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Bone morphogenetic protein 2 alleviated intervertebral disc
degeneration through mediating the degradation of ECM and
apoptosis of nucleus pulposus cells via the PI3K/Akt pathway
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Abstract. The present study aimed to explore the underlying
mechanisms of bone morphogenetic protein 2 (BMP2) in
alleviating intervertebral disc degeneration (IDD). A rat punc-
ture IDD model was constructed, and the rats were randomly
divided into six groups: Control; IDD (model); IDD+PBS
[containing 10'° adeno-associated virus serotype 2 (AAV)];
and IDD + AAV2-BMP2 (10°, 10® and 10'°). IL-1p was used
to treat primary nucleus pulposus (NP) cells to mimic IDD
in vitro. The effects of BMP2 in IDD were determined by
magnetic resonance imaging (MRI), hematoxylin and eosin
staining and Alcian Blue staining in vivo. The levels of
collagen II, aggrecan, transcription factor SOX9 (SOX9) and
matrix metalloproteinase 13 (MMP-13) were examined using
western blot analysis and reverse transcription quantitative
polymerase chain reaction (RT-qPCR) in NP tissues and cells.
The expression of C-telopeptide of type II collagen (CTX-1I)
in the sera or cell supernatants was determined by ELISA. In
addition, the levels of phosphorylation of phosphoinositide
3-kinase (PI3K) and protein kinase B (Akt), and the levels of
apoptosis-associated proteins and apoptosis ratio of NP cells
were also determined by western blot analysis and flow cytom-
etry, respectively. LY29400, an inhibitor of PI3K, was used to
additionally confirm the signal pathway mechanism of BMP2
treatment in IDD. BMP2 significantly extended the interval
between discs and alleviated the fibrous ring rupture and the
decrease in the levels of glycoproteins in IDD rats, as deter-
mined by MRI and histological staining. Additionally, BMP2
treatment significantly upregulated the levels of collagen II,
aggrecan and SOXO9, but downregulated the levels of MMP-13
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and CTX-II in IDD rats and NP cells in a dose-dependent
manner. Concurrently, recombinant human (rh)BMP2
pretreatment also significantly decreased the apoptosis ratio
of interleukin (IL)-1B-treated NP cells via downregulating
the level of cleaved caspase-3 and upregulating the level of
uncleaved poly (adenosine 5'-diphosphate-ribose) polymerase.
It was demonstrated that thBMP2 also significantly decreased
the inflammatory response in NP tissues and cells, based on
levels of IL-6, TNF-a and IL-10. In addition, rhBMP2 inhib-
ited cell apoptosis via upregulating the phosphorylation levels
of the PI3K/Akt signaling pathway, and LY29400 pretreatment
inhibited the effects of BMP2 in IL-1f treated NP cells. BMP2
alleviated IDD via the PI3K/Akt signaling pathway by inhib-
iting NP cell apoptosis and decreasing the levels of matrix
proteins.

Introduction

Intervertebral discs are the primary component of the human
spine, which provides mechanical support and spinal motion
for daily activities (1). Intervertebral disc degeneration (IDD)
is an important contributor to neck, back and radicular pain,
and a leading cause of disability worldwide (2). Commonly,
IDD is characterized by disc space narrowing, water content
reduction in the nucleus pulposus (NP) tissues, the appearance
of fibrosis that is reflected in an increase in thickness and
spacing of collagen fibers, and in the secretion of proinflam-
matory cytokines (3,4). Specifically, NP tissues destruction
and deceleration of the synthesis of disc components are the
two primary causes of IDD pathogenesis (5). Several factors
have been demonstrated to contribute to IDD, including hip
osteoarthritis (6), obesity (7) and genetic factors, but the exact
mechanisms of IDD remain unclear. With the development
of medical technology in previous years, several methods
have been explored to treat IDD, including anti-inflammatory
medication, analgesics, physical therapy and surgery, but the
outcome is unsatisfactory (8,9). Therefore, it is necessary to
explore novel therapeutic methods to improve the treatment
of IDD.

The extracellular matrix (ECM) primarily consists of
proteoglycans, aggrecan, collagens and matrix metallopro-
teinases (MMPs) in NP. Degradation of the ECM, particularly
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collagen II and aggrecan, is considered to be an important
cause of IDD (10). Collagen II is an important component
of ECM, and its expression is significantly downregulated
during the IDD process (11,12). Mutation of collagen type II
alpha 1 chain, the encoding gene of collagen II, is commonly
identified in spondyloepiphyseal dysplasia congenita, knee
osteoarthritis, kniest dysplasia and type II collagenopa-
thies (13-15). C-telopeptide of type II collagen (CTX-II) is a
degradation product of collagen II, and is usually upregulated
in the sera of patients with osteoarthritis (16). Yang et al (17)
suggested that E2 inhibited aberrant apoptosis of NP cells via
upregulating the expression of collagen II and aggrecan, and
downregulating the expression of MMP-13. MMP-13 has been
identified to degrade collagen Il in IDD (18). Considering these
variations in ECM, therapeutics for degenerative diseases may
be developed by increasing the synthesis of collagen II and
aggrecan, while inhibiting the expression of MMPs.

Bone morphogenetic proteins (BMPs) belong to the trans-
forming growth factor 3 (TGF-f) family, and are commonly
known to function as underlying regulators of bone and
cartilage formation (19). Specifically, BMP2 has been widely
demonstrated to be involved in the regulation of diseases,
including non-union fractures, osteoporosis and spinal fusion,
as reviewed in previous literatures (20,21). BMP2 was also
suggested to protect the growth and decrease the apoptosis
of NP cells (22), but the exact mechanism remains unclear.
An animal model demonstrated that combination therapy of
BMP2 and a receptor activator of nuclear factor kB ligand
inhibitor promoted bone healing in a critical-sized femoral
defect mouse model (23). Additionally, BMP2 inhibited
the growth and metastasis of hepatocellular carcinoma by
inhibiting the phosphoinositide 3-kinase (PI3K)/protein
kinase B (Akt) pathway, which serves an important role in
osteogenesis (24,25). Concurrently, activation of the PI3K/Akt
signaling pathway may protect against IDD via enhancing
the production of aggrecans and collagen II (26). However,
whether BMP2 alleviates IDD via the PI3K/Akt pathway
remains unclear.

In light of the aforementioned data, the present study aimed
to explore the underlying mechanisms of BMP2 in alleviating
IDD in a rat model and NP cells in vitro. The present study
indicated that BMP2 alleviated IDD via activating the
PI3K/Akt signaling pathway to inhibit NP cells apoptosis
and the decrease in matrix protein degradation, particularly
aggrecans and collagen II. These data may provide novel
insights into the understanding and treatment of IDD in
clinical settings.

Materials and methods

Preparation of adeno-associated virus serotype 2
(AAV)-BMP2 adenovirus. The 293T cells were purchased
from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China), and maintained in Dulbecco's modified
Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) containing 10% fetal bovine serum
(FBS; Gibco; Thermo Fisher Scientific, Inc.) in a humidity
incubator at 37°C with 5% CO,. Subsequently, 1 ug recom-
binant plasmid pDC315-BMP2 (Shanghai GenePharma Co.,
Ltd., Shanghai, China) was co-transfected for 4 h with 10x10°
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pfu pBGHE3 (Shanghai GenePharma Co., Ltd.) into 293T
cells using Lipofectamine 2000® (Invitrogen; Thermo Fisher
Scientific, Inc.) to obtain the recombinant BMP2 adenovirus.
Following this, the titer of viral particles was estimated by dot
blot assay as described previously (27) and purified stocks
were maintained at ~10'? particles/ml.

Construction of IDD model and grouping. The experimental
procedures of the present study were approved by the Second
Xiangya Hospital, Central South University (Changsha,
China). All the procedures involving animals and their care
were performed in accordance with the Guidelines for the
Care and Use of Laboratory Animals of the Second Xiangya
Hospital, Central South University. A total of 48 male Lewis
rats aged 13-14 weeks were purchased from Shanghai SLAC
Laboratory Animal Co., Ltd. (Shanghai, China), and housed
in a 12-h light/dark cycle sterile room at ~23°C with access
to food and water ad libitum. Rats were randomly divided
into six groups (n=8 per group): Control; punctured (model);
puncture + PBS injection (5 pl, containing 10'° AAV); punc-
tured + 10° AAV-BMP2 (5 pl); punctured + 108 AAV-BMP2
(5 ul); and punctured + 10" AAV-BMP2 (5 ul). The IDD model
was generated by using the annulus fibrosus needle puncture
method (28). Briefly, rats were anesthetized intraperitone-
ally with sodium pentobarbital (30 mg/kg). A 18G syringe
needle was inserted into the C6-C7 and C8-C9 discs in the
vertical direction with 5 mm depth. Following full penetra-
tion, the needle was rotated 360° and held for 20 sec. For the
control group, the discs were exposed, but not punctured. For
the later groups, PBS (containing 10" AAV) or AAV-BMP2
was injected into punctured location on week 2 subsequent to
puncture. All rats were sacrificed following 8 weeks by inhala-
tion of 7.5% isoflurane, and the NP tissues and blood samples
were collected.

Magnetic resonance imaging (MRI) acquisition. A total
of 2 months after surgery, rats were anesthetized as afore-
mentioned to limit movement during the MRI examination.
Images were obtained using a 3.0 T MRI machine (Philips
Healthcare, Amsterdam, The Netherlands) with a dedicated
coil for small animals. Following this, the tails of the rats were
immersed in 0.1 M CuSOQ, solution in a tube, to increase the
contrast of image. Subsequently, a 2-D spin echo-dual echo
sequence was performed with the following parameters:
Repetition time=9,000 ms, flip angle=90°, echo times=16
and 80 ms, slice thickness=0.6, number of averages=2, field
of view=40x40 mm?, and in-plane resolution=0.1 mm with
30 sagittal slices. The disc signal intensity was calculated by
using the T2-weighted image (echo time=80 ms) to monitor
the disc hydration. Then, the mean signal intensity (brightness)
in the control disc was used as reference for the signal inten-
sity of the injured discs in each group. Therefore, the value of
normalized intensity for the injured discs ranged from 0-1, as
described previously (28).

Histological analysis. Following MRI examination, rats were
sacrificed and the whole discs with the vertebrae adjacent to
the punctured C6-C7 and C8-C9, and non-punctured C7-C8
were isolated, fixed with 4% paraformaldehyde at 4°C for 24 h,
decalcified in 10% EDTA for 30 days, embedded in paraffin
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and cut into 5-pm thick slices. Then, the slices were dehydrated
with an ethanol gradient (70, 90%) and stained for 30 min at
room temperature with hematoxylin and eosin (H&E; Nanjing
Jiancheng Bioengineering Institute, Nanjing, Jiangsu, China)
according to manufacturer's protocols. Concurrently, parts of
the slices were stained for 30 min at room temperature with
1% Alcian Blue (pH 2.5; Newcomer Supplu Inc., Middleton,
WI, USA) following dehydration. Following this, sections
were permeabilized with 100% xylene and sealed with neutral
resins. Subsequently, the stained slides were analyzed under a
light microscope at x400 magnification (Nikon E800 micro-
scope, Nikon Instruments Inc., Melville, NY, USA).

NP cells isolation and treatment. NP cells were isolated as
described previously (29,30). Following isolation, NP cells
were resuspended in DMEM medium supplied with 10%
FBS, 100 pg/ml streptomycin (Invitrogen; Thermo Fisher
Scientific, Inc.), and 100 U/ml penicillin (Invitrogen; Thermo
Fisher Scientific, Inc.) at 37°C in a humidified atmosphere with
5% CO,. The medium was changed every two days, and the
second passage was used for subsequent experiments.

For treatment, NP cells were first treated with different
concentrations of recombinant human BMP2 (thBMP2; 0, 25,
50,100,200,400 and 800 ng/ml) to assess the effects of rhBMP2
on cell proliferation, and for the selection of appropriate
concentrations for subsequent experimentation. NP cells were
treated with 10 ng/ml interleukin 18 (IL-1p; Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany) to imitate the IDD model
in vitro. For subsequent experiments, cells were pretreated
with 10 xM LY294002 (PI3K signal pathway inhibitor) for 1 h
at 37°C to verify the mechanism of the signal pathway.

MTT assay. NP cells were seeded in 96-well plates at a density
of 1.0x10%well and cultured with complete DMEM medium
containing different concentrations of rhBMP2 (0, 25, 50, 10
0, 200, 400 and 800 ng/ml). Then, cells were cultured for
24 and 48 h. Subsequently, 20 1 MTT solution (5 mg/ml) was
added into each well and plates were incubated at 37°C for
4 h. Then, the supernatant was discarded and 150 ul dimethyl
sulfoxide was added into each well, and plates were agitated
at room temperature for 10 min. Following this, the optical
density (OD) values were determined at 570 nm.

Apoptosis assay. The apoptosis of cells was determined by
flow cytometry with Kaluza 2017 Analysis Software 1.3
(Beckman Coulter, Inc., Brea, CA, USA) following staining
with fluorescein isothiocyanate (FITC)-conjugated Annexin V
and propidium iodide (PI; Beyotime Institute of Biotechnology,
Haimen, China). Briefly, 1x10° cells were seeded in 6-well
plates with DMEM containing 10% FBS overnight at 37°C.
Then, cells were treated with rhBMP2 and IL-1f as afore-
mentioned for 48 h. Following this, the cells were stained
using the FITC Annexin V/PI apoptosis Detection kit I (BD
Pharmingen; BD Biosciences, Franklin Lakes, NJ, USA) for
20 min at room temperature according to the manufacturer's
protocol. Subsequently, the levels of apoptosis of the cells
were detected using flow cytometry. Annexin V* cells were
considered early apoptotic cells, Annexin V*/PI* cells were
considered end-stage apoptotic cells and PI* cells were consid-
ered necrotic cells.
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Reverse transcription quantitative polymerase chain reaction
(RT-qPCR). Total RNA was extracted from rat NP tissues
and cells using TRIzol® reagent (Life Technologies; Thermo
Fisher Scientific, Inc.) according to manufacturer's protocol.
Following this, the mRNA was reverse transcribed into cDNA
using a PrimeScript RT reagent kit (Takara Biotechnology
Co., Ltd., Dalian, China) according to manufacturer's protocol.
Then, the cDNA was used as the template to perform qPCR
(BeyoFast™ SYBR Green qPCR Mix; Beyotime Institute of
Biotechnology) with the following thermocycler conditions:
95°C for 5 sec, then 45 cycles comprising denaturing at
95°C for 30 sec, annealing at 60°C for 20 sec and extending
at 72°C for 30 sec on an ABI 7500 Real-time PCR System
(Applied Biosystems; Thermo Fisher Scientific, Inc.). The
primers used are listed in Table I. Gene expression levels were
normalized to GAPDH, and were analyzed using the 2-44¢4
method (31).

ELISA assay. The level of CTX-II in rat serum and culture
supernatant following 1,000 x g centrifugation at room
temperature for 5 min was detected using CTX ELISA
kit (cat. no. E-EL-MO0368c; Ela bscience, Wuhan, China)
according to the manufacturer's protocols.

Western blot analysis. Total proteins in NP tissues and cells
were isolated by using the radioimmunoprecipitation assay
lysis buffer (Beyotime, Nanjing, China) containing 1X protease
inhibitor cocktail and 1X PhosStop (both, Roche Diagnostics,
Indianapolis, IN, USA). The concentration of protein was
determined by using a BCA protein assay kit (Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol. Then,
the protein extracts were boiled with equal volumes of loading
buffer (Beyotime Institute of Biotechnology) for 10 min.
Following this, 15 ug total protein was loaded onto 10%
SDS-PAGE gels for electrophoresis, and then electro-trans-
ferred onto polyvinylidene fluoride membranes. Following this,
the membranes were blocked with 5% non-fat milk solution
in TBS-Tween 20 at room temperature for 1 h. Subsequently,
membranes were incubated with the following anti-rat primary
antibodies (1:1,000) at 4°C overnight: Cleaved caspase-3
(cat. no. 9662; Cell Signaling Technology, Inc., Danvers, MA,
USA), PARP (cat. no. 9542; Cell Signaling Technology, Inc.),
collagen II (cat. no. ab34712; Abcam, Cambridge, United
Kingdom), aggrecan (cat. no. ab3778; Abcam), transcription
factor SOX9 (SOX9; cat. no. ab185966; Abcam), MMP-13
(cat. no. 94808; Cell Signaling Technology, Inc.), phosphory-
lated (p)-PI3K (cat. no. 4228; Cell Signaling Technology,
Inc.), PI3K (cat. no. 4249; Cell Signaling Technology, Inc.),
p-AKT (cat. no. 4685; Cell Signaling Technology, Inc.), AKT
(cat. no. 4060; Cell Signaling Technology, Inc.) and GAPDH
(cat. no. ab8245; Abcam). Following this, the membranes were
incubated with horseradish peroxidase-conjugated secondary
antibodies (anti-rabbit, cat. no. ab150077; anti-mouse,
cat. no. ab6785; both, 1:5,000; both, Abcam) at room tempera-
ture for 1 h. The protein bands in the membranes were then
visualized using the enhanced chemiluminescent method
(EMD Millipore, Billerica, MA, USA), and quantified using
Quantity One software 4.2.1 (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). GAPDH was used as the internal control
to normalize the expression of the proteins.
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Table I. Primers for reverse transcription quantitative polymerase chain reaction.

Gene Primers Sequences (5'-3")
Collagen-II-h Forward GGCAATAGCAGGTTCACGTACA

Reverse CGATAACAGTCTTGCCCCACTT
SOX9-h Forward AGCGAACGCACATCAAGAC

Reverse CTGTAGGCGATCTGTTGGGG
Aggrecan-h Forward TCCACAAGGGAGAGAGGGTA

Reverse GTAGGTGGTGGCTAGGACGA
MMP-13-h Forward GGCTCCGAGAAATGCAGTCTTTCTT

Reverse ATCAAATGGGTAGAAGTCGCCATGC
IL-6-h Forward ATGAACTCCTTCTCCACAAGC

Reverse CTACATTTGCCGAAGAGCCCTCAGGCTGGACTG
IL-10-h Forward AGGGCACCCAGTCTGAGAACA

Reverse CGGCCTTGCTCTTGTTTTCAC
TNF-a-h Forward ATGAGCACTGAAAGCATGATC

Reverse TCACAGGGCAATGATCCCAAAGTAGACCTGCCC
GAPDH-h Forward AAGGTCGGAGTCAACGGATTT

Reverse AGATGATGACCCTTTTGGCTC
Collagen-II-r Forward ACGCTCAAGTCGCTGAACAA

Reverse TCAATCCAGTAGTCTCCGCTCT
SOX9-r Forward TCCAGCAAGAACAAGCCACA

Reverse CGAAGGGTCTCTTCTCGCTC
Aggrecan-r Forward TCCAAACCAACCCGACAAT

Reverse TCTCATAGCGATCTTTCTTCTGC
MMP-13-r Forward ATGCAGTCTTTCTTCGGCTTAG

Reverse ATGCCATCGTGAAGTCTGGT
IL-6-r Forward CCTCTGGTCTTCTGGAGTACC

Reverse ACTCCTTCTGTGACTCCAGC
IL-10-r Forward ATAACTGCACCCACTTCCCA

Reverse GGGCATCACTTCTACCAGGT
TNF-a-r Forward ATGAGCACAGAAAGCATGA

Reverse AGTAGACAGAAGAGCGTGGT
GAPDH-r Forward GGAAAGCTGTGGCGTGAT

Reverse AAGGTGGAAGAATGGGAGTT

h, human; r, rat; SOX9, Transcription factor SOX9; MMP-13, matrix metalloproteinase; IL, interleukin; TNF-a, tumor necrosis factor o.

Statistical analysis. In the present study, all data are presented
as mean + standard deviation. Statistical analyses were
performed using GraphPad Prism 5 (GraphPad Software, Inc.,
LaJolla, CA, USA). Statistical evaluation was performed using
Student's t-test (two-tailed) between two groups, or one-way
analysis of variance followed by Tukey's post hoc test for
multiple comparisons. P<0.05 was considered to indicate a
statistically significant difference.

Results

BMP?2 treatment alleviates IDD in rats. The pathogenic
symptoms of IDD in each group were determined using MRI.
Compared with the control group, the interval between punc-
tured discs was significantly decreased in the IDD rat model,
as indicated by the blue arrows, while AAV2-BMP?2 treat-
ment markedly inhibited the decrease in intervals between

punctured discs in the IDD model in a dose-dependent manner
(Fig. 1A). Additional H&E assays revealed that there were
clearly intact discs with well-opposed lamellae and unbroken
annulus fibrosus with clearly-defined borders in the control
group, but the IDD model group presented severe lamellar
disorganization and broken annulus fibrosus, as indicated by
the red arrows. AAV2-BMP?2 treatment markedly alleviated
the disorganization of lamellae and protected the annulus
fibrosus structure of the discs (Fig. 1B). Alcian Blue staining
indicated that the secretion of glycoproteins was significantly
downregulated in the IDD model, and that AAV2-BMP?2 injec-
tion attenuated this downregulation (Fig. 1B). All these data
indicate that BMP2 may alleviate the symptoms of IDD in vivo.

BMP?2 treatment regulates the levels of IDD-associated
biomarkers and inflammatory cytokines. Following sacrifice,
the levels of collagen I1, aggrecan, SOX9, MMP-13 and CTX-II
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Figure 1. BMP2 alleviates IDD in rats. (A) IDD in rats determined using magnetic resonance imaging. (B) Histological analysis of intervertebral disc tissues
determined by using H&E and Alcian Blue staining. Blue arrows indicate the decreased interval between punctured discs. Red arrows indicate the unbroken
annulus fibrosus. IDD, intervertebral disc degeneration; H&E, hematoxylin and eosin; AAV2-BMP2, adeno-associated virus serotype 2-bone morphogenic

protein 2.

in NP tissues of each group were determined by RT-qPCR. As
a result, the levels of collagen II, aggrecan and SOX9 were
significantly downregulated in the IDD group compared
with the control group, while BMP2 overexpression signifi-
cantly attenuated these changes in IDD in a dose-dependent
manner (Fig. 2A). However, the serum levels of MMP-13 in
NP tissues and CTX-II were significantly increased in IDD
group compared with the control group, and overexpression
of BMP?2 significantly inhibited the upregulation of MMP-13
and CTX-II in a dose-dependent manner (Fig. 2A and B). IL-6,
TNF-a and IL-10 levels in NP tissues were additionally exam-
ined using RT-qPCR. It was identified that BMP2 significantly
inhibited the mRNA levels of proinflammatory cytokines
IL-6 and TNF-a, but significantly increased the levels of
anti-inflammatory cytokine IL-10 mRNA, in a dose-depen-
dent manner (Fig. 2C). Taken together, these results suggest
that BMP2 may suppress the degradation of the extracellular
matrix and inflammatory response during IDD.

rhBMP?2 treatment inhibits the apoptosis of NP cells during
IDD. To explore the underlying effects of BMP2 on the
alleviation of IDD in vitro, an IDD cell model was constructed
using IL-1p, and the viability of NP cells following treatment
with thBMP2 was determined. As a result, hBMP2 markedly
inhibited the survival ability of NP cells when being treated
with high concentrations at 24 and 48 h (Fig. 3A). Therefore,
the lower concentrations (25, 50 and 100 ng/ml) were selected
for subsequent experiments. Compared with the control group,
IL-1p treatment significantly increased the levels of apoptosis
of NP cells, and rhBMP2 pretreatment markedly attenuated
the apoptosis ratio induced by IL-1f in the NP (Fig. 3B and C).
Concurrently, the levels of apoptosis-associated proteins were
also determined by western blot analysis. IL-1f treatment
significantly increased the level of cleaved caspase-3 but
decreased the level of uncleaved (full length) poly [adenosine
5'-diphosphate (ADP)-ribose] polymerase (PARP) compared

with the control group, while thBMP2 pretreatment signifi-
cantly inhibited these changes in a dose-dependent manner
(Fig. 3D and E). These results indicated that BMP2 inhibited
apoptosis and promoted the survival ability of NP cells in a
dose-dependent manner during the pathogenesis of IDD.

rhBMP?2 attenuates the levels of IDD-associated proteins
and inflammatory response induced by IL-1[3 in NP cells. The
levels of collagen II, aggrecan, SOX9 and MMP-13 in cells,
and levels of CTX-II in the supernatant were also determined
in vitro. It was identified that the mRNA levels of collagen
II, aggrecan and SOX9 were significantly downregulated,
while the level of MMP-13 was significantly increased in the
cells following treatment with IL-1p3. Additionally, rhBMP2
pretreatment significantly attenuated these changes in a
dose-dependent manner (Fig. 4A). The western blot analysis
results also indicated that IL-1f treatment markedly decreased
the protein levels of collagen II, aggrecan and SOXO9, but
increased the level of MMP-13 in NP cells, while rhBMP2
treatment inhibited these changes in a dose-dependent
manner (Fig. 4B and C). In addition, the ELISA assay results
demonstrated that IL-1p significantly increased the level of
CTX-II, and thBMP?2 pre-treatment suppressed this increase
in a dose-dependent manner (Fig. 4D). IL-6, TNF-a and IL-10
levels in the NP cells were also examined using RT-qPCR, as
demonstrated in Fig. 4E. It was identified that thBMP2 exhib-
ited similar effects on the levels of IL-6, TNF-a and IL-10
in NP tissues when its concentration was at 25 and 50 ng/ml.
When using high doses (100 ng/ml) of BMP2, no significant
difference in the effect was observed. All of these data indi-
cated that hBMP2 may alleviate the decrease in matrix protein
secretion and inhibit the inflammatory response in NP cells.

rhBMP?2 inhibits the levels of extracellular matrix degradation
and apoptosis of NP cells via the PI3K/Akt signaling pathway.
To additionally reveal the mechanisms of extracellular matrix
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Figure 2. BMP2 treatment regulates the levels of IDD-associated biomarkers and inflammatory cytokines in NP tissues. (A) Relative mRNA levels of
collagen II, aggrecan, SOX9 and MMP-13 in NP tissues determined using RT-qPCR. (B) Level of CTX-II in the serum of rats determined using ELISA.
(C) Relative mRNA levels of IL-6, TNF-o. and IL-10 determined using RT-qPCR. “P<0.01 and ““P<0.001 vs. control group. “P<0.05, “P<0.01 and *P<0.001
vs. IDD group. IDD, intervertebral disc degeneration; AAV2-BMP2, adeno-associated virus serotype 2-bone morphogenic protein 2; SOX9, transcription
factor SOX9; MMP-13, matrix metalloproteinase 13; CTX-II, C-telopeptide of type II collagen; IL, interleukin; TNF-a, tumor necrosis factor a; RT-qPCR,
reverse transcription quantitative polymerase chain reaction; NP, nucleus pulposus.
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degradation and apoptosis of NP cells during IDD, the proteins
involved in the PI3K/Akt signaling pathway were examined. It
was identified that the levels of total PI3K and Akt protein
were not changed following treatment of NP cells with IL-1p
and rhBMP2. However, the levels of phosphorylation of PI3K
and Akt in NP cells were significantly decreased following
IL-1p treatment. Additionally, rhBMP2 pretreatment signifi-
cantly upregulated the levels of phosphorylation of PI3K and
Akt in a dose-dependent manner (Fig. SA and B). To addition-
ally confirm whether the PI3K/Akt pathway was involved in
IDD, LY294002, an inhibitor for PI3K, was utilized. Firstly,
levels of phosphorylated Akt and total Akt in response to
IL-1B, rhBMP2 and LY294002 treatment we examined by
western blot analysis to verify the function of LY294002
and the PI3K/Akt pathway, and the results indicated that
LY294002 markedly inhibited the level of phosphorylation

of Akt and reversed the effects induced by rhBMP2
(Fig. 5C and D). Additional results indicated that LY294002
treatment significantly attenuated the increase in collagen II,
aggrecan and SOX9 levels, and the decrease in MMP-13 and
CTX-II levels caused by rhBMP2 in 1L-1p-treated NP cells
(Fig. 5E and F). Pretreatment with LY294002 also markedly
inhibited the decrease of cleaved caspase-3 and the increase
of uncleaved PARP induced by thBMP2 in 1L-13-treated NP
cells (Fig. 5G). Flow cytometry was also used to examine cell
apoptosis following treatment with combinations of IL-1f,
rhBMP2 and LY294002. It was identified that IL-1p signifi-
cantly increased the apoptosis rate of NP cells, but rhBMP2
significantly inhibited the IL-1f-induced apoptosis rate of NP
cells. Additionally, LY294002 reversed the effects of rhBMP2,
and caused a significant increase in the apoptosis rate of
rhBMP2-treated NP cells (Fig. 5H and 5I). All of these results
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Figure 5. thBMP?2 inhibits the extracellular matrix degradation and apoptosis of NP cells via the PI3K/Akt signaling pathway. (A) Levels of phosphorylation
of PI3K and Akt determined by western blot analysis. (B) Quantification of western blot analysis results from part A. (C) Levels of phosphorylated Akt and
total Akt in response to IL-1p, thBMP2 and LY294002 treatment as determined by western blot analysis. (D) Quantification of western blot analysis results
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suggest that thBMP?2 attenuated the levels of apoptosis and
extracellular matrix degradation of NP cells, potentially via
the PI3K/Akt signaling pathway.

Discussion
IDD is a common chronic disease contributing to lower

back pain, and is considered to be one of the most important
public health problems worldwide (32). Although a number

of trials have been performed to identify treatments for IDD,
the situation remains unresolved, owing to the lack of clear
understanding of the initiation and pathogenesis of IDD.
Considering this, BMP2 was utilized in the present study
as a novel promising treatment for IDD via targeting ECM
degradation, and proliferation and apoptosis levels of NP cells.
Furthermore, the underlying mechanism of BMP2 in treating
IDD was examined to provide novel insights on the pathogen-
esis and treatment of IDD.
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To explore the pathogenesis of IDD, a needle puncture
model in rats was constructed. The results demonstrated that
AAV2-BMP2 injection significantly alleviated the fibrous
ring rupture and glycoproteins degradation of IDD in a dose-
dependent manner, as determined by MRI and histological
analyses. Leckie ef al (33) also identified that BMP2 pretreat-
ment delayed the onset of degenerative changes, as measured
by MRI, histological examination and serum biomarkers.
BMP2 is one of a group of BMPs belonging to the TGF-3
family, and serves critical roles in skeletal development and
repair (34). Concurrently, BMP2 may also directly promote
the synthesis of collagen via stimulating chondrocytes (35).
Clinical data suggested that thBMP2 may also promote spinal
fusion and bone healing (23). Due to this function, a signifi-
cant inhibition in the degradation of collagen and significant
decrease in the production of CTX-II was observed following
AAV2-BMP?2 injection in the present study. In addition, the
MMP-13 level was also significantly downregulated following
treatment with AAV2-BMP2 in IDD. These results suggest that
BMP2 may promote the synthesis of collagen and inhibit the
degradation of collagen in ECM against IDD. Concomitantly,
aggrecan, an additional component of ECM, and its tran-
scription factor SOX9 (36), were significantly upregulated
following AAV2-BMP2 injection in IDD. These data indicate
that BMP2 upregulated the level of aggrecan via promotion of
the transcription of SOX9 to attenuate the pathology of IDD.
Previous studies have indicated that certain pro-inflammatory
cytokines, including TNF-a, may stimulate the degradation of
the ECM of intervertebral discs (37,38). In the present study,
it was demonstrated that BMP2 inhibited TNF-a and IL-6
expression levels and increased IL-10 expression, suggesting
that BMP2 may alleviate intervertebral disc ECM degradation
by regulating inflammatory factors. Considering these results,
we hypothesize that BMP2 may promote the synthesis of
collagen and aggrecan, and inhibit the degradation of ECM, to
inhibit the pathogenesis of IDD.

To additionally reveal the underlying mechanism of
BMP?2 in alleviating IDD (5), the molecular mechanism of
BMP?2 in NP cells was explored in vitro. As the secretion of
inflammatory cytokines is a common characteristic of IDD,
IL-1p was used to induce an IDD cell model in NP cells in the
present study. Subsequently, it was identified that pretreatment
with thBMP?2 significantly inhibited the apoptosis levels of
NP cells. In addition, thBMP2 pretreatment also significantly
upregulated the levels of collagen-II, aggrecan and SOX9, but
downregulated the levels of MMP-13 and CTX-II in NP cells.
The results were consistent with the results identified in the
IDD model of the present study. Previous studies have demon-
strated that the synthesis of aggrecan was closely correlated
with the phosphorylation of the PI3K/Akt signaling pathway,
which also performs crucial roles in cell growth, proliferation,
migration and invasion (26,39). Inhibiting the PI3K signaling
pathway leads to a decrease in the expression levels of aggrecan,
collagen II and SOX9 (26,40,41). In the present study, no
significantly differences in the levels of total Akt and PI3K
following treatment with IL-13 alone or in combination with
rhBMP2 were observed, but the levels of phosphorylation of
PI3K and Akt were significantly decreased following treatment
with IL-1f, and rhBMP treatment markedly upregulated the
levels of phosphorylation of PI3K and Akt in a dose-dependent

591

manner. The PI3K inhibitor LY29400 significantly attenuated
the effects of thBMP2 on the phosphorylation of PI3K and
Akt, and reversed the effects on the levels of apoptosis and
IDD-associated proteins induced by rhBMP2 in IL-13-treated
NP cells. Cheng et al (42) also documented that PI3K/Akt
regulated the expression levels of aggrecan and SOX9 in NP
cells. Taken together, all of these data indicate that BMP2 may
alleviate the levels of apoptosis and ECM degradation in IDD
via the PI3K/Akt signaling pathway.

In conclusion, inhibition of ECM degradation and NP cells
apoptosis, which are two primary characteristics of IDD, may
delay the process of IDD. Therefore, BMP2 may provide a
potential strategy for IDD treatment by increasing the produc-
tion of collagen II, aggrecan and SOX9, decreasing the levels
of CTX-II and MMP-13 in the PI3K/Akt signaling pathway
and increasing the survival of NP cells. The data of the present
study indicate that BMP2 may serve as a promising thera-
peutic method in treating IDD. However, the safety of BMP2
in clinical applications requires additional examination.
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