signaling pathway. We conducted our experiments with an
IL-1β-treated NPC model in vitro and a rat intervertebral
disc puncture model in vivo.

Materials and methods

Ethics statement

All experiments and surgical procedures were approved by
the Animal Care and Use Committee of the Shanghai
Jiaotong University School of Medicine, adhered to the
recommendations in the Guide for the Care and Use of
Laboratory Animals published by the National Institutes of
Health, and complied with the relevant sections of the
ARRIVE (Animal Research: Reporting of In Vivo Experi-
ments) guidelines.

Animals

Surgical procedures were performed on adult male
Sprague–Dawley (SD) rats weighing 200–250 g. All rats
were housed in a standard animal care room with a 12 h/12
h light/dark cycle and had free access to food and water.

Isolation, culture, and identification of BMSCs

SD rat primary BMSCs were prepared as previously
described. Briefly, primary BMSCs were obtained from the

H. Yang et al.



bone marrow of the tibias and femurs of 4-week-old male
SD rats under aseptic conditions. A syringe fitted with an
18-gauge needle was inserted into the bone marrow cavity,
and then the bone marrow was flushed out with 5 ml of
DMEM/F12 (Gibco, Gibco, Grand Island, NY, USA) sup-
plemented with 10% fetal bovine serum (FBS; Gibco), 100
U/ml penicillin, and 100 μg/ml streptomycin (Gibco). The
cells were placed in 25 cm2 culture flasks (Corning, NY,
USA) and cultured at 37 °C under 5% CO2 and 90%
humidity. After 48 h of incubation, the non-adherent cells
were removed and fresh culture medium was added to the
flasks. The medium was changed every 3 days. When the
cells reached 80–90% confluence, the adherent cells were
washed with phosphate-buffered saline (PBS) and harvested
by incubation with 1 ml of 0.25% trypsin and 1 mM ethy-
lenediaminetetraacetic acid (EDTA) for 2 min at 37 °C. The
trypsin was neutralized with 5 ml of the complete medium
and passaged at a dilution of 1:3. BMSCs at passage 3 were
used for experiments. BMSCs were assessed using flow
cytometry to detect cells that expressed the typical markers;
the antibodies were as follows: CD29-PE, CD45-FITC,
CD90-FITC, CD49e-FITC, or isotype control (eBioscience,
San Diego, CA, USA).

BMSC differentiation assays

Prior to using BMSCs for in vitro and in vivo experiments,
we examined their multilineage differentiation under adi-
pogenic, chondrogenic, and osteogenic differentiation con-
ditions using oil Red O stain (Sigma-Aldrich, St. Louis,
MO, USA), Alcian blue stain (Sigma-Aldrich), and Alizarin
red stain (Sigma-Aldrich), respectively.

BMSCs were seeded into 6-well plates (Corning) at
1.5 × 105 cells/well, and cultured until reaching confluence.
For adipogenic differentiation analysis, cells were incubated
in adipogenic induction medium, α-minimum essential
medium (α-MEM; Gibco) containing 10% FBS (Gibco), 1
mmol/l dexamethasone (Sigma-Aldrich, St. Louis, MO,
USA), 0.2 mmol/l indomethacin (Sigma-Aldrich), 10 mg/ml
insulin(Sigma-Aldrich), and 0.5 mmol/l 3-isobutyl-1-
methyl-xanthine (Sigma-Aldrich) for 21 days. The adipo-
genic induction medium was changed every 3 days. After
21 days of induction, the cells were fixed in PBS containing
10% formaldehyde solution and stained with oil Red O. For
chondrogenic differentiation analysis, cells were treated
with chondrogenic induction medium low-glucose Dul-
becco's modified Eagle's medium (DMEM; Gibco) supple-
mented with 2 mg/l insulin (Sigma-Aldrich), 3 mg/l
transferrin (Sigma-Aldrich), 1 mmol/l sodium pyruvate
(Sigma-Aldrich), 100 nmol/l dexamethasone (Sigma-
Aldrich), and 10 μg/l transforming growth factor β1
(PeproTech, USA). The chondrogenic induction medium
was changed every 3 days. After 28 days of induction, the

cells were then stained with Alcian blue. For osteogenic
differentiation analysis, cells were incubated in
α-MEM (Gibco) supplemented with 10% FBS (Gibco), 100
nmol/l dexamethasone (Sigma-Aldrich), 10 mmol/l
β-glycerophosphate (Sigma-Aldrich), and 50 μmol/l
L-ascorbic acid 2-phosphate (Sigma-Aldrich). The medium
was replaced every 3 days. After 28 days of induction, the
mineralized osteocytes were visualized with Alizarin red
staining.

Isolation and culture of primary NPCs

SD rat intervertebral discs were extracted immediately after
killing. Under sterile operating conditions, lumbar spinal
columns were removed and rinsed with PBS three times.
The fiber ring was cut and then the gel-like NP was sepa-
rated from the AF under a dissecting microscope. The NP
tissue was subsequently treated with 0.25% type II col-
lagenase for 3 h, and the resulting solution was centrifuged
at 1000 rpm for 5 min to precipitate the cells. The cells were
then placed in 25 cm2 culture flasks (Corning) with DMEM/
F12 (Gibco) supplemented with 10% FBS (Gibco), 100 U/
ml penicillin, and 100 μg/ml streptomycin (Gibco) and
cultured at 37 °C with 5% CO2 and saturated humidity.
NPCs adhered to the bottom of culture flask after 3 days.
The medium was changed every 3 days.

Activation of BMSCs using TNF-α to secrete TSG-6

BMSCs were activated using TNF-α, as described pre-
viously [36]. Briefly, BMSCs were plated in 6-well plates at
1 × 105 cells in 2 ml of DMEM/F12 with 10% FBS per well
and were incubated for 1 day. The medium was then
changed to DMEM/F12 containing 1% FBS and 10 ng/ml
TNF-α (R&D Systems, Minneapolis, MN, USA). After
incubation for 18 h, the cells were trypsinized using 0.25%
trypsin with 1 mM EDTA (Gibco) for 2 min at 37 °C. To
confirm the increased expression of TSG-6, we extracted
RNA from cell aliquots (RNeasy Mini Kit; QIAGEN) and
measured the expression of TSG-6 using real-time reverse
transcription-PCR (RT-PCR).

Transfection of BMSCs with TSG-6 siRNA

BMSCs at passage 3 were used for transfection. Briefly,
BMSCs were plated at 1 × 105 cells per well in 6-well
dishes and cultured for 24 h. The cells were then transfected
with TSG-6 small interfering RNA (siRNA) or negative
control siRNA (Genomeditech, Shanghai, China) using
Lipofectamine™ RNAiMAX and transfection medium
(OptiMEM I Medium; Gibco) according to the manu-
facturer’s instructions. After 6 h, the medium was replaced
with DMEM/F12 containing 10% FBS. To confirm
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knockdown of TSG-6, we extracted RNA from aliquots of
the cells and analyzed for TSG-6 expression using real-time
RT-PCR.

Transwell co-culture of NPCs with BMSCs and TSG-6

A 6-well transwell system (0.4 μm pore size membrane;
Corning) was used to assess the effects of BMSCs and
TSG-6 on NPCs that had been stimulated using IL-1β. A
total of 1 × 105 NPCs were placed in the lower chamber,
and 1 day later the NPCs were either treated with 75 ng/ml
of IL-1β for 24 h or left untreated; subsequently, these
NPCs were co-cultured with one of the following treatments
in the upper chamber: (1) control medium, (2) 1.0 × 105

TNF-α-activated BMSCs, (3) 1.0 × 105 activated BMSCs
transfected with TSG-6 siRNA2, (4) 1.0 × 105 activated
BMSCs transfected with negative control siRNA, (5) rTSG-
6 at 1 ng/ml, (6) rTSG-6 at 10 ng/ml, or (7) rTSG-6 at 100
ng/ml.

To clarify the mechanisms of BMSC-based therapy, we
subjected a total of 1 × 105 NPCs to treatment with 400 ng/
ml of the TLR2 specific agonist Pam3CSK4 (InvivoGen,
San Diego, CA, USA) or no treatment for 24 h, and then
these NPCs were co-cultured with one of the following
treatments in the upper chamber: (1) control medium, ([2)
1.0 × 105 TNF-α-activated BMSCs, or (3) rTSG-6 at 100
ng/ml.

Real-time RT-PCR

After 24 h of transwell co-culture, the expression levels of
MMP-3, MMP-13, aggrecan, and collagen II mRNA in
NPCs were evaluated using real-time RT-PCR. In brief,
total RNA was isolated from NPCs using an RNeasy Mini
Kit (QIAGEN) according to the manufacturer’s instructions.
Complementary DNA synthesis was performed using Pri-
meScript RT Master Mix (Takara, China), and real-time
RT-PCR was performed on a LightCycler 480 real-time
PCR system (Roche, USA) using iTaq universal SYBR
Green Supermix (Bio-Rad, Hercules, CA, USA). β-Actin
was employed as the endogenous control. The primer
sequences were designed using Primer 5.0 software and are
listed in Table 1. The data are presented as relative Ct
values. The 2−ΔΔCt method was employed to calculate
relative expression levels.

Western blot analysis

Total protein of NPCs or NP tissues was extracted using
RIPA lysis buffer containing a protease inhibitor, a phos-
phatase inhibitor, and phenylmethylsulfonyl fluoride
(Beyotime, Shanghai, China). Protein concentrations were
estimated using a bicinchoninic acid protein assay kit

(Thermo Scientific, Rockford, IL, USA). The proteins were
separated by 10% sodium dodecyl sulfate–polyacrylamide
gel electrophoresis and transferred to a polyvinylidene
difluoride membrane (Millipore, Billerica, MA, USA). The
membranes were blocked with Tris-buffered saline and
TWEEN-20 containing 5% non-fat dry milk and then
incubated overnight at 4 °C in the presence of primary
antibodies against MMP-3 (1:1000 dilution; Abcam, USA),
MMP-13 (1:4000 dilution; Abcam, USA), aggrecan (1:1000
dilution; Abcam, USA), collagen II (1:5000 dilution;
Abcam, USA), TLR2, MyD88 (1:1000 dilution; Abcam,
USA), p65, or phospho-p65 (1:1000 dilution; Cell Signal-
ing Technology, USA). The secondary antibodies were
applied for 1 h at room temperature. The immunoblots were
visualized using enhanced chemiluminescence (Thermo
Scientific), and relative protein concentrations were mea-
sured using Quantity One software (Bio-Rad). The
expression level of β-actin was used as an internal control.

Measurement of IL-6 and TNF-α by enzyme-linked
immunosorbent assay (ELISA)

The protein levels of IL-6 and TNF-α in the cell culture
supernatant (Abcam, USA) and NP tissue (Sigma-Aldrich,
USA) were measured with an ELISA kit according to the
manufacturer’s instructions.

Immunofluorescence staining

Immunofluorescence staining was performed as previously
described. A total of 1 × 105 NPCs were grown on glass
slides placed in the lower chamber, and the NPCs were
treated with 75 ng/ml of IL-1β for 24 h or left untreated.
Subsequently, these NPCs were co-cultured with one of the
following treatments in the upper chamber: (1) control
medium, (2) 1.0 × 105 TNF-α-activated MSCs, or (3) rTSG-
6 at 100 ng/ml. After 24 h of transwell co-culture, the cells
were washed with PBS and fixed with freshly prepared 4%

Table 1 Sequences of primers used in real-time RT-PCR

mRNA Primers Sequences (5′–3′)

TSG6 Upstream AGGCTGTTTGGCTGACTATGT

Downstream TTTCCTGTGCTGATGATGTCTT

Aggrecan Upstream CAGATGGCACCCTCCGATAC

Downstream GACACACCTCGGAAGCAGAA

Collagen II Upstream CTCAAGTCGCTGAACAACCA

Downstream GTCTCCGCTCTTCCACTCTG

MMP13 Upstream CCTATGGTGATGATGATGATGATG

Downstream CACTGTAGACTTCTTCAGGATTC

MMP3 Upstream CTCTCAAGATGATGTAGATGGT

Downstream CTAACATTGGTAAGGTCTCAG
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paraformaldehyde for 15 min at room temperature, then
washed three more times with PBS. Each cover slip was
then blocked in 5% BSA and subsequently incubated with
anti-NF-κB p65 antibody (1:300 dilution; Cell Signaling
Technology, USA) overnight at 4 °C. The next day, all
samples were washed with PBS and incubated with Cy3-
labeled goat anti-rabbit IgG for 1 h (1:300 Beyotime) at
room temperature. After the samples were washed with
PBS, 4',6-diamidino-2-phenylindole (Sigma-Aldrich) was
used to stain the cell nuclei. The slides were visualized with
fluorescence microscopy (Leica, Heidelberg, Germany), and
the percentage of NF-κB p65 translocation to the nucleus
was determined by examining at least 100 cells per slide
and analyzing the images with ImageJ version 1.44 (NIH,
USA).

Cell proliferation assay

To investigate the capacity of BMSCs and TSG-6 to facilitate
NPC proliferation, the Cell Counting Kit-8 assay (CCK-8;
Dojindo, Kumamoto, Japan) was used. In brief, a total of 1 ×
105 NPCs were placed in the lower chamber of the 6-well
transwell system, and 1 day later the NPCs were either
treated with 75 ng/ml of IL-1β for 24 h or left untreated;
subsequently, these NPCs were co-cultured with one of the
following treatments in the upper chamber: (1) control
medium, (2) 1.0 × 105 TNF-α-activated BMSCs, or (3)
rTSG-6 at 100 ng/ml. After 1, 2, and 3 days of co-culture,
NPCs were transferred to 96-well plates and seeded at a
density of 3000 cells (100 µl) per well with six repeats for
each group. The cells were incubated at 37 °C with 5% CO2

and saturated humidity for 6 h, 10 µl of CCK-8 reagent was
then added to each well and incubated for 2 h at 37°C. The
optical density (OD) value was measured at 450 nm using an
absorbance microplate reader (Thermo Scientific, Waltham,
MA, USA). The culture medium was used as a blank.

Surgical protocol

For the needle puncture rat model used in the present
study, 24 SD rats were randomly divided into four groups:
a Control group, a Needle Puncture group, a Needle
Puncture+BMSC transplantation group, and a Needle
Puncture+TSG-6 injection group. The rats were anesthe-
tized intraperitoneally with sodium pentobarbital (40 mg/
kg) under sterile conditions and then placed into a lateral
prone position. The anterior surface of a lumbar inter-
vertebral disc (L4-5) was exposed via a posterolateral
retroperitoneal approach. The NP tissues of the lumbar
intervertebral disc were punctured 2 times to a depth of 3
mm and held for 5 s using a 21-gauge needle to induce disc
degeneration. After the puncture, the muscle and skin were
closed in layers using 4-0 sterile silk sutures, and the rats

were kept warm and monitored closely during post-
surgical recovery for at least 4 h. At 4 weeks after the
initial puncture, either 1 × 105 BMSCs in 100 μl PBS or
100 μl rTSG-6 (1 ng/ml, 10 ng/ml, 100 ng/ml) were injec-
ted into the rat NP from the contralateral side using a
microsyringe with a 21-gauge needle.

Magnetic resonance imaging (MRI) analysis

At 4 weeks after the initial puncture, either 1 × 105 BMSCs
in 100 μl PBS or 100 μl rTSG-6 (100 ng/ml) were injected
into the rat NP from the contralateral side using a micro-
syringe with a 21-gauge needle. MRI was performed on
each rat at 4 weeks after BMSC and TSG-6 injection to
assess the degree of disc degeneration. Midsagittal T2-
weighted images were obtained from the targeted lumbar
discs (L4-5) using a 3.0-Tesla Siemens Trio Tim system
(Siemens, Erlangen, Germany).

Histological analysis and immunohistochemistry

The rat intervertebral discs were harvested at 4 weeks after
BMSC and TSG-6 injection. The specimens were fixed in
4% paraformaldehyde, decalcified in 0.05% EDTA for
4 weeks, and then embedded in paraffin. Serial sagittal
sections of discs (5 μm thick) were obtained to prepare
slides. These sections were stained with hematoxylin and
eosin (HE) and Safranin O/Fast Green to assess the disc
degeneration. For immunohistochemical detection, sec-
tions were incubated with primary antibodies specific to
collagen II (1:100 dilution; Abcam, USA) and aggrecan
(1:100 dilution; Abcam, USA) overnight at 4 °C. The next
day, all sections were washed with PBS and were incu-
bated with biotinylated goat anti-rabbit IgG at 4 °C for 60
min and then with streptavidin horseradish peroxidase at
37 °C for 10 min, followed by color development with
diaminobenzidine tetrahydrochloride (Millipore, Billerica,
USA). The sections were counterstained with hematoxylin
and mounted. The stained sections were examined with an
inverted microscope (Leica). All immunohistochemical
staining was performed following standard histochemical
protocols.

Statistical analyses

All experiments were performed at least three times, and the
data are expressed as the mean value ± SD. Statistical ana-
lyses were performed using SPSS 17.0 software (SPSS,
Chicago, IL, USA). One-way analysis of variance was used
for comparisons among three or more treatment groups.
Student’s t-test (two tailed) was used for comparisons
between two groups. Significance was set at a level of
P < 0.05.
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Results

Characterization of BMSCs and NPCs

Primary cultured BMSCs adhered to the culture dish at
approximately 24–48 h and reached 80–90% confluence
within 6–7 days. BMSCs displayed similar fibroblastic
morphologies, and NPCs were mainly oval, spindle, or
polygonal in shape (Fig. 1a, b). We used flow cytometric
analysis to examine a series of cell surface antigens on the
BMSCs at passage 3. Flow cytometric analysis confirmed
that the cells were positive for the mesenchymal stem cell
markers CD29 and CD90, and negative for the hemato-
poietic markers CD45 and CD34 (Fig. 1c). In addition, the
in vitro differentiation model revealed that the BMSCs
successfully differentiated into osteogenic, chondrogenic, or
adipogenic lineages under specific differentiation induction
(Fig. 1d).

IL-1β induced expression of MMP-3 and MMP-13
and degeneration of NPCs

Next, we examined the effects of IL-1β on the mRNA and
protein expression of MMP-3, MMP-13, collagen II, and
aggrecan in rat NPCs. NPCs were treated with 75 ng/ml
IL-1β for 6 h, 12 h, 24 h and 48 h. The mRNA and protein
expression levels of MMP-3, MMP-13, aggrecan, and col-
lagen II were determined by real-time RT-PCR and western
blotting. As shown in Fig. 2a–j, the mRNA and protein
expressions of MMP-3 and MMP-13 were significantly
upregulated in IL-1β-treated NPCs in a time-dependent
manner compared with the control group. Conversely,

IL-1β decreased the mRNA and protein expression of
aggrecan and collagen II in a time-dependent manner
compared with the control group.

BMSCs and TSG-6 ameliorated IL-1β-induced NPC
degeneration

First, we detected whether the mRNA expression of the
anti-inflammatory protein TSG-6 was increased in BMSCs
after treatment with the inflammatory cytokine TNF-α. The
data showed that the mRNA expression of TSG-6 was
increased in BMSCs after stimulation with TNF-α com-
pared with the control group (Fig. 3a). To explore the
effects of BMSCs and TSG-6 on the mRNA expression of
MMP-3, MMP-13, aggrecan, and collagen II in IL-1β-
treated NPCs, we performed co-culture experiments. IL-1β-
treated NPCs were co-cultured with BMSCs or TSG-6 at
different concentrations for 24 h. As expected, BMSCs
inhibited the mRNA expression of MMP-3 and MMP-13 in
IL-1β-treated NPCs. In contrast, the mRNA expression of
aggrecan and collagen II was increased significantly when
IL-1β-treated NPCs were co-cultured with BMSCs
(Fig. 3c–f). In addition, we added recombinant TSG-6 to the
NPC culture medium during IL-1β treatment. The results
showed that the mRNA expression of aggrecan and col-
lagen II increased while that of MMP-3 and MMP-13
reduced dramatically when IL-1β-treated NPCs were cul-
tured with 100 ng/ml TSG-6; this outcome was similar to
the results from the BMSC co-cultured group (Fig. 3c–f).
To confirm that TSG-6 plays a key role in ameliorating
IL-1β-induced NPC degeneration, we used TSG-6 siRNA to
knock down the expression of the TSG-6 gene (Fig. 3b).

Fig. 1 Characterization of BMSCs and NPCs. Morphological obser-
vation of a BMSCs and b NPCs used in this study. BMSCs were long
spindle in shape and were arranged in an organized fashion, and NPCs
were mainly triangular, spindle, or polygonal in shape. Scale bar, 100
μm. c Flow cytometric analysis of BMSC surface markers. Note that
the cells were positive for CD90 and CD29, and negative for CD34

and CD45. The red line represents the target antibody, and the blue
line represents the isotype control antibody. d The multidifferentiation
potential of BMSCs in vitro. Alizarin red S staining was used to
evaluate osteogenic differentiation, Alcian blue staining was used to
evaluate chondrogenic differentiation, and oil Red O staining was used
to evaluate adipogenic differentiation. Scale bar, 100 μm
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The results showed that the BMSCs transfected with TSG-6
siRNA2 had no significant protective effect against IL-1β-
induced NPC degeneration compared with non-transfected
BMSCs or NC siRNA transfected BMSCs (Fig. 3c–f).

The inhibitory effects of BMSCs and TSG-6 on the
TLR2/NF-κB signaling pathway in degenerated NPCs

Recently, the TLR2/NF-κB signaling pathway has been
shown to play an important role in IDD, and inhibiting its
activation may slow the degenerative progress [24, 38, 39].

In addition, it has been demonstrated that the anti-
inflammatory protein TSG-6 secreted by BMSCs can inhi-
bit the activation of the TLR2/NF-κB signaling pathway
[36]. Thus, we examined the effects of BMSCs and TSG-6
on the TLR2/NF-κB signaling pathway in IL-1β-treated
NPCs. First, we analyzed NF-κB p65 nuclear translocation
in NPCs using immunofluorescence staining. In the control
group, NF-κB p65 largely remained in the cytoplasm. After
IL-1β treatment, NF-κB p65 translocated to the nucleus in
NPCs, but to a lesser extent in the BMSC co-culture and
TSG-6 treatment groups (Fig. 4a, b).

Fig. 2 The mRNA and protein expression of MMP-3, MMP-13,
aggrecan, and collagen II in IL-1β-treated NPCs. Real-time RT-PCR
showed that IL-1β significantly increased the expression of a MMP-3
and b MMP-13 in NPCs at each time point. In contrast, the expression
levels of c aggrecan and d collagen II in NPCs were reduced at each
time point after IL-1β treatment. All mRNA levels were normalized to
the level of β-actin mRNA. e, h Representative image of protein levels

of MMP-3, MMP-13, aggrecan, and collagen II. Quantitative analysis
of western blotting results showed that IL-1β significantly increased
the expression of f MMP-3, g MMP-13 and decreased the expression
levels of i aggrecan and j collagen II in NPCs at each time point. The
data are expressed as the means ± SD (n= 6 in each group). *P < 0.05;
**P < 0.01 versus the Control group (Con)

TSG-6 attenuates intervertebral disc degeneration



Next, we evaluated TLR2, MyD88, phosphorylation of
NF-κB p65 at Ser536, and total NF-κB p65 by western
blotting. As expected, compared with the basal protein

levels of TLR2, MyD88, and p-p65 in the control group,
the protein levels of TLR2, MyD88, and p-p65 were
upregulated in IL-1β-treated NPCs; in contrast, the IL-1β-
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induced upregulation of TLR2, MyD88, and p-p65 in
NPCs was inhibited after co-culture with BMSCs or
treatment with TSG-6 (Fig. 4c–f, h). However, no
apparent change in p65 protein level was observed
between different groups (Fig. 4c, g). To further deter-
mine whether BMSCs and TSG-6 exert the protective
effect by suppressing the TLR2/NF-κB signaling pathway
in degenerated NPCs, we explored the effects of BMSCs
and TSG-6 on the TLR2/NF-κB signaling pathway in
NPCs treated with the specific TLR2 agonist Pam3CSK4.
As shown in Fig. 4, Pam3CSK4 significantly increased
the protein levels of TLR2, MyD88, and p-p65 in NPCs
compared with the control group, whereas the
Pam3CSK4-induced upregulation of TLR2, MyD88, and
p-p65 in NPCs was inhibited after co-culture with BMSCs
or treatment with TSG-6 (Fig. 4i–l, n). However, no
obvious change in p65 expression was observed between
groups (Fig. 4i, m).

BMSCs and TSG-6 inhibited the release of
inflammatory cytokines by NPCs

We then examined the effects of BMSCs and TSG-6 on the
release of inflammatory cytokines by NPCs. As indicated in
Fig. 5a, c, after co-culture with BMSCs or treatment with
TSG-6, there were significant reductions in the supernatant
levels of IL-6 and TNF-α in IL-1β-treated NPCs compared
with the control group. Furthermore, BMSCs and TSG-6
significantly inhibited IL-6 and TNF-α secretion in NPCs
induced by Pam3CSK4 (Fig. 5b, d).

BMSCs and TSG-6 promoted degenerated NPC
proliferation

We examined the effects of BMSCs and TSG-6 on the
proliferation of degenerated NPCs. The results showed that
IL-1β significantly decreased the proliferation of NPCs
compared with the control group. In contrast, after co-
culture with BMSCs or treatment with TSG-6, the

proliferation of IL-1β-treated NPCs significantly increased
at all time points (Fig. 5e).

BMSCs and TSG-6 reduced disc degeneration in a rat
model

To explore the therapeutic properties of BMSCs and TSG-6
in vivo, a rat model of BMSC transplantation was estab-
lished. The NP tissue of the rat lumbar intervertebral disc
was punctured using a 21-gauge needle to induce disc
degeneration. At 4 weeks after the initial puncture, either
1 × 105 BMSCs or 100 μl TSG-6 at different concentrations
was injected into the rat NP tissue. To examine the mor-
phological changes in the rat lumbar intervertebral discs
from different groups, HE and Safranin O/Fast Green
staining were performed. At 4 weeks after BMSC or TSG-6
injection, the HE staining showed that lumbar discs in the
control group displayed an intact annulus fibrosus (AF) with
a normal pattern of fibrocartilage lamellae. A clear bound-
ary could be seen between the NP and AF, and no cracks
existed in the NP. In the surgery group, the degenerative
changes of the lumbar intervertebral discs were obvious: the
boundary between the NP and AF became indistinct, there
was a decrease in the number of nuclear cells in the NP, and
cracks existed in the NP and AF. No significant differences
were detected between the 1 ng/ml TSG-6 injection and
surgery groups, and in the 10 ng/ml TSG-6 injection group,
the NP and AF structures were better maintained compared
with the surgery group and the 1 ng/ml TSG-6 injection
group. However, in the BMSC transplantation group and
the 100 ng/ml TSG-6 injection group, most of the NP
contents were well preserved: the NP consisted of numerous
nuclear cells, the AF was arranged regularly, and the
boundary between the NP and AF was minimally inter-
rupted (Fig. 6a). The Safranin O/Fast Green staining also
produced intense staining in the BMSC transplantation
group and the 100 ng/ml TSG-6 injection group, while the
staining in the surgery group and the 1 ng/ml TSG-6
injection group was less than that in the control group
(Fig. 6b). The Safranin O/Fast Green staining suggested that
BMSC transplantation and TSG-6 (100 ng/ml) injection
significantly reduced the loss of PG in the degenerated
intervertebral disc. Above results displayed that TSG-6
alleviated the degenerative changes of the lumbar inter-
vertebral discs in a concentration-dependent manner.

Midsagittal T2-weighted images were obtained from the
targeted lumbar discs (L4-5) 4 weeks after injection. The
MRI T2-weighted signal intensities in the surgery group were
significantly lower than that those in the control group
4 weeks after injection. In contrast, the MRI T2-weighted
signal intensities in the BMSC transplantation group and the
TSG-6 (100 ng/ml) injection group were significantly higher
than in the surgery group 4 weeks after injection (Fig. 6c).

Fig. 3 BMSCs and TSG-6 ameliorated IL-1β-induced NPCs
Degeneration. a TSG-6 was increased in BMSCs after stimulation by
TNF-α. b The gene expression of TSG-6 in control BMSCs, and in
BMSCs transfected with TSG-6-siRNA1, TSG-6-siRNA2, TSG-6-
siRNA3, and negative control siRNA. NPCs were co-cultured for 24
h with control medium, TNF-α-activated BMSCs, and different
concentrations of TSG-6 (1 ng/ml, 10 ng/ml, 100 ng/ml), TNF-α-
activated BMSCs transfected with TSG-6 siRNA2, or TNF-α-
activated BMSCs transfected with negative control siRNA. c–f The
mRNA levels of MMP-3, MMP-13, aggrecan, and collagen II were
measured by real-time RT-PCR. All mRNA expression levels were
normalized to the level of β-actin mRNA. The data are expressed as
the means ± SD (n= 6 in each group). ##P < 0.01 versus the normal
NPCs group (Con). *P < 0.05; **P < 0.01 versus the IL-1β-treated
NPC group
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Collagen II and aggrecan are two important components
of the ECM in NP tissue and play crucial roles in
maintaining the physiological function of the disc; [40, 41]

the loss of ECM plays a key role in the development
of IDD [42, 43]. Thus, we measured the protein
expression of collagen II and aggrecan in NP tissue by

Fig. 4 BMSCs and TSG-6
suppressed the activation of the
TLR2/NF-κB signaling pathway
in degenerated NPCs. a Typical
micrographs of
immunocytochemical staining
are shown for the cytoplasmic
and nuclear distribution of NF-
κB p65. Scale bar: 200 μm; 75
μm (insets). b The percentages
of cells with NF-κB p65
localized in the nucleus. The
NPCs were treated with IL-1β
for 24 h or left untreated, and
then these NPCs were co-
cultured with control medium,
activated BMSCs, or TSG-6
(100 ng/ml) for 24 h. c
Representative image of protein
levels of TLR2, MyD88, p-p65
and p65. d–h Quantitative
analysis of western blotting
results showed that BMSCs and
TSG-6 significantly inhibited the
activation of the TLR2/NF-κB
signaling pathway induced by
IL-1β in NPCs. The NPCs were
treated with the specific TLR2
agonist Pam3CSK4 for 24 h or
left untreated, and then these
NPCs were co-cultured with
control medium, activated
BMSCs, or TSG-6 (100 ng/ml)
for 24 h. i Representative image
of protein levels of TLR2,
MyD88, p-p65, and p65. j–n
Quantitative analysis of western
blotting results showed that
BMSCs and TSG-6 significantly
inhibited the activation of the
TLR2/NF-κB signaling pathway
induced by Pam3CSK4 in
NPCs. The data are expressed as
the means ± SD (n= 6 in each
group). ##P < 0.01 versus the
control group. **P < 0.01 versus
the IL-1β or Pam3CSK4-treated
NPC group
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immunohistochemical staining. The results showed that the
protein expression of collagen II and aggrecan dramatically
reduced in the surgery group compared with the control
group; however, BMSC transplantation and TSG-6 injec-
tion significantly enhanced the protein levels of collagen II
and aggrecan compared with those in the surgery group
(Fig. 6d–g).

BMSCs and TSG-6 downregulated the TLR2/NF-κB
signaling pathway and reduced the expression of MMPs
and inflammatory cytokines in degenerated NP tissues

To further confirm BMSCs and TSG-6 attenuate inter-
vertebral disc degeneration by inhibiting the TLR2/ NF-κB
signaling pathway in vivo, we examined the protein

Fig. 5 The effects of BMSCs and TSG-6 on the release of inflam-
matory cytokines and the proliferation of degenerated NPCs. The
levels of IL-6 and TNF-α in the cell culture supernatant were measured
by ELISA kit. BMSCs and TSG-6 inhibited the elevated protein levels
of a IL-6 and c TNF-α induced by IL-1β in NPCs. Similarly, BMSCs
and TSG-6 inhibited the elevated protein levels of b IL-6 and d TNF-α

induced by Pam3CSK4 in NPCs. e Cell proliferation was analyzed
using CCK-8. The proliferation of IL-1β-treated NPCs significantly
increased when co-cultured with BMSCs or treated with TSG-6. The
data are expressed as the means ± SD (n= 6 in each group). ##P < 0.01
versus the control group. **P < 0.01 versus the IL-1β or Pam3CSK4-
treated NPC group

TSG-6 attenuates intervertebral disc degeneration



expression levels of TLR2, MyD88, phosphorylation of
NF-κB p65 at Ser536, and total NF-κB p65 in NP tissue by
western blotting. The results showed that the protein levels

of TLR2, MyD88, and p-p65 in NP tissue of the surgery
group were significantly higher than those of the control
group, however, at 4 weeks after BMSC transplantation or
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TSG-6 injection, the protein levels of TLR2, MyD88, and
p-p65 in NP tissue were significantly lower than that for
surgery alone (Fig. 7a, c–e). Furthermore, there was no
significant difference in p65 protein expression level among
the control, surgery, BMSC, and TSG-6 groups (Fig. 7a, f).
Next, we observed the protein levels of matrix-degrading
enzymes (MMP-3 and MMP-13) in NP tissue among dif-
ferent groups by western blotting. In the surgery group, we
found that the protein expression of MMP-3 and MMP-13
in NP tissue was upregulated compared with the control
group. However, at 4 weeks after BMSC transplantation or
TSG-6 injection, the protein levels of MMP-3 and MMP-13
in NP tissue were dramatically decreased compared with the
surgery alone group (Fig. 7b, g, h).

Finally, we measured the protein expression of IL-6 and
TNF-α in NP tissue by ELISA. The results showed that the
protein levels of IL-6 and TNF-α dramatically increased in
the surgery group compared with the control group; how-
ever, BMSC transplantation and TSG-6 injection sig-
nificantly decreased the protein levels of IL-6 and TNF-α
compared with the surgery alone group (Fig. 7i, j).

Discussion

Cell-based therapy, such as BMSC transplantation, is a
promising approach to halt and reverse the progress of IDD
[44]. However, the potential mechanisms underlying the
protective effects of BMSCs on the intervertebral discs are
not completely understood. In the present study, we have
found that BMSC treatment reduced the expression of
MMPs, such as MMP-3 and MMP-13, and increased the
expression of collagen II and aggrecan in IL-1β-treated
NPCs, possibly through enhanced expression of TSG-6; in
turn, TSG-6 attenuated NPC degeneration by suppressing
the activation of the TLR2/NF-κB signaling pathway. We
also found that BMSCs and TSG-6 promote the prolifera-
tion of IL-1β-treated NPCs. Furthermore, we have demon-
strated that BMSC transplantation and TSG-6 injection
enables the recovery of degenerated discs through inhibiting
the TLR2/NF-κB signaling pathway and decreasing the
levels of NF-κB-dependent inflammatory cytokines and

MMPs in vivo. Taken together, the current research first
demonstrated that TSG-6 secreted by BMSCs attenuates
IDD via inhibition of the TLR2/NF-κB signaling pathway.

BMSCs are multipotential stem cells with relatively low
immunogenicity, multipotency, and self-renewal capacity
in vitro and in vivo. Recently, increasing studies have
demonstrated that the protective effects of BMSCs might be
due to their potent immunomodulatory and immunosup-
pressive properties [10–14]. Numerous studies have also
found that BMSCs can inhibit inflammatory reactions and
alter the host microenvironment by secreting a variety of
bioactive molecules, such as anti-inflammatory proteins,
growth factors, and trophic factors [45]. Recent research
showed that paracrine factors secreted by BMSCs exert
their anti-inflammation and anti-apoptotic effect on IDD
through inhibiting the relative NF-κB and mitochondrial
apoptotic pathways [46]. These data indicated that paracrine
factors secreted by BMSCs play a protective role in IDD.
TSG-6 is an anti-inflammatory protein that is expressed in
many cell types in response to stimulation by several pro-
inflammatory mediators [47, 48], such as TNF-α. Several
studies have found that TSG-6 secreted by BMSCs can
produce anti-inflammatory effects in a wide variety of dis-
eases, such as myocardial infarction, neurotraumatic inju-
ries, retinal degeneration, sterile inflammation, colitis, and
corneal epithelial wound [9, 37, 49–53]. In the present
study, we showed that the expression of TSG-6 in BMSCs
was upregulated significantly after stimulation by TNF-α. In
addition, after co-culture with activated BMSCs, the
expression of MMP-3 and MMP-13 in IL-1β-treated NPCs
was significantly reduced; meanwhile, the expression of
collagen II and aggrecan in IL-1β-treated NPCs was sig-
nificantly increased. However, when we used TSG-6 siRNA
to knock down the expression of the TSG-6 gene in acti-
vated BMSCs, the protective effects of BMSCs on IL-1β-
treated NPCs compared with non-transfected BMSCs or NC
siRNA-transfected BMSCs were partly weakened. To fur-
ther confirm the key role of TSG-6 in ameliorating IL-1β-
induced NPC degeneration, we added recombinant TSG-6
protein directly to the NPC culture medium during IL-1β
treatment. The recombinant TSG-6 protein also reduced the
expression of MMP-3 and MMP-13 and increased the
expression of collagen II and aggrecan in IL-1β-treated
NPCs in a dose-dependent manner. These results demon-
strated that TSG-6 made a major contribution to the BMSC-
mediated inhibition of IL-1β-induced NPC degeneration.

Previous studies have demonstrated that TLR2 is
expressed at a substantially elevated level in degenerated
human NPCs [23, 26], which then triggers the MyD88-
dependent pathway and finally results in the activation of
transcription factors, including NF-κB. Furthermore, it has
been demonstrated that TSG-6 secreted by BMSCs can
inhibit the activation of the TLR2/NF-κB signaling pathway

Fig. 6 BMSCs and TSG-6 ameliorated rat IDD and increased the
expression of collagen II and aggrecan in intervertebral discs. Histo-
logical analysis of intervertebral discs by a HE and b Safranin O/Fast
Green staining. Scale bar, 400 μm. c Midsagittal T2-weighted images
at 4 weeks after BMSC transplantation and TSG-6 injection into the
NP tissue. Representative photomicrographs of immunohistochemical
staining of d collagen II and e aggrecan in intervertebral discs. The
percentages of f collagen II- and g aggrecan-positive cells in inter-
vertebral discs. The data are expressed as the means ± SD (n= 6 in
each group). Scale bar, 100 μm. ##P < 0.01 versus the control group.
**P < 0.01 versus the surgery group
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Fig. 7 BMSCs and TSG-6 downregulated the TLR2/NF-κB signaling
pathway and reduced the protein levels of MMPs and inflammatory
cytokines in degenerated NP tissue. The protein levels of TLR2,
MyD88, p-p65, p65, MMP-3, and MMP-13 in NP tissue were mea-
sured by western blotting. a, b Representative image of protein levels
of TLR2, MyD88, p-p65, p65, MMP-3, and MMP-13. c–h Quantita-
tive analysis of western blotting results showed that BMSC

transplantation and TSG-6 injection significantly inhibited the activa-
tion of the TLR2/NF-κB signaling pathway and reduced the expression
of MMPs in degenerated NP tissue. BMSC transplantation and TSG-6
injection significantly reduced the protein levels of i IL-6 and j TNF-α
in degenerated NP tissue. The data are expressed as the means ± SD (n
= 6 in each group). ##P < 0.01 versus the control group. **P < 0.01
versus the surgery group
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[36]. Consistent with previous observations, we found that
the protein levels of TLR2 and MyD88 were increased in
IL-1β-treated NPCs and that the upregulation of TLR2 and
MyD88 in IL-1β-treated NPCs was inhibited after co-
culture with BMSCs or treatment with TSG-6.

NF-κB plays a crucial role in regulating the expression of
a variety of pro-inflammatory cytokine genes. Under
unstimulated conditions, NF-κB is localized in the cyto-
plasm and is bound to the inhibitory IκB protein, which
prevents it from entering the nucleus. After stimulation,
specific kinases phosphorylate IκB, causing its rapid
degradation by proteasomes; IκB degradation allows NF-κB
to translocate into the nucleus, where it binds to specific
sequences in the promoter regions of target genes [54, 55].
To elucidate the molecular mechanism underlying the anti-
inflammatory effects of TSG-6 in degenerated NPCs, we
first examined the nuclear translocation of NF-κB p65. Our
results showed that BMSC co-culture and TSG-6 treatment
substantially suppressed IL-1β-induced nuclear transloca-
tion of NF-κB p65 in NPCs. Then, we evaluated the
phosphorylation level of p65 by western blotting. Our data
showed that an enhanced level of p65 phosphorylation was
found in IL-1β-treated NPCs, and the protein level of p-p65
in IL-1β-treated NPCs was decreased after co-culture with
BMSCs or treatment with TSG-6. Moreover, we used the
specific TLR2 agonist Pam3CSK4 to further confirm that
BMSCs and TSG-6 exert their beneficial effects on NPCs
by suppressing the TLR2/NF-κB signaling pathway. Our
results suggested that Pam3CSK4 treatment induced the
protein expression of TLR2, MyD88, and p-p65 in NPCs;
however, the expression of TLR2, MyD88, and p-p65 was
inhibited after co-culture with BMSCs and treatment with

TSG-6 in Pam3CSK4-treated NPCs. The above-mentioned
results demonstrated that TSG-6 secreted by BMSCs exerts
its protective effect partly through suppressing the activa-
tion of the TLR2/NF-κB signaling pathway to reduce NPC
degeneration.

According to previous studies, a variety of pro-
inflammatory cytokines, such as IL-1α, IL-1β, IL-6, and
TNF-α, are significantly increased in degenerative inter-
vertebral discs; [56, 57] these pro-inflammatory cytokines
aggravate ECM catabolism and inflammation, ultimately
resulting in structural and functional deterioration of the
intervertebral discs [58]. Thus, inhibition of the production
of pro-inflammatory cytokines can prevent or delay the
degenerative process in intervertebral discs. In the present
study, we used ELISA assays to investigate the effects of
BMSCs and TSG-6 on pro-inflammatory cytokine secretion
in degenerative NPCs. Our data showed that BMSCs and
TSG-6 markedly inhibited IL-1β- or Pam3CSK4-induced
IL-6 and TNF-α secretion in NPCs. In addition, a recent
study revealed that TSG-6 secreted by BMSCs can increase
the proliferation of corneal epithelial cell and then repaired
the corneal injury [53]. Consistent with previous studies, we
also found that the proliferation of IL-1β-treated NPCs
significantly increased after co-culture with BMSCs or
treatment with TSG-6.

Given that the in vitro experiment showed encouraging
results, we further evaluated the protective value of BMSCs
and TSG-6 on IDD in vivo, injecting BMSCs or TSG-6 into
the NP tissue of a puncture-induced IDD model. Through
histological analysis, we found that the structure of the
intervertebral discs was well preserved after BMSC trans-
plantation and TSG-6 injection: the NP consisted of

Fig. 8 Schematic of anti-IDD
therapeutic effect of TSG-6
secreted by BMSCs. Pro-
inflammatory cytokines, such as
IL-1β, activated NF-κB
signaling in NPCs through
TLR2. Activated NF-κB
increased the production of pro-
inflammatory cytokines and
MMPs. BMSCs were activated
by the pro-inflammatory
cytokines to secrete anti-
inflammatory protein TSG-6.
TSG-6 secreted by BMSCs
suppressed the TLR2/NF-κB
signaling pathway in
degenerated NPCs
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numerous nuclear cells, the AF was arranged regularly, and
the boundary between the NP and AF was minimally
interrupted. In addition, Safranin O/Fast Green staining also
showed that BMSC transplantation and TSG-6 injection
significantly reduced the PG loss in intervertebral discs
caused by needle puncture. MRI scanning showed that
BMSC transplantation and TSG-6 injection increased the
water content in the NP tissue compared with the surgery
group (Fig. 8). Our results are consistent with those of
previous studies, which also showed significantly elevated
signal intensity and water content in NP tissue after trans-
plantation of BMSCs [59, 60].

Collagen II and aggrecan are the two main components
of NP tissue, and numerous studies have demonstrated that
the reduction of collagen II and aggrecan is highly corre-
lated with IDD[61, 62]. Previous studies have found that
mesenchymal stem cell transplantation can upregulate the
expression of collagen II and aggrecan [62, 63]. Consistent
with these findings, after BMSC transplantation, the
expression of collagen II and aggrecan in NP tissue was
significantly greater than that observed in the surgery group.
In addition, TSG-6 injection also increased the expression
of collagen II and aggrecan. These data indicated that TSG-
6 secreted by BMSCs exerts its therapeutic effect by
increasing the protein level of collagen II and aggrecan,
resulting in maintenance of the intervertebral disc structure
in vivo.

Our in vivo data also showed that BMSC transplantation
and TSG-6 injection significantly inhibited the expression
of TLR2, MyD88, p-p65, MMP-3, and MMP-13. MMPs
play an important role in the pathophysiology of inter-
vertebral disc disease and are believed to be the major
matrix degrading enzymes in IDD [64]. These enzymes not
only directly degrade the ECM, but are also responsible
for the activation of other latent enzymes [65]. Various
studies have found that the activated form of NF-κB
mediated the expression of MMPs, such as MMP-3 and
MMP-13, and accelerated degradation of the ECM in
intervertebral disc [66, 67]. In the current study, an
enhanced level of p65 phosphorylation was found in
degenerated NP tissue. Meanwhile, the mRNA and protein
levels of MMP-3 and MMP-13 were increased. In contrast,
the expression of MMP-3 and MMP-13 was decreased
when the activation of NF-κB was inhibited by BMSC
transplantation and TSG-6 injection. Combined with these
previous studies, our results indicated that the excessive
activation of NF-κB lead to the upregulation of MMPs and
subsequently degrade the ECM in degenerated inter-
vertebral discs. Finally, our results showed that BMSC
transplantation and TSG-6 injection significantly reduced
inflammatory cytokines, such as IL-6 and TNF-α, in
degenerated NP tissue. These data further confirmed that
TSG-6 secreted by BMSCs exerts its therapeutic effect on

degenerated NP tissue by suppressing the TLR2/NF-κB
signaling pathway and reducing the production of inflam-
matory cytokines and MMPs.

It has been reported that the interaction of TSG-6 with
CD44 can decrease TLR2-mediated stimulation of NF-κB
signaling [36, 68, 69]. CD44 is a transmembrane adhesion
molecule and the major receptor for extracellular matrix
proteins that are involved in cell migration, proliferation,
and cell–cell interaction [70]. In the present study, we
found that TSG-6 secreted by BMSCs significantly
inhibited the activation of the TLR2/NF-κB signaling
pathway in degenerated NPCs and NP tissue. Further-
more, previous study has proved that CD44 also expressed
in the normal and IL-1β-treated NPCs [71, 72]. Thus, we
suggested that TSG-6 negatively regulated the TLR2/NF-
κB signaling-mediated responses through CD44 in
degenerated intervertebral discs. Further research needs to
be performed to determine the specific mechanism
between TSG-6 and TLR2/NF-κB signaling pathway in
NPCs.

The present research confirmed that BMSCs inhibited the
IL-1β-induced activation of the TLR2/NF-κB signaling
pathway and reduced the production of pro-inflammatory
cytokines IL-6 and TNF-α in NPCs by secreting the anti-
inflammatory protein TSG-6. In addition, our study
demonstrated that BMSC transplantation could delay or
even prevent disc degeneration partly through a TSG-6-
mediated anti-inflammatory effect in vivo.
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