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Abstract: Based on previous findings that cyclooxygenase-2 (COX-2) is a critical molecule in chondrocyte differen-
tiation and skeletal repair, we hypothesized that COX-2 deficiency or inhibition affects the ossification of vertebral 
endplates (VEP) and degeneration of intervertebral discs (IVD) and thus is involved in the pathogenesis of low back 
pain (LBP). We aimed to delineate the COX-2 working mechanism and its interacting molecules, and to explore 
the effect of NSAIDs and selective COX-2 inhibitor on degenerative spinal diseases. Here, lumbar spinal samples 
harvested from Cox-2 mutant (Cox-2-/-) and wild type (WT) mice were used for histological examinations. Nucleus 
pulposus (NP) cells isolated from rat were treated with PGE-2. Mouse endplate chondrocytes (mEC) isolated from 
mice were treated with a recombinant sonic hedgehog (Shh) protein. A mouse IVD organ culture system was estab-
lished and treated COX-2 inhibitor Celecoxib. Human lumbar endplate chondrocytes were cultured and treated with 
Celecoxib. Immunohistochemical (IHC) studies were done in the human and mouse VEP samples. Radiographic and 
histological examinations revealed delayed VEP ossification in Cox-2-/- mice compared to WT ones. Decreased PGE-
2 expression was found to promote Shh expression in rat NP cells, while Shh increased noggin expression in mEC. 
IHC showed that noggin expression was increased while pSmad1 expression decreased in the VEP of Cox-2-/- mice. 
Human VEP samples from patients with severe IVD degeneration showed decreased expression of Shh and noggin 
and increased expression of COX-2 and pSmad1 compared with milder cases. In cultured mouse IVDs and human 
endplate chondrocytes, Celecoxib enhanced expression of Shh and noggin and decreased Smad1 phosphorylation. 
In conclusion, COX-2/PGE-2 axis plays an important role in VEP ossification and IVD degeneration through crosstalk 
with Shh and BMP signaling pathways. These findings may facilitate clinical use of COX-2 inhibitor to prevent LBP 
progression.
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Introduction

Low back pain (LBP) is a common symptom and 
its incidence keeps increasing as the popula-
tion ages [1]. Emerging data indicate that inter-
vertebral disc (IVD) degeneration play a critical 
role in its pathogenesis. Advanced MRI tech-
niques have demonstrated a positive correla-
tion between the pathological changes in verte-
bral endplates (VEP) adjacent bone (Modic 

changes) and the severity of LBP, which is con-
sistent with the results from the modified 
Pfirrmann grading system [2-4]. 

Prostaglandin E2 (PGE-2), a major inflammatory 
mediator, takes its effect on musculoskeletal 
system through its receptors EP1-EP4 [5-8]. 
Cyclooxygenases (COX) are the rate-limiting 
enzymes for PGE-2 synthesis. While COX-1 is 
constitutively expressed in most tissues and 
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cells, the expression of COX-2 is temporally and 
spatially restricted [9]. Previous studies show 
that fracture healing is delayed in Cox-2 mutant 
(Cox-2-/-) mice partially due to aberrant chon-
drocyte differentiation. Bone marrow mesen-
chymal stromal cells (BMSCs) isolated from 
Cox-2-/- mice are unable to form bone nodules, 
while addition of either PGE-2 or EP4 agonist 
can rescue such defect [10, 11]. The role of 
COX-2 and PGE-2 in the pathogenesis of osteo-
arthritis (OA) remains elusive. In a mouse OA 
model, inhibition of COX-2 activity does not 
show evident chondroprotective effect [12], 
while in another study, use of a COX-2 inhibitor 
Celecoxib in mechanically stimulated porcine 
mandibular chondrocytes down-regulates the 
expression of certain MMPs and ADAMTS5, 
and up-regulates the expression of type II col-
lagen (Col2) and aggrecan [13]. 

Lumbar IVD degeneration eventually may lead 
to rupture of the annulus fibrous (AF) and her-
niation of the nucleus pulposus (NP). Physical 
and biological stimuli to nerve roots incite local 
and radiating pain. In addition, disregulated 
ossification and calcification of VEP may exac-
erbate IVD degeneration by interruption of 
nutrient supplies [14]. Therefore, premature 
VEP ossification can be used to assess the 
severity of IVD degeneration. LBP with mild IVD 
degeneration has been routinely treated with 
non-steroidal anti-inflammatory drugs (NSAIDs). 
To reduce the adverse effects of NSAIDs, selec-
tive COX-2 inhibitor such as celecoxib has 
become increasingly popular in LBP treatment 
[15]. Interestingly, Celecoxib can also prevent 
ectopic ossification after total hip replacement, 
probably through inhibition of osteoblast differ-
entiation [16, 17]. 

BMP-2 is a critical molecule involved in physio-
logical and pathological processes in the skel-
etal system. It binds to its receptors on chon-
drocytes and osteoblasts causing phosphory- 
lation of Smad1, 5, and 8 [18, 19]. We recently 
showed that BMP-2 induces Cox-2 expression 
and PGE-2 production, and regulates chondro-
cyte differentiation by inducing ATF4 phosphor-
ylation [20]. Noggin, an extracellular inhibitor 
for BMPs, prevents activation of BMP signaling 
pathway through competitive binding to their 
receptors [21]. In addition to BMP signaling 
pathway, Hedgehog (Hh) pathway including 
ligands such as Sonic Hh (Shh) and Indian Hh 

(Ihh) also plays an important role in the devel-
opment of skeletal tissues by regulating differ-
entiation of chondrocytes and osteoblasts [22]. 
Shh inhibits BMP-4 function by increasing 
Noggin expression, whereas another study 
shows that expression of BMP-2 is independent 
of Hh signaling. Clearly, more studies are need-
ed to delineate the interdependent relationship 
among COX-2, BMP and Hh pathways in muscu-
loskeletal tissues [23-25]. 

Based on previous studies, we hypothesized 
that COX-2 deficiency affect VEP chondrocyte 
differentiation and play a role in the IVD degen-
eration and LBP, and that the severity of spinal 
degeneration correlate with the expression 
level of COX-2. We thus performed relevant 
experiments to confirm our hypotheses and to 
determine the molecular mechanisms underly-
ing such changes with the focus on the interac-
tion among COX-2, BMP and Shh signaling path-
ways. We expect that the findings made in our 
present study will lend some novel insights to 
LBP pathogenesis and the effect of selective 
COX-2 inhibitor on IVD degeneration.

Materials and methods

Patients

Patients (n=23, 10 men, 13 women, average 
age: 62 years old) with LBP due to IVD degen-
eration and spinal instability were treated with 
single-segment fusion after removal of VEP-
IVD. All patients signed the form of consent and 
all procedures were approved by the Ethnic 
Committee of the People’s Hospital of Nanjing 
Medical University, China. The MRI examination 
before surgery showed that 9 patients had 
Modic changes and 14 patients did not have.

Animals

All animal studies were conducted with the 
approval of the Committee on Animal Resources 
in the University of Rochester and the 
Committee of laboratory Animal Use in Nanjing 
Medical University. Mice.: The lumbar spine 
samples were collected from both Cox-2-/- and 
their WT littermates at different ages (3, 5, 7 
months, n=6 in each group and each time 
point). After careful removal of soft tissue, the 
samples were subjected to radiographic exami-
nation using Faxitron machine (Faxitron 



Lumbar vertebral endplates ossification by cyclooxygenase-2 deficiency

720 Am J Transl Res 2018;10(3):718-730

Corporation, Wheeling, IL). Then, the samples 
were fixed and decalcified for histological and 
immunohistochemical studies. Rats.: The lum-
bar spine samples were collected from 6- 
month-old Wistar rats after sacrifice. After 
careful removal of soft tissue, L1-L5 spinal col-
umns were kept sterile for NP cell isolation.

Isolation of primary rat NP cells

Lumbar spine samples were harvested from 
5-month-old Wistar rats, and the jelly-like NP 
was collected and digested with 0.25% trypsin 
(Life Technologies, Grand Island, NY) at 37°C 
for 30 min. After wash and centrifuge, the pellet 
was further digested with 0.1% type II collage-
nase (Sigma-Aldrich; St. Louis, MO) at 37°C for 
3 hrs. The debris were removed by filtering 
through a 100 µm sieve and the NP cells were 
re-suspended for subsequent culture in DMEM 
containing 10% FBS. At about 80% confluence, 
the NP cells were starved in serum free medi-
um for 12 hrs prior to PGE2 treatment. The RNA 
and protein samples were harvested at 12 and 
24 hrs, respectively.

Isolation of primary mouse endplate chondro-
cytes (mEC)

The mEC were isolated from the cartilaginous 
endplates of the lumbar vertebrae of 5-month-
old C57BL/6J WT mice. Soft tissue was 
removed by digesting with pronase (0.2% in 
PBS, Roche, Indianapolis, IN) at 37°C, shaking 
for 45 min and digested with collagenase D 
(Roche, 0.3% in serum-free medium) for 60 min 
at 37°C. After wash, cartilage tissue blocks 
were further digested with collagenase D for 5 
hrs at 37°C. Purified mEC were cultured on 
DMEM containing 10% FBS (Invitrogen; 
Carlsbad, CA), and then treated with a mouse 
recombinant Shh protein (10-6 M, Sigma-
Aldrich). The RNA and protein samples were col-
lected 12 and 24 hrs after treatment by RT-PCR 
and western blotting, respectively.

Isolation and culture of degenerated human 
intervertebral disc endplate chondrocytes

Surgical human cartilage endplates were 
placed in sterile PBS. Soft tissue was removed 
by digesting with pronase (0.2% in PBS, Roche, 
Indianapolis, IN) at 37°C, shaking for 45 min 
and digested with collagenase D (Roche, 0.3% 
in serum-free medium) for 60 min at 37°C. 

After wash, cartilage tissue blocks were further 
digested with collagenase D for 5 hrs at 37°C. 
Purified chondrocytes were cultured on DMEM 
containing 10% FBS (Invitrogen; Carlsbad, CA), 
the culture solution was changed every other 
day. When growing to 80% confluence, the 
chondrocytes were starved in a serum-free 
medium for 12 hrs. Cells in the control group 
were treated with 0.1% DMSO, while cells in the 
Celecoxib group were treated with a selective 
COX-2 inhibitor Celecoxib (Sigma-Aldrich) at a 
concentration of 300 mg/ml. The RNA samples 
were collected 12 hrs after treatment by 
RT-PCR.

In vitro organ culture of mouse IVDs

C57BL/6 WT mice of 5-month-old were sacri-
ficed and the lumbar spine samples (L4-L6) 
were collected. All samples were cultured in 
petri dishes in DMEM/F12 medium containing 
20% FBS [26]. A selective COX-2 inhibitor 
Celecoxib (300 ng/ml, Sigma-Aldrich) [27] was 
added to the dishes with DMSO as vehicle con-
trol. The medium and drugs were changed 
every 24 hours and the treatment lasted for 3 
and 7 days, respectively. Then, these cultured 
samples were collected for subsequent 
studies.

Real-time PCR (RT-PCR)

RNA was extracted with a kit from Qiagen 
(Valencia, CA) and reversely transcribed into 
cDNA with SuperScript First Strand Synthesis 
System (Invitrogen). RT-PCR was performed 
with the relevant mouse, rat and humanprim-
ers and β-actin was used as an internal refer-
ence gene. The expression of each gene was 
normalized to β-actin and the results were rep-
resented as the mean and standard deviation 
(SD).

Western blotting analysis

Western blotting analysis was performed as 
previously described [20]. The Shh and Noggin 
antibodies were purchased from Abcam 
(Cambridge, MA, USA).

Histological and immunohistochemical (IHC) 
studies

Human VEP samples, the lumbar spine sam-
ples from both Cox-2-/- and WT mice, and the in 
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Figure 1. Radiographic examination demonstrated that IVD spaces were much clearer in Cox-2-/- mice than 
in their WT littermates (A, B). Histological analysis with H/E (C, D) and Alcian blue (E, F) staining showed that 
cartilaginous VEP in mice, unlike that in humans, was in continuation with growth plate. While apparent os-
sification with bone marrow formation was observed in the VEP of WT mice, such phenomenon was not evi-
dent in Cox-2-/- mice. Human VEP samples were divided into two groups based on MRI examination: group 1 
samples from patients with Modic changes and severe IVD degeneration (H), and group 2 samples from 
the patients without Modic changes and mild IVD degeneration (G). IHC studies showed intense immu-
noreactivity to COX-2 in the group 1 samples (J), while such signal was negligible in group 2 samples (I). 
RT-PCR assay showed higher COX-2 expression in patients’ end-plate cartilage in group 2 than in group 1 (K). 

vitro cultured IVD samples were fixed with for-
malin and decalcified in 5% EDTA. After pro-
cessing, the samples were embedded in paraf-
fin and the sections (5 µm) were cut for 
subsequent analysis. Histological examinations 
were performed after hematoxylin/eosin (HE) 
and Alcian blue staining. IHC studies were per-
formed as previously described [20]. The fol-
lowing antibodies were used in the studies: 
COX-2 (Cayman Chemical, Ann Arbor, MI), phos-
phorylated Smad1 and VEGFR2 (Cell Signaling 
Technology, Danvers, MA), Noggin and Shh 
(Abcam).

Statistical analysis

All data was expressed as the mean ± SD. 
Students’ T test was performed using the soft-
ware SPSS version 13.0 (SPSS Inc.; Chicago, IL, 
USA) with a P value < 0.05 denoting significant 
difference.

Results

Delayed VEP ossification in Cox-2-/- mice

Radiographic examination of the lumbar spine 
samples were performed and analyzed by 3 
independent researchers and that result 
showed that compared to the WT ones, IVD 
spaces were much clearer in Cox-2-/- mice 
(Figure 1A and 1B). Such difference was most 
significant in 5-month-old mice. We thus 
focused our experiments on the 5 month sam-
ples. Histological examination showed that nor-
mal ossification of VEP with formation of bone 
marrow cavities seen in WT mice was absent in 
Cox-2-/- mice of the same age (Figure 1C and 
1D). Alcian blue staining showed that the shape 
of the growth plate in WT mice was irregular, 
indicative of progressive ossification. VEP ossi-
fication, as evidenced by loss of cartilage matrix 
staining, was more evident in WT mice than 
their Cox-2-/- littermates. In contrast, the shape 
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COX-2 expression level cor-
related with the severity of 
IVD degeneration

Human VEP samples were 
collected from the patients 
suffering from IVD degenera-
tion with or without Modic 
changes undergoing spinal 
fusion surgery. Our previous 
study has shown a correla-
tive relationship between 
Modic changes and Pfirr- 
mann grading system with 
respects to the severity of 
IVD degeneration in lumbar 
spine [3]. We thus divided 
the patient VEP samples into 
two groups: group 1 samples 
from patients with Modic 
changes and more severe 
IVD degeneration such as 
sequestration, and group 2 
samples from patients with-
out Modic changes and mild-
er IVD degeneration such as 
protrusion as shown by MRI 
(Figure 1G and 1H). Our IHC 
results showed that COX-2 
expression was more signifi-
cant in group 1 compared to 
group 2 samples (Figure 1I 
and 1J). RT-PCR assay 
showed higher COX-2 expres-
sion in patients’ endplate 
cartilage in group 1 than in 
group 2 (Figure 1K).

PGE2 inhibited Shh expres-
sion in rat NP cells

Based on these observa-
tions, we reasoned that re- 
duced PGE-2 production in 
IVD cells due to COX-2 defi-
ciency may affect VEP ossifi-
cation. Primary rat NP cells 
were treated with PGE-2 at 

Figure 2. Rat nucleus pulposus (NP) cells were treated with PGE-2 at differ-
ent concentrations (10-9-10-7 M) and the expressions of the TGF-β superfamily 
members were determined by RT-PCR. The results showed that PGE-2 did not 
have evident effect on TGFβ, β2, β3 (A), and BMP-2, -4, -6 and -7 (B). PGE-2 
did not have significant effect on VEGFA-D (C). In addition, PGE-2 treatment 
did not significantly change the expression of pro-inflammatory cytokines IL-
1β and TNF-α, two major matrix proteins Col-2 and aggrecan, and two matrix 
degrading enzymes Adamts5 and Mmp-13 (D). *, P < 0.05. Error bars, S.D. 

of growth plates was regular and VEP ossifica-
tion was not apparent in Cox-2-/- mice (Figure 
1E and 1F). The results suggest that COX-2 
deficiency delays the VEP ossification. We then 
decided to study the relationship between the 
level of COX-2 expression and human IVD 
degeneration.

different doses (10-9-10-7 M), and the related 
genes were examined by RT-PCR. PGE-2 treat-
ment did not cause significant changes in the 
expression of TGF-β superfamily members, dif-
ferent BMPs and VEFGs (Figure 2A-C). 
Additionally, the changes in the expression of 
Il-1β, Tnf-α, Col2a1, Aggrecan, Adamts5, and 



Lumbar vertebral endplates ossification by cyclooxygenase-2 deficiency

723 Am J Transl Res 2018;10(3):718-730

Mmp-13 were not evident (Figure 2D). We then 
examined the possible changes in the ligands 
of Hh signaling pathway because this pathway 
is closely related to chondrocyte hypertrophy 
and ossification. Our RT-PCR results showed 
that PGE-2 did not affect the expression of Ihh 
but downregulated the Shh expression in a 
dose-dependent manner (Figure 3A). Western 
blotting analysis confirmed that PGE-2 (10-7 M) 
decreased the Shh protein expression in these 
cells (Figure 3B). Consistent with these in vitro 
findings, Shh expression was enhanced in the 
NP and VEP of Cox-2-/- mice compared to their 
WT littermates (Figure 3C).

Shh increased noggin expression in mEC; 
COX-2 deficiency increased noggin expression 
and inhibited the activation of BMP2 and VEGF 
pathways

Based on previous studies and observations 
made so far, we decided to examine the effect 
of Shh protein on BMP signaling pathway in VEP 
chondrocytes as this pathway is critical for 
chondrocyte differentiation. The mEC were 
treated with a recombinant sonic hedgehog 
(Shh) protein. While Shh did not have significant 
effect on the BMP signaling molecules, it did 
increase noggin expression in mEC at both 

Figure 3. Rat NP cells were treated with PGE-2 and the expression of Hh molecules were analyzed with RT-PCR. The 
expression of Ihh was not changed after PGE-2 treatment. However, PGE-2 significantly suppressed Shh expression 
of (A). Western blotting analysis showed that PGE-2 suppressed the protein expression of Shh (B). IHC study of the 
IVD samples with an antibody to Shh showed a much stronger immunostaining in Cox-2-/- mice than in WT ones (C). 
*, P < 0.05. Error bars, S.D.
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Figure 4. Mouse EC were treated with a recombinant mouse Shh protein for 12 or 24 hrs for RT-PCR and western 
blotting, respectively. Shh increased the expression of noggin at both mRNA and protein levels (A, B). IHC staining 
revealed intense noggin immunoreactivity in Cox-2-/- mice, while the noggin positive cells were hardly seen in WT 
ones. In addition, IHC staining showed numerous phosphorylated Smad1 (pSmad1) and pVEGFR2 positive cell in 
the IVD of WT mice, while such positive cells were rarely seen in the samples from Cox-2-/- mice (C).

mRNA and protein levels (Figure 4A and 4B). 
Accordingly, noggin expression was increased 
in the VEP and NP of Cox-2-/- mice, probably 
due to enhanced Shh expression. As an extra-
cellular inhibitor of BMPs family, noggin sup-
presses activation of BMP-Smad pathway. Our 
IHC study showed Smad1 phosphorylation was 
repressed in the VEP of Cox-2-/- mice, suggest-
ing inactivation of BMP-Smad pathway. As BMP 
signaling is also closely related to angiogene-
sis, we did IHC staining with a phosphorylated 
VEGFR2 (pVEGFR2) antibody in mouse VEP 
samples to assess the activation status of 
VEGF pathway. Our results showed that com-
pared to their WT littermates, the staining of 
pVEGFR2 was much weaker in Cox-2-/- mice, 

implying a suppressed VEGF-mediated angio-
genesis (Figure 4C).

Expression of Shh, noggin and pSmad1 in hu-
man VEP samples

To correlate our findings made in mice and in 
vitro studies with human IVD degeneration, we 
performed IHC studies to compare the expres-
sion of the above mentioned molecules in 
group 1 and group 2 VEP samples. In group 1 
samples with Modic changes and severe IVD 
degeneration, the expression of Shh (Figure 5A 
and 5B) and Noggin (Figure 5C and 5D) was 
repressed compared to group 2 samples with-
out Modic changes and mild IVD degeneration. 
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In contrast, pSmad1 staining was more intense 
in group 1 samples than group 2 ones (Figure 
5E and 5F). However, RT-PCR showed lower 
Shh and Noggin expression in patients’ end-
plate chondrocytes in group 1 in relative to in 
group 2, while higher pSmad1 expression was 
detected in group 1 than in group 2 (Figure 5G).

Celecoxib increased Shh and noggin expres-
sion and suppressed Smad1 phosphorylation

Previous studies show that COX-2 is closely 
involved in the process of chondrocyte differen-
tiation and skeletal repair. To determine wheth-
er exogenous COX-2 inhibitor has a similar 
effect to deficiency of endogenous COX-2, we 
established an organ culture model of mouse 
IVDs with VEPs. These in vitro cultured mouse 
IVD-VEPs were treated with either Celecoxib or 
vehicle. Our studies showed that the morphol-
ogy of the cultured samples remained largely 
intact 7 days after treatment (Figure 6A and 
6B), and that Celecoxib effectively suppressed 
COX-2 expression (Figure 6C and 6D). IHC stain-
ing showed that Celecoxib increased the pro-
tein expression of both Shh (Figure 6E and 6F) 
and noggin (Figure 6G and 6H), while the num-

ber of pSmad1 positive cells were reduced 
after treatment (Figure 6I and 6J). In addition, 
Celecoxib treatment was found to cause an 
elevation of Shh and Noggin expression and a 
reduction of pSmad1 expression in patients’ 
endplate chondrocyte as compared to vehicle, 
as revealed by RT-PCR assay (Figure 6K).

Discussion

Our studies for the first time demonstrate that 
endogenous COX-2 deficiency in Cox-2-/- mice 
causes delayed VEP ossification (Figure 7). In 
humans, VEP calcification and ossification con-
tributes to LBP pathogenesis by inducing IVD 
degeneration through interruption of nutrient 
supplies from vertebral bodies to IVD. We thus 
decided to investigate the mechanisms under-
lying such changes for in-depth understanding 
of IVD degeneration. More importantly, as 
NSAIDs and COX-2 specific inhibitor are widely 
used in LBP treatment, elucidation of their 
effect on VEP ossification may improve our 
understanding of IVD pathologies. Based on 
previous observations made in other groups 
and our own, we focused on possible crosstalk 
among COX-2, TGF-β superfamily members and 

Figure 5. Human IVD samples 
with (group 1) or without Modic 
(group 2) changes harvested dur-
ing surgery were subjected to 
IHC staining with the antibodies 
to Shh, noggin and pSmad1. Shh 
(A, B) and noggin (C, D) positive 
cells were detected in the group 
2 samples, but not in the group 1 
samples. In contrast, the group 1, 
but not group 2 samples, showed 
positive staining for pSmad1 (E, 
F). However, RT-PCR showed low-
er Shh and Noggin expression in 
patients’ end-plate chondrocytes 
in group 1 than in group 2, while 
higher pSmad1 expression was 
detected in group 1 than in group 
2 (G). *, P < 0.05. Error bars, S.D.
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Figure 6. Mouse lumbar IVD samples were cultured in vitro in the presence or absence of COX-2 inhibitor Celecoxib 
for 7 days. Histological examination showed that Celecoxib treatment did not cause evident changes in the mor-
phology of cultured IVD (A, B). However, IHC analysis demonstrated that Celecoxib significantly suppressed COX-2 
expression (C, D). In addition, Celecoxib increased the protein expression of both Shh (E, F) and Noggin (G, H), and 
inhibited Smad1 phosphorylation in IVD and EP (I, J). In addition, Celecoxib treatment increased Shh and Noggin 
expression and decreased pSmad1 expression in patients’ endplate chondrocyte in relative to vehicle, as revealed 
by RT-PCR assay (K). *, P < 0.05. Error bars, S.D.

Hh signaling pathway. To our surprising, the 
only positive result from our RT-PCR screening 
was PGE-2 mediated inhibition of Shh expres-
sion in rat NP cells. In fact, Shh is a critical mol-
ecule in IVD development [28]. We postulated 
that the factors produced by NP cells in IVD 
may regulate VEP chondrocyte differentiation 
via a paracrine manner. Previous studies have 
shown that BMP-2 is an important molecule for 
chondrocyte differentiation and noggin is an 
extracellular inhibitor of BMP signaling path-
way, and that there is an interdependent rela-
tionship between Shh and BMP-noggin network 
[29-32]. Thus, we took use of the mEC to inves-
tigate the effect of Shh on noggin production in 
the chondrocytes. In vitro studies demonstrate 
that Shh upregulates the expression of noggin 

in mEC. Consistent with these findings, noggin 
expression is increased in Cox-2-/- mice, at 
least partially due to lack of PGE2 mediated 
inhibition of Shh expression. Naturally, BMP-
Smad pathway is deactivated in such mice as 
shown by scarce immunoreactivity to pSmad1. 
Similar to that in growth plate where chondro-
cyte hypertrophy and apoptosis often is fol-
lowed by blood vessel invasion, normal activa-
tion of VEGF signaling is also a concomitant 
response accompanying BMP-Smad activation 
[33]. As such, the phosphorylation of VEGF 
receptor with ensuing activation of this path-
way is inhibited in Cox-2-/- mice. In human VEP 
samples, IHC study has shown a positive cor-
relation between the level of COX-2 expression 
and the severity of IVD degeneration as denot-
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ed by the absence or presence of Modic chang-
es. Further, treatment of the cultured IVD-VEP 
and human endplate chondrocytes with 
Celecoxib resulted in similar changes to that in 
the Cox-2-/- mice. Collectively, these findings 
suggest that inhibition of COX-2 activity delays 
VEP ossification and prevents progression of 
IVD degeneration.

TGF-β superfamily members including different 
BMPs are closely involved in heterotrophic ossi-
fication, chondrocyte maturation and skeletal 
repair. COX-2 and its metabolite PGE-2 are also 
important in osteochondrogenesis and fracture 
healing. Our previous studies have demonstrat-
ed a complex crosstalk between BMP and 
COX-2 signaling [20, 34]. In the present study, 
we explored the effect of COX-2 deficiency on 
mouse VEP ossification and established a 
molecular cascade involving BMP-2, COX-2 and 
Hh signaling events. We found a critical mole-
cule, noggin, linking BMP-2 and COX-2 signaling 
pathways. The end result of COX-2 deficiency in 
mouse spine is the suppression of the BMP-
Smad1 pathway in IVD and the delay in the VEP 
ossification, suggesting a possible clinical use 
in early LBP. Shh may also become a therapeu-
tic target for spinal degeneration. 

Adult IVDs are the largest hypoxic organ in 
humans, which helps maintain VEP as cartilagi-
nous tissue. While it is widely accepted that 
vascular invasion is a causative factor for IVD 

degeneration [35], the detailed mechanisms 
underlying these processes are not completely 
understood. Previous studies show that hypox-
ia induces COX-2 expression causing subse-
quent neoangiogenesis, and that fracture heal-
ing is delayed in Cox-2-/- mice due to impaired 
endochondral bone formation and angiogene-
sis [10, 11, 36]. In another report, treatment of 
rat periodontitis with a COX-2 inhibitor causes 
suppression of VEFG expression and prevents 
bone loss [37]. Binding of VEGFs to the tyrosine 
kinase receptors causes their phosphorylation 
with subsequent activation of the downstream 
signaling [38]. Scarce pVEGFR2 immunoreac-
tivity in the VEP of Cox-2-/- mice implies that 
COX-2 deficiency leads to inhibition of VEGF sig-
naling and neoangiogenesis, thus alleviating 
IVD degeneration. These observations are 
somewhat contradictory to our in vitro findings 
that PGE2 has negligible effect on the expres-
sion of VEGFs in rat NP cells. It is plausible to 
postulate that a cell specific response may 
exist, and that in vivo and in vitro responses 
may differ. More mechanistic studies are war-
ranted to unveil the crosstalk among COX-2, 
BMPs, and VEGFs in the IVD degeneration. 

Shh is a critical molecule for the development 
of limbs, somites and neural tube, and Shh 
mutant mice develop severe limb deformities 
[39, 40]. Our results show that PGE-2 inhibits 
Shh expression in a dose-dependent manner 
while it does not affect Ihh expression. We also 
reveal a reverse correlation between Shh and 
the severity of IVD degeneration. Previous stud-
ies have shown that Shh enhances osteoblast 
proliferation and differentiation, therefore pro-
moting bone repair. Transient inhibition of Shh 
causes premature yet permanent closure of 
growth plate [41, 42]. Interestingly, overexpres-
sion of Shh in the prostate cancer cells increas-
es the expression of noggin and BMP-7 [43]. In 
our studies, the treatment of mEC with a recom-
binant Shh protein increases noggin expres-
sion. COX-2 deficiency and decreased PGE-2 
production in Cox-2-/- mice results in the loss 
of the PGE-2 mediated inhibition of Shh expres-
sion, leading to upregulation of noggin and inhi-
bition of BMP-Smad1 activation. Collectively, 
the results suggest that noggin is an important 
mediator in the COX2/PGE2/Shh/BMP-2 axis 
during VEP ossification and IVD degeneration. 

Currently, selective COX-2 inhibitors such as 
Celecoxib are widely used in LBP because of 

Figure 7. Proposed model: A reduced expression of 
endogenous COX-2 promoted Shh expression in the 
intervertebral disc nucleus pulposus, while Shh in-
creased Noggin expression in endplate, which led 
to reduced pSmad1 and pVEGFR2 expression, and 
alleviation of ossification of the endplate cartilage. 
The exogenous COX-2 inhibitor was found to partially 
suppress COX-2 expression, promote Shh and Noggin 
expression and decrease pSmad1 expression.
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their efficacy in pain relieving and relatively less 
adverse effects. The additional beneficial 
effects of COX-2 inhibition revealed in our pres-
ent study provide further support for their clini-
cal use in the early stages of IVD degeneration 
through inhibition of VEP ossification.
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