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in human degenerative nucleus pulposus cells
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Abstract. In contrast to healthy intervertebral discs (IVDs),
degenerate IVDs become vascularized. Here, we determined
the role of an angiogenesis promoter, angiopoietin (Ang)-2, in
the pathology of IVD degeneration (IDD). We evaluated degree
of IDD using the Pfirrmann grading system. We used quantita-
tive real-time polymerase chain reaction and western blotting
to analyze ANG2 gene expression and Ang-2 protein levels,
respectively. The involvement of Ang-2 in IVD degradation and
regulation of nuclear factor-kB (NF-«B) signaling was examined
by immunohistochemistry, western blotting and immunofluores-
cence. As a result, 10 samples with grades II and III IDD were
categorized as the mild IDD group; for comparison, another
10 specimens with grades IV and V constituted the severe IDD
group. Ang-2 expression was significantly higher in severe
IDD than in mild IDD. Exogenous Ang-2 administration led
to increased production of catabolic proteinases and loss of
aggrecan and collagen II in degenerative NP cell cultures, which
was mediated by the NF-«kB signaling pathway. Elevated Ang-2
levels also increased interleukin-1f3 expression in degenerative
NP cells. We conclude that the release of Ang-2 aggravates NP
cell degradation and plays an important role in IDD. Ang-2 may
thus constitute a novel therapeutic target for the treatment of IVD.

Introduction

Low back pain (LBP) is a muscular disorder leading to
severe social and economic burden. It has been shown that
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LBP is mainly associated with intervertebral disc (IVD)
degeneration (IDD) (1,2). IDD is characterized by a series
of pathogenic processes, including cellular, biochemical, and
structural impairment, which result in a metabolic imbalance
of the extracellular matrix (ECM) (3.,4). Previous studies have
demonstrated that catabolic proteinases, such as matrix metal-
loproteinases (MMPs) and a disintegrin and metalloproteinase
with thrombospondin motifs (ADAMTSs), are upregulated in
IDD; this is the main cause of ECM degradation during IDD
progression (5,6). While the proteolytic activity of MMPs and
aggrecanases plays an important role in breaking down the
disc matrix, another constant feature of disc degeneration is
angiogenesis.

Angiopoietin (Ang) plays crucial roles in successful angio-
genesis (7). Upregulation of Ang-2 expression constitutes a
critical step in the initiation of the inflammatory process (8).
On its own, Ang-2 can recruit myeloid cells and induce inflam-
mation even in the absence of preceding pro-inflammatory
stimuli (9). Mice lacking Ang-2 cannot elicit an inflammatory
response but administration of recombinant Ang-2 restores
the inflammatory process (10). Ang-2 facilitates the activities
of inflammatory molecules such as tumor necrosis factor and
interleukin (IL)-1 exaggerates inflammatory responses (11,12).
These key inflammatory cytokines induce the expression
of genes encoding matrix-degrading enzymes in IDD (13).
Previous studies have shown that Ang-1 is crucial for the
survival of nucleus pulposus (NP) cells (14). However, limited
studies have explored the function of Ang-2 in degenerative
NP cells.

Here, we investigated the role of Ang-2 in human degenera-
tive NP cells and IDD pathology. We verified the expression of
Ang-2 in human degenerative NP cells and determined that its
level increase with progressing degeneration. We demonstrated
that Ang-2 participates in ECM degradation in degenerative
NP cells, as well as in the occurrence and development of
IDD. This effect is mediated by the nuclear factor-kB (NF-kB)
signaling pathway. Ang-2 stimulated expression of IL-1f in
human degenerative NP cells.

Materials and methods

The collection and staging of human NP tissue samples. This
study was approved by the Institutional Ethics Review Board
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of Tongji Medical College of Huazhong University of Science
and Technology. The investigation was carried out following
the rules of the Declaration of Helsinki. The patients or their
parents (on behalf of children) provided informed consent prior
to the study. NP tissues were collected from patients (n=20)
undergoing spinal surgery. Patients undergoing surgery for
burst fracture (n=3), lumbar disc herniation (n=8), lumbar
spinal stenosis (n=5) or spondylolysis (n=4) were enrolled in
this study. The patients comprised 23 males and 17 females
aged from 13 to 59 years. The T2 weighted magnetic reso-
nance images were obtained at 1.5 Tesla resolution and the
tissues were evaluated using the Thompson grading system and
Pfirrmann classification system (15,16). Among the NP speci-
mens, 3 specimens were classified as grade II and 7 specimens
as grade III; 5 disc specimens from patients with lumbar disc
herniation or spondylolysis were classified as grade IV and the
others were grade V.

Immunohistochemistry. Samples from human NP tissues were
fixed in 4% paraformaldehyde in phosphate buffer (pH 7.4) for
24 h. Paraffin sections were cut into 4-um thick sections. The
sections were dewaxed in xylene, then rehydrated in graded
alcohol series. Antigen retrieval was performed by micro-
wave in Tris-EDTA pH 9.0 for 15 min. Followed by washing
with phosphate-buffered saline (PBS), the sections were
blocked with endogenous peroxidase activities in 3% H,O,.
Subsequently the samples were incubated with anti-Ang-2
(sc-7015, 1:200; Santa Cruz Biotechnology, Inc., Santa Cruz,
CA, USA), anti-collagen IT (ab34712, 1:200) and anti-MMP13
(ab39012, 1:200) (both from Abcam, Cambridge, MA, USA).
After labeling with a secondary antibody (1:2,000) conjugated
to horseradish peroxidase, the sections were stained with
diaminobenzidine (DAB) and counterstained with hematox-
ylin. Images were captured using an IX71 phase microscope
(Olympus, Tokyo, Japan).

Isolation of NP cells. NP cells were isolated as previously
described (17,18). After isolation, the NP cells were plated
and expanded for 3 weeks in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 20% fetal bovine
serum (FBS), and 1% penicillin/streptomycin at 37°C in a
5% CO, incubator. The culture medium was replaced twice a
week. All NP cells were isolated from degenerated samples.
The cells passaged two to three times were used for subse-
quent experiments.

Exogenous Ang-2 treatment of NP cells. When cultured NP
cells reached 80% confluence, 2x10* cells were seeded into
96-well plates and subjected to serum starvation overnight to
synchronize the cell cycles. The cells were then treated with
various concentrations of exogenous Ang-2 (R&D Systems,
Minneapolis, MN, USA) for 24 h. They were then harvested
for mRNA and protein analysis. To evaluate the signaling path-
ways in NP cells, cells were treated with various concentrations
of Ang-2 for 24 h, and indicated concentrations of the NF-xB
inhibitor BAY11-7082 (Beyotime, Nantong, China) were added
for 1 h. Each treatment was performed in 3 different wells.

Quantitative western blotting. The culture supernatants
were collected and cells were lysed for 20 min in cold
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radioimmunoprecipitation (RIPA) lysis buffer (Beyotime,
Beijing, China). Protein lysates were resolved by SDS-PAGE,
and transferred onto polyvinylidene fluoride membranes
(Amersham Biosciences, Piscataway, NJ, USA). The memb-
ranes were incubated with primary antibodies. In another
experiment, nuclear protein was extracted using the CelLytic
NuClear extraction kit (Sigma-Aldrich, St. Louis, MO,
USA) following the manufacturer's instructions. Nuclear
proteins were incubated with anti-p65 antibodies for 2 h.
Immunoreactive bands were quantified using ImageQuant
LAS 400 software (GE Healthcare Life Sciences, Logan, UT,
USA) and calculated by normalization to the reference bands
of B-actin or lamin A. The primary antibodies used were as
follows: anti-Ang-2 (sc-7015, 1:2,000) was purchased from
Santa Cruz Biotechnology, Inc. Anti-collagen II (ab34712,
1:2,000), anti-aggrecan (ab3778, 1:1,500), anti-MMP13
(ab39012, 1:3,000), anti-ADAMTS4 (ab185722, 1:3,000), IL-13
(ab2105, 1:3,000) and anti-p65 antibodies (ab16502, 1:2,000)
were all obtained from Abcam.

RNA extraction and gRT-PCR. Total RNA was isolated from
harvested cells and tissues using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer's instruc-
tions. qRT-PCR was carried out using the Power SYBR-Green
PCR Master Mix and a 7900 HT thermocycler (Applied
Biosystems, Foster City, CA, USA). Briefly, RNA was dena-
tured for 5 min at 70°C and placed on ice for 5 min. Denatured
RNA was added to a mixture of MMLV-RT, MMLV-RT
buffer, HRP (RRI)/RNase inhibitor, and dNTPs, and incu-
bated for 60 min at 42°C. The reagent was then inactivated by
heating at 95°C for 5 min. After amplification, relative gene
expression levels were determined using the 224" method.
B-actin was used as an endogenous control to normalize
mRNA levels. The expression of the following genes was
investigated: Ang-2 forward, 5'-ACTGTGTCCTCTTCCA
CCAC-3"and reverse, 5'-GGATGTTTAGGGTCTTGCTTT-3"
MMP13 forward, 5'-CCCAACCCTAAACATCCAA-3' and
reverse, 5~AAACAGCTCCGCATCAACC-3'; ADAMTS4
forward, 5'-ACCCAAGCATCCGCAATC-3' and reverse,
5'-“TGCCCACATCAGCCATAC-3"; collagen II forward,
5" TCCAGATGACCTTCCTACGC-3' and reverse, 5-GGTAT
GTTTCGTGCAGCCAT-3'; aggrecan forward, 5“TGAGCGG
CAGCACTTTGAC-3' and reverse, 5S“-TGAGTACAGGAGGC
TTGAG-3'; IL-1p forward, 5-ATGGCTTATTACAGTG
GCA-3' and reverse, 5-TGTAGTGGTGGTCGGAGA-3',
Homo f-actin forward, 5“"AGCGAGCATCCCCCAAAGTT-3'
and reverse, 5'-GGGCACGAAGGCTCATCATT-3.

Statistical analysis. All results are representative of three
independent experiments, with three replicates per experi-
ment, and expressed as the mean + SD. Two-tailed unpaired
Student's t-test was used to compare two groups, and one-way
analysis of variance (ANOVA) was used to compare three or
more groups to test significant differences. P<0.05 was consid-
ered to be statistically significant.

Results

Expression of Ang-2 in human NP tissues. To explore the
role of Ang-2 in the pathogenesis of IDD, we first assessed
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Figure 1. The expression of angiopoietin-2 (Ang-2) in human nucleus pulposus (NP) tissues. (A) Ang-2 mRNA and (B) protein levels in NP tissues from mild
intervertebral disc degeneration (IDD) (n=10) and severe IDD (n=10) patients were analyzed by quantitative real-time polymerase chain reaction (QRT-PCR)
and western blotting, respectively. f-actin was used as an internal control. Representative images of (C) Ang-2, (D) type II collagen and (E) MMPI13 protein
levelsin NP tissue (n=20). The proteins were detected by immunohistochemistry. Magnification, x400 "P<0.05 vs. mild IDD group.

the expression of the ANG2 gene in human IVD samples by
quantitative real-time polymerase chain reaction (QRT-PCR).
The expression of ANG2 gene was markedly upregulated in
NP tissues from severe IDD samples compared with those
from mild IDD samples (Fig. 1A). Similar results were
observed by western blotting, and Ang-2 protein levels were
significantly increased in the severe IDD group compared
with the mild IDD group (Fig. 1B). Immunohistochemistry
revealed that Ang-2-positive cells were significantly more
numerous in the severe IDD group compared with the mild
IDD group (Fig. 1C). Moreover, the amounts of type II
collagen-positive cells and MMP13-positive cells were
decreased and increased, respectively, in severe IDD compared
with mild IDD group (Fig. 1D and E).

Ang-2 treatment promotes ECM degradation in human degen-
erative NP cells. We then investigated the impact of Ang-2 on
ECM metabolism in degenerative NP cells. We measured the
mRNA and protein levels of type II collagen and aggrecan
by qRT-PCR and western blotting, respectively, in degenera-
tive NP cells exposed to exogenous Ang-2. Ang-2 treatment

resulted in a pronounced downregulation of type II collagen
and aggrecan at both mRNA and protein levels (Fig. 2A-D).
ECM catabolic proteinases, such as MMPs and ADAMTSs,
are highly expressed in degenerative IVD tissue and cells, and
are involved in ECM degradation during the development of
IDD (19). We therefore measured the expression of MMP13
and ADAMTS4 in degenerative NP cells. We observed that
the expression of MMP13 and ADAMTS4 on mRNA and
protein levels was significantly increased in degenerative NP
cells treated with exogenous Ang-2 compared with untreated
controls (Fig. 2E-H).

Ang-2 induces activation of the NF-kB pathway. It has been
reported that the NF-xB pathway is aberrantly activated in
IDD (20,21). We therefore asked whether the NF-«xB signaling
pathway is involved in Ang-2-induced ECM degradation. We
analyzed NF-kB nuclear translocation by western blotting
and immunofluorescence. As shown in Fig. 3A, Ang-2 treat-
ment markedly increased the protein levels of NF-kB p65
in a nuclear extract, in a dose-dependent manner, which
was indicative of the activation of the NF-xB pathway. The
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Figure 2. The effect of angiopoietin-2 (Ang-2) on extracellular matrix (ECM) degradation in human nucleus pulposus (NP) cells. NP cells were treated with exogenous
Ang-2 (10 uM) for 24 h, with untreated cells serving as a control. (A and B) The mRNA and protein levels of type II collagen and (C and D) aggrecan in NP cells were
analyzed by quantitative real-time polymerase chain reaction (QRT-PCR) and western blotting, respectively. (E and F) MMP13 and (G and H) ADAMTS4 mRNA and
protein levels in NP cells, as determined by gRT-PCR and western blotting, respectively. 3-actin was used as an internal control. “P<0.05 vs. control group.
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Figure 3. The effect of angiopoietin-2 (Ang-2) on nuclear translocation of NF-kB p65. Human nucleus pulposus (NP) cells were treated with various concentrations of
exogenous Ang-2 (0.1, 1 and 10 M) for 24 h, with untreated cells serving as a control. (A) Protein levels of NF-kB p65 in the nuclear fraction were determined by western
blotting. Lamin A was used as an internal control. (B) Immunofluorescence staining of NF-kB p65 in treated NP cells. Scale bars, 20 gm. "P<0.05 vs. control group.
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Figure 4. The NF-«xB pathway mediates angiopoietin-2 (Ang-2)-induced extracellular matrix (ECM) degradation in nucleus pulposus (NP) cells. NP cells were
treated with exogenous Ang-2 (10 #M), in the presence or absence of various concentrations (1, 2.5 and 5 M) of the NF-«B inhibitor BAY11-7082. Untreated
cells served as a control. (A) The expression of genes encoding type II collagen, (B) aggrecan, (C) MMP13 and (D) ADAMTS4 in NP cells was assessed
by quantitative real-time polymerase chain reaction (QRT-PCR). (E) Protein levels of type II collagen, aggrecan, MMP13 and ADAMTS4 in NP cells were
determined by western blotting. 3-actin was used as an internal control. "P<0.05 vs. control group; “P<0.05 vs. Ang-2-only stimulation group.

induction of NF-kB p65 nuclear translocation by Ang-2 was
also verified by immunofluorescence staining (Fig. 3B).

The effect of Ang-2 on ECM degradation is mediated by
NF-xB in human degenerative NP cells. We next determined
the expression of type II collagen, aggrecan, MMP13 and
ADAMTS4 in NP cells stimulated by Ang-2 in the presence or
absence of NF-«B inhibitor BAY11-7082. Ang-2 treatment led
to a marked downregulation of type II collagen and aggrecan
expression in NP cells, whereas NF-«B inhibition reversed this
effect in a dose-dependent manner (Fig. 4A, B and E). We also
assessed the expression of MMP13 and ADAMTS4 on mRNA

and protein levels. Upregulation of MMP13 and ADAMTS4
on stimulation with Ang-2 was significantly attenuated in the
presence of the NF-«xB inhibitor (Fig. 4C-E).

Ang-2 affects the expression of IL-153 in human degenerative
NP cells. The potent pro-inflammatory cytokine IL-1f plays
an important role in the pathogenesis of IDD by hampering
matrix synthesis and promoting the production of degrada-
tive enzymes (22). Ang-2 treatment significantly upregulated
IL-1p mRNA and protein levels in NP cells a dose- and
time-dependent manner (Fig. SA-D). Furthermore, this effect
was significantly attenuated in the presence of the NF-kB
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Figure 5. Effects of angiopoietin-2 (Ang-2) on interleukin (IL)-1$ expression in human nucleus pulposus (NP) cells. (A-D) NP cells were treated with various
concentrations (0.1, 1 and 10 uM) of exogenous Ang-2 for 24 h or with 10 uM of Ang-2 for different periods of time (12, 24 and 48 h), with untreated cells
serving as a control. (A and B) The mRNA and (C and D) protein levels of IL-1§ were analyzed by quantitative real-time polymerase chain reaction (QRT-PCR)
and western blotting, respectively. B-actin was used as an internal control. “P<0.05 vs. control group. (E and F) NP cells were pretreated with the NF-xB
inhibitor BAY11-7082 (5 pM) for 2 h and then treated with Ang-2 (10 xM) for 24 h. Untreated cells served as a control. (E) The IL-1 mRNA and (F) protein
levels were assessed by qRT-PCR and western blotting, respectively. f-actin was used as an internal control. "P<0.05 vs. control group; “P<0.05 vs. Ang-2-only

stimulation group.

inhibitor (Fig. 5SE and F). These results suggest that the NF-«xB
pathway mediates the Ang-2-induced expression of IL-1f in
human NP cells.

Discussion

Accumulating evidence implicates altered cell function and
decrease in the overall number of matrix-producing cells
as potential contributors to IDD (23). Therefore, the control
of matrix homeostasis, i.e., synthesis and degradation, is

important. Numerous studies have focused on the Ang-2
epigenetic regulation of pathogenesis and potential Ang-2
targets in the tumor, specifically Ang/Tie signaling; however,
the role of Ang-2 in IDD remains largely unknown. In the
present study, we show that increased secretion of Ang-2 by
NP cells is involved in IDD. By employing loss-of-function and
gain-of-function approaches, we determined that Ang-2 plays a
role in the degradation of ECM. Ang-2 promoted the activation
of MMPs and ADAMTSs through the NF-«B signaling
pathway. Inhibition of NF-«xB significantly suppressed this
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effect. Our data additionally indicated that Ang2 stimulates
the expression of the pro-inflammatory cytokine IL-1f in
human degenerative NP cells.

While gene expression profiling studies have identified
endothelial cells as the primary source of Ang-2 (24), other
studies have revealed that Ang-1 and -2 are also located at sites
of endochondral bone formation in the growing skeleton (25).
Mesenchymal stem cells, which express Ang-1 and high levels
of Ang-2, possess a pronounced ability to elicit remodeling of
preexisting vasculature at a site of injury and support new vessel
formation (26). In the present study, examination of Ang-2
transcript and protein levels in NP cells derived from mild
IDD and severe IDD confirmed that the expression of Ang-2
considerably increases during IDD progression. In addition,
immunohistochemistry experiments revealed higher numbers
of Ang-2 and MMP13-positive cells, and lower numbers of
collage II-positive cells, in severe IDD than in mild IDD.

Accumulating evidence suggests that neovascularization of
IVD is a pathological phenomenon as normal (healthy) discs
are primarily avascular structures. A recent study evaluated the
effect of extracellular endothelial microparticles (EMPs) and
soluble protein factors (SUP fraction) produced by ECs on matrix
catabolismin annulus fibrosus (AF) cells. This study revealed
enhanced matrix catabolism as a molecular consequence of AF
exposure to ECEMPs (27). Another study showed that AF cells
from degenerated discs secrete factors that stimulate ECs to
produce factors known to induce matrix degradation, angiogen-
esis and innervation (28). In the present study, we investigated
the effect of Ang-2 on the expression of MMP13, ADAMTS4,
aggrecan and collagen II. Gene expression analysis revealed that
MMPI3 and ADAMTS4 mRNA levels were significantly higher
in the Ang-2 treatment group than in the control group. The
effect of Ang-2 on aggrecan and type Il collagen showed the
opposite trend. Similarly, it has been shown that the treatment of
cultured retinal microvascular endothelial cells with increasing
amounts of purified Ang-2 led to a significant increase in MMP9
levels during retinal neovascularization (29).

In addition to the Ang/Tie system, numerous studies have
focused on novel signaling pathways in non-Tie-expressing
cells. Ang-2 has been shown to induce pericyte apoptosis via
the p53 pathway under high glucose in diabetic retinopathy (30).
Ang-2 addtionally exerts synergistic effects under high glucose
conditions on astrocyte apoptosis via the GSK-3f/p-catenin
pathway (31). In another study, Ang-2 acts as a vessel-desta-
bilizing molecule in TIE2-expressing ECs, and additionally as
a direct proangiogenic molecule in TIE2-negative angiogenic
ECs via integrin signaling (32). Moreover, Ang-2 interacts
directly with integrins and activates the downstream focal
adhesion kinase (FAK), ILK, Akt and ERK signaling pathways
in Tie2-deficent glioma and breast cancer cells (33).

As arapidly inducible transcription factor, NF-«xB regulates
the expression of numerous genes to mediate various cellular
processes, including cell proliferation, survival and differ-
entiation (34). Furthermore, NF-«kB is an important pathway
that plays a crucial role in both anabolism and catabolism in
IVD. The decreased gene expression of aggrecan and type II
collagen induced by IL-1p was reversed by inhibiting NF-xB
signaling (35). NF-kB pathway promotes catabolic gene
expression such as MMP-1, MMP-3, MMP-13, ADAMTS-4
and ADAMTS-5 expression in IL-1f stimulated animal NP
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cells (36). Here, we mainly studied the NF-«B signaling pathway
in Ang-2 treated degenerative NP cells. The results showed that
the effect of Ang-2 on ECM degradation is mediated by NF-«xB
signaling pathway, at least in part. When we used an inhibitor
of NF-«B, the effect of Ang-2 on ECM degradation was attenu-
ated. Catabolism relative ADAMTS4 and MMP13 expression
induced by Ang-2 decreased dramatically. However, increased
synthesis collagen II and aggrecan were detected after BAY11-
7082 treatment. Future studies should investigate the specific
mechanism whereby Ang-2 activates NF-«kB signaling in
degenerative NP cells. In addition, Ang-2 induces the expres-
sion of IL-1p in a time- and concentration-dependent manner
in human degenerative NP cells. This process was additionally
weaken by the inhibitor of NF-«B.

David et al observed that expression of neovascularization
growth factors in the disc is associated with post-surgical pain,
implicating this process in a clinically relevant pathology (37). A
phase III AVAGAST trial is currently under way to evaluate Ang-2
as a biomarker in gastric cancer (38). To the best of our knowledge,
this study provides evidence for the first time that Ang-2 levels in
degenerative NP cells increase with increasing severity of IDD.
Upon Ang-2 exposure, MMPs and ADAMTSs become dysregu-
lated in degenerative NP cells and degrade aggrecan and type 11
collagen. This contributes to the pathogenesis of IDD. Ang-2 is
also involved in the pathogenesis of IDD, at least partially, by
inducing NF-xB activation and IL-1( expression.

In conclusion, our study suggests that the inhibition of
Ang-2 may represent a novel therapeutic approach for the
treatment of IDD.
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