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Roles of COX-2 and iNOS in the Bony Repair of
the Injured Growth Plate Cartilage
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Abstract Growth plate injuries often lead to bone growth defects, which primarily occur due to bony repair at injury
sites. Bony repair is preceded by an injury-induced inflammatory response, which could play a role in regulating the repair
process. Here, roles of two inflammatory mediators, cyclo-oxygenase 2 (COX-2) and inducible nitric oxide synthase
(iNOS), in the injury responses were analysed by examining their gene expression and effects of blocking their activities,
respectively, with celecoxib and aminoguanidine during 2 days prior to and until 7 days after injury in a rat tibial growth
plate injury model. Quantitative RT-PCR assays revealed upregulated expression of COX-2 on days 1 and 4 and iNOS on
day 1. Histological analysis of injury sites revealed significant reductions in inflammatory infiltrate (particularly
neutrophils) on day 1 in treated groups compared to saline control. While bony tissue proportions at injury sites were
unaffected by either treatment, mesenchymal tissue proportions were larger but cartilaginous tissue proportions were
smaller on day 8 (though statistically insignificant), and bone remodelling appeared delayed with a smaller bone marrow
proportion on day 14 in both treatment groups. These findings suggest that COX-2 and iNOS mediate injury-induced
inflammatory response, and may play a role in enhancing mesenchymal cell differentiation to cartilaginous cells and in
promoting bone remodelling during bony repair of growth plate injury sites. Furthermore, increased expression of
cartilage-related (collagen-2, collagen-10, SOX-9) and bone-related molecules (osteocalcin, cbfa-1) suggest involvement
of both endochondral and direct bone formation mechanisms during bony repair. J. Cell. Biochem. 99: 450–461, 2006.
� 2006 Wiley-Liss, Inc.
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The cartilaginous growth plate, responsible
for lengthening of children’s long bones, con-
sists of the resting, proliferating and hyper-
trophic zones [Ianotti, 1990; Kronenberg, 2003].
Bone growth occurs through endochondral
ossification, where cells are activated at the
resting zone and upon stimulation, synthesise
collagen-2 and proliferate at the proliferation
zone in a columnar manner. These chondrocytes

mature and express collagen-10 at the hyper-
trophic zone, where they mineralise their
surrounding matrix and undergo apoptosis at
the chondro-osseal transitional zone. Blood
vessels invade and vascularise the mineralised
hypertrophic cartilage, bringing in osteoblasts
that form bone on the mineralised cartilage and
osteoclasts that remodel newly formed bone at
the metaphysis.

Growth plates in children are fragile, injury-
prone and often become functionally disrupted
when injured [Foster and Johnstone, 2000]. In
such injuries, undesired bony tissue repair at
the injury site [Wattenbarger et al., 2002]
leads to bone growth defects [Ogden, 2000].
Xian et al. [2004] described sequential events,
namely initial inflammatory, fibrogenic, osteo-
genic and bone remodelling responses in a rat
growth plate injury healing model. Cellular and
histological evidence of this earlier study sug-
gested that bony repair at the injured growth
plate occurred mainly through a direct bone
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formation process (intramembranous ossifica-
tion). Marrow-derived mesenchymal cells were
recruited to the injury site, and some cells
differentiated to osteogenic cells that expressed
osteogenic differentiation transcription factor
core binding factor-a1 (cbf-a1). These cells
formed bony tissue containing bone matrix
protein osteocalcin at the injury site 7 days
after injury. Associated temporally with cellu-
lar events described above, changes in expres-
sion of proinflammatory cytokines and growth
factors after growth plate injury were observed
by Zhou et al. [2004]. Of note, there were
transient increases in expression of proinflam-
matory cytokines interleukin 1-beta (IL1b) and
tumour necrosis factor-alpha (TNFa) during the
inflammatory response and TNFa during bone
remodelling. While these cytokines inhibit
expression of cartilage-related genes, such as
chondrogenic transcription factor SOX-9 [Mur-
akami et al., 2000], they are important chemo-
tactic factors for mesenchymal cells [Kovacs and
DiPietro, 1994]. TNFa is also essential for
intramembranous bone formation during bone
fracture healing [Gerstenfeld et al., 2001]. Since
the inflammatory response is the first cellular
event at the injured growth plate, we proposed it
could play a regulatory role in subsequent
events leading to bony repair at the injury site.

Inflammatorymediatorsprostaglandins (PGs)
are synthesised from arachidonic acid by two
isoforms of the cyclo-oxygenase (COX) enzyme
[Smith and Langenbach, 2001]. COX-1 is con-
stitutively expressed, while COX-2 is induced
during an inflammatory response. Increased
PGs levels following COX-2 expression upregu-
lates various inflammation mediators, such as
proinflammatory cytokines, and together with
PGs, these mediators increase inflammation
and subsequently promote healing in injuries.
Studies have revealed that COX-2 and PGs are
important for bone fracture healing [Simon
et al., 2002; Zhang et al., 2002a,b; Brown et al.,
2004; Gerstenfeld and Einhorn, 2004] and are
essential for processes downstream of the initial
inflammatory response at fracture sites. Using
mouse bone fracture models, Zhang et al.
[2002b] demonstrated a reduction in bone
formation during fracture healing in COX-2
null mice, compared to COX-1 null mice and
wild-type mice. Mesenchymal cell differentia-
tion to bone cells was critically affected in COX-
2 null mice through reduction in expression
levels of BMP-2, cbfa-1 and osterix, three bone

formation regulatory proteins. Of note, prosta-
glandin PGE2 restoration reversed COX-2
mutation effects and normalised bone formation
[Zhang et al., 2002b]. Various studies have also
explored COX-2 role in bone fracture healing by
utilising COX-2 inhibitors during fracture
repair [Harder and An, 2003]. Simon et al.
[2002] reported impairments in bone fracture
healing in rats treated with celecoxib and
rofecoxib, two COX-2 selective nonsteroid anti-
inflammatory drugs (NSAIDS). Similar to
Zhang et al.’s [2002b] study, the group observed
inhibition in fracture healing and defects in
endochondral ossification pathway due to COX-
2 deficiency. Gerstenfeld and Einhorn, [2004]
and Brown et al. [2004], however, did not
observe fracture healing impairments in their
studies after COX-2 inhibition, but both wit-
nessed slight delays in fracture healing in their
models.

It is believed that COX-2 could play a role in
formation of bone resorbing cells (osteoclasts)
and bone remodelling [Zhang et al., 2001;
Theoleyre et al., 2004; Liu et al., 2005]. This
process is mediated by three important signal-
ling molecules—receptor activator of NFk-B
(RANK), RANK ligand (RANKL) and osteopro-
tegerin (OPG) [Theoleyre et al., 2004]. Interac-
tions between RANK (surface receptor on
osteoclast progenitor cells) and RANKL (found
on surface of osteoblasts) initiate osteoclast
formation/activity, while OPG, a decoy receptor
for RANKL, prevents osteoclast formation/
activity and antagonises bone remodelling
processes. Hence a ratio of RANKL:OPG expre-
ssion is a measure of bone remodelling. Zhang
et al. [2001] showed COX-2 was essential for
bone resorption during wear debris-induced
osteolysis and Liu et al. [2005] demonstrated
COX-2 and PGs were required for osteoblast
growth and osteoclast function, and osteoclas-
togenesis was enhanced through PGs action on
RANK/RANKL interactions.

Similar to PGs, nitric oxide (NO) is an impor-
tant injury-induced inflammatory response
mediator. Functions of NO include vasodilation
promotion during trauma injuries and upregu-
lation of COX-2 expression during inflamma-
tion [Needleman and Manning, 1999; Pelletier
et al., 2001; Perez-Sala and Lamas, 2001; Ling
et al., 2005]. NO is synthesised from L-arginine
by three isoforms of the nitric oxide synthase
(NOS) enzyme [Griscavage et al., 1995].
Notably, the inducible NOS (iNOS) which
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synthesises NO during acute inflammatory
responses is commonly upregulated by various
inflammation mediators such as proinflamma-
tory cytokines. Diwan et al. [2000] first evalu-
ated the role of NO in bone fracture healing and
observed maximal iNOS activity at the fracture
site 15 days after fracture. Fracture healing was
also impaired when NO synthesis was inhibited
with NOS inhibitor L-NAME, but impairment
was reversed upon NO supplementation. Little
is known about the mechanisms of NO action in
fracture healing; however, it is believed that
presence of NO may affect fracture healing
by indirectly influencing COX-2 signalling
pathways.

The above animal studies have thus sug-
gested COX-2 and iNOS have roles in bone cell
differentiation/osteogenesis and osteoclasto-
genesis/bone remodelling during bone fract-
ure healing. While osteogenic differentiation,
osteogenesis, osteoclastogenesis and bone
remodelling drive bony repair at the injured
growth plate [Xian et al., 2004], it is unknown if
COX-2 and iNOS have similar roles in injured
growth plate bony repair as in bone fracture
healing. In this study, we hypothesised that
iNOS and COX-2 play important roles in the
bony repair of the injured growth plate since
both COX-2 and iNOS are important in reg-
ulating inflammatory responses and bone frac-
ture healing. Using a rat growth plate injury
model, this study examined gene expression of
COX-2 and iNOS and the effects of inhibiting
either enzyme on the injury-induced inflamma-
tory response and downstream responses lead-
ing to bony repair.

MATERIALS AND METHODS

Growth Plate Injury Time Course, Delivery of
Inhibitors and Specimen Collection

Fifty-four 6-week-old male Sprague–Dawley
rats (approximately 120 g) were randomly
placed in three groups, receiving COX-2 inhi-
bitor (celecoxib), iNOS inhibitor (aminoguani-
dine hemisulfate) or a vehicle (saline) once daily
by oral gavage. Each group had three time
points of tissue harvest—1, 8 and 14 days after
injury (n¼ 6 per time point), which are suitable
time points for observing the inflammatory,
osteogenic and bone remodelling responses,
respectively, during growth plate injury repair
[Xian et al., 2004; Zhou et al., 2004]. In addition,
one group of untreated/uninjured age-matched

rats (n¼ 6) (referred to as normal rats) and two
groups of rats (n¼ 6) with growth plate injury
but without any drug treatments and sacrificed
on days 4 and 10 after injury were also set up for
gene expression studies. Celecoxib (Celebrex,
Pfizer) at 5 mg/kg/rat [Guirguis et al., 2001] was
gavaged in 0.5% methyl cellulose and amino-
guanidine hemisulfate (Sigma, NSW, Austra-
lia) at 120 mg/kg/rat [Chwalisz et al., 1999] was
gavaged in H2O (pH 6). Drug administration
commenced 2 days before injury and continued
until surgery day (day 0) for day 1 rats, and until
day 7 for day 8 and 14 rats. A drill-hole injury, to
disrupt the central part of the proximal tibial
growth plate, was inflicted surgically using a
1.5-mm dental drill under anaesthesia as
described [Xian et al., 2004]. All procedures
were approved the Animal Ethics Committee of
the Women’s and Children’s Hospital, South
Australia.

Rats were sacrificed on days 1, 8 and 14 post-
surgery by CO2 overdose. Growth plate samples
from all rats were scraped from the right
proximal tibiae and snap-frozen for RNA extrac-
tionasdescribed [Zhouetal., 2004].Leftproximal
tibiae were collected and fixed in 10% formalin for
24 h, decalcified for 4 days in Immunocal solution
(Decal Corporation), bisected longitudinally and
processed for paraffin-embedding. Sections were
sliced and collected on SuperFrost Plus coated
slides for immunohistochemical and histological
analysis.

Gene Expression Quantitation
Using Real-Time RT-PCR

To examine expression of genes important
for cartilage/osteogenic tissue formation, total
RNA from frozen samples was isolated using
TRIZOL solution (Sigma). Extracted RNA was
treated with DNAse (Promega, NSW, Austra-
lia) and its quality/quantity was determined
by spectrophotometry. Due to the small
amount of total RNA that can be obtained from
each individual rat growth plate scraped
sample and the large numbers of genes that
need to be analysed in this study, purified RNA
from six rats in each treatment time point
group was pooled (equal amount from each rat)
to make up a total amount of 5 mg. cDNA of the
pooled RNA was synthesised using random
decamers (Geneworks, SA, Australia) and
Superscript-II RNAse H reverse transcriptase
(Stratagene), according to manufacturers
instructions.
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A SYBR Green real-time PCR assay was used
to analyse the expression of genes stated in
Table I. Cyclophilin-A was used as the internal
reference and PCR assays for each gene and
cyclophilin were run in parallel using their
specific primer pairs [Zhou et al., 2004]. cDNA
amount equivalent to 50 ng of total pooled
RNA was used for each analysis. Each gene
was analysed in triplicate on a Rotorgene 72-
well PCR machine (Corbett Research, NSW,
Australia) as described previously [Zhou et al.,
2004]. For iNOS, Cox-1 and Cox-2 real-time
PCR, TaqMan chemistry was used due to its
increased sensitivity and specificity for induci-
ble genes and genes expressed at very low levels.
Cyclophilin was again used as the internal
reference gene. All reagents for TaqMan assays
were purchased from Applied Biosystems on
demand.

Relative gene expression was calculated
using the 2�DDCT method [Livak and Schmitt-
gen, 2001], where threshold cycle (CT) values
from triplicate runs were averaged, and cali-
brated in relation to cyclophilin CT values.
Levels of gene expression (fold changes) in
treated samples were presented in relation to
expression levels in normal uninjured samples
(normal).

Histological and Immunohistochemical Analysis

Sections of growth plate and adjacent tibial
bone were stained with alcian blue to visualise
cartilage, and haemotoxylin and eosin (H&E) to
visualise tissue structure [Xian et al., 2004]. An
image analysis program (Image-Pro Plus,
Media Cybernetics, CA) was used to measure
areas of mesenchymal tissue, cartilaginous
tissue, bone trabeculae and bone marrow at
injury sites in day 8 and day 14 sections, and
these were then expressed as percentages of
the total injury area [Xian et al., 2004]. To
examine treatment effects on the inflammatory

infiltrate, neutrophils, monocytes/macrophages
and lymphocytes at growth plate injury sites
were counted in day 1 sections. These different
types of inflammatory cells were distinguished
by their distinct morphological structures (e.g.
cell nucleus, cytoplasm and size) on H&E
sections. The cell counts of each cell type were
expressed as the average number of cells/mm2 of
injury site area.

To confirm the presence of cartilage or bony
repair at the injured growth plate, immunos-
taining of cartilage (collagen-2 and collagen-10)
and bone (osteocalcin) associated proteins were
conducted as described previously [Xian et al.,
2004].

Statistical Analysis

Experimental results (except real-time RT-
PCR results) were expressed as mean�SEM
and statistical significance of results between
treated groups and time points were analysed
by two-way analysis of variance (ANOVA) tests.
Statistical significance was assumed when
P< 0.05. Since the RT-PCR data were gener-
ated from pooled RNA samples, data are
presented as means of individual pooled sam-
ples (without SEM) and thus no statistical
analysis was carried out.

RESULTS

Growth Plate Injury Caused Upregulation of
Inflammatory Mediator Genes

Cox-2 levels at the injured growth plate were
upregulated 2- to 3-fold on days 1 and 4 after
injury but returned to normal by day 10
(Fig. 1A). The housekeeping gene Cox-1 re-
mained constant across all time points (Fig. 1A).
Real-time RT-PCR on iNOS revealed a dramatic
16-fold increase on day 1 at the injured growth
plate with levels returning to the basal levels
from day 4 onwards (Fig. 1B).

TABLE I. Primer Sequences of Genes Used for Real-Time RT-PCR

Gene Forward primer (50-30) Reverse primer (50-30)

TNFa ATGGCCCAGACCCTCACACTCAGA CTCCGCTTGGTGGTTTGCTACGAC
IL1b GTTTCCCTCCCTGCCTCTGACA GACAATGCTGCCTCGTGACC
RANKL TGGGCCAAGATCTCTAACATGAC TCATGATGCCTGAAGCAAATG
OPG AGCTGGCACACGAGTGATGAA CACATTCGCACACTCGGTTGT
Collagen-2 GGGCTCCCAGAACATCACCTACCA TCGGCCCTCATCTCCACATCATTG
Collagen-10 GGCAGCAGCACTATGACCCAA ACAGGCCTACCCAAACGTGAGTCC
SOX-9 GGCCCTTCCTCTCCTCAACC ACTGCCGTGGCCTTTTACA
Osteocalcin GCTGGCCCTGACTGCATTCTG ATTCACCACCTTACTGCCCTCCTG
Cbf-a1 TACGAAATGCCTCTGCTGTTATGG GAGGATTTGTGAAGACCGTTATG
Cyclophilin-A CGTTGGATGGCAAGCATGTG TGCTGGTCTTGCCATTCCTG
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Inflammatory Infiltrate at Day 1 Growth
Plate Injury Sites

Infiltrated inflammatory cells appeared den-
sely populated at the growth plate injury sites in
saline controls (Fig. 2A), while those in celecoxib
(Fig. 2B) and aminoguanidine (Fig. 2C) treated
samples appeared sparsely populated. Quanti-
tative analysis revealed a significant reduction
(P< 0.05) in inflammatory infiltration at day 1
growth plate injury sites of celecoxib (254 cells/
mm2) and aminoguanidine (261 cells/mm2)
treated samples, as compared to saline controls
(1,712 cells/mm2) (Fig. 2D). Interestingly, the
significant reduction (P< 0.05) in inflammatory
cell density was attributed to a reduction in
neutrophils at injury sites of celecoxib and
aminoguanidine treated samples as compared

to saline controls (P< 0.05) (Fig. 2D). The
reductions in monocytes/macrophages and lym-
phocytes in celecoxib and aminoguanidine trea-
ted samples were statistically insignificant.

Inhibitor Effects on Expression of
Proinflammatory Cytokines IL1b and TNFa

Increased IL1b and TNFa mRNA expression
levels were seen in all day 1 injured growth plate
samples as compared to uninjured controls
(Fig. 2E). IL1bwas upregulated 30-fold in saline
control samples while both treatment groups
showed a smaller upregulation of approxi-
mately 20-fold. This trend was consistent with
the inflammatory infiltration results (Fig. 2D).
TNFa levels increased around 45-fold in both
saline and celecoxib treated samples. The

Fig. 1. Expression of inflammatory mediator genes COX-1, COX-2 and iNOS in the injured growth plate.
Real-time RT-PCR relative quantitation analysis of (A) COX-1 and COX-2, and (B) iNOS was conducted on
injured growth plate samples at days 1, 4 and 10 after injury in comparison to normal uninjured growth plate.

Fig. 2. Effects of COX-2 or iNOS inhibition on growth plate
injury-induced inflammatory response. Inflammatory infiltrates
(as indicated by block arrows), at day 1 growth plate injury sites of
(A) saline (SAL), (B) celecoxib (CEL) and (C) aminoguanidine (AG)
treated rats, were less abundant (particularly neutrophils) in the
two treatment groups, as illustrated in (D) (*P<0.05 vs. saline
control) (cells without nuclei shown in (A–C) are red blood cells).

E: Real-time RT-PCR expression level of proinflammatory
cytokines IL1b and TNFa. F: Gel electrophoresis of RT-PCR
products, showing effects of celecoxib treatment on expressionof
reference gene cyclophilin in day 8 samples (denoted 6). Bar in
C¼50 mm (also applies to (A, B)). [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]
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aminoguanidine treated samples showed a
smaller increase of only 25-fold, and this may
be possibly due to reduced NO levels after
aminoguanidine treatment.

Treatment Effects on Internal
Reference Gene Expression

Cyclophilin expression levels in all pooled
samples were analysed by real-time RT-PCR to
verify its suitability for use as a reference gene
for subsequent real-time RT-PCR analysis
(Fig. 2F). An unexpected reduction in cyclophi-
lin expression in day 8 celecoxib treated pooled
samples (Fig. 2F, sample 6) was observed while
no anomalous expression was detected in the
other pooled samples. An analysis on another
reference control, 18S rRNA, also revealed a
reduction in expression levels in day 8 celecoxib
treated samples (results not shown). Repeated

cDNA synthesis and PCR analysis with differ-
ent RNA pools gave consistent results. Due to
this unexpected celecoxib effect on housekeep-
ing gene expression, day 8 celecoxib pooled
samples were omitted from all subsequent real-
time RT-PCR analysis.

Histological Analysis of Tissue Repair
at Growth Plate Injury Sites

Histological analysis of day 8 and day 14
samples revealed four different repair tissue
types at the injury sites, namely, mesenchymal
tissue, cartilaginous tissue, bony trabeculae
and bone marrow (Fig. 3A–F). While mesench-
ymal tissue was classified as area occupied by
fibroblast-like cells, cartilaginous tissue was
identified as area containing round cells or
fibrous cartilage tissue stained prominently for
alcian blue. The presence of these tissues at

Fig. 3. Tissue repair at growth plate injury sites. Growth plate
injury sites (*) in rats treated with (A, B) saline, (C, D) celecoxib or
(E, F) aminoguanidine 8 and 14 days after injury. Cartilaginous
tissue (denoted ‘C’) stained blue by alcian blue, mesenchymal
tissue (‘M’) appeared as masses of fibrous cells, bone trabeculae
(‘BT’) were smooth solid bony structure stained pink by eosin,

and bone marrow (‘BM’) appeared as masses of marrow cells.
Block arrows indicate growth plate adjacent to injury sites. Bar in
(F) 150 mm, which applies to other photos. [Color figure can
be viewed in the online issue, which is available at www.
interscience.wiley.com.]

COX-2 and iNOS in Growth Plate Injury Repair 455



injury sites suggested the possibility of endo-
chondral ossification during the bony repair
process. Bony trabeculae were classified as bony
structure with smooth surfaces that were
stained pink at injury sites, and their presence
in day 8 samples indicated bony tissue repair
had commenced. The presence of bone marrow,
seen as dark cell mass in day 14 samples only,
suggested remodelling and maturation of bone
trabeculae at injury sites. Bone marrow was
more prominent in saline controls (Fig. 3B) as
compared to celecoxib (Fig. 3D) and aminogua-
nidine (Fig. 3F) treated samples, suggesting a
delay in bone bridge maturation after COX-2 or
iNOS inhibition.

Tissue Proportions at
Growth Plate Injury Sites

To further refine the differences observed in
injury responses after blocking COX-2 or iNOS
activity, the percentages of common tissue types
present at the injury sites were scored and
compared between day 8 and day 14 for all
treatment groups. Mesenchymal tissue propor-
tions were greater (though statistically insig-
nificant) in day 8 celecoxib and aminoguanidine
treated samples than in saline controls
(Fig. 4A). In day 14 samples, mesenchymal
tissue proportions were smaller compared to
day 8, and proportion differences between
treatment groups were also smaller. Differ-
ences in mesenchymal tissue amount between

the two time points indicated that some
mesenchymal cells had differentiated to either
cartilage or bone cells at injury sites by day 14,
while the smaller differences in mesenchymal
tissue proportions between groups in day 14
suggested a possible ‘catch-up’ in mesenchymal
cell differentiation after cessation of treatments
on day 7.

Cartilaginous tissue proportions in day 8
samples (Fig. 4B) were greater (but statistically
insignificant) in saline controls than in cele-
coxib and aminoguanidine treated samples. The
larger proportion of cartilaginous tissue could
have resulted from faster differentiation of
mesenchymal cells to cartilage cells in saline
controls. By day 14, cartilage tissue proportions
were almost similar in saline and celecoxib
treated groups, while a slightly larger propor-
tion remained at injury sites of aminoguanidine
treated samples.

Proportions of bone trabeculae in day 8 and
day 14 samples (Fig. 4C) were similar for all
treatment groups. Bone marrow was not pre-
sent in any day 8 samples. On day 14, however, a
slightly larger marrow proportion was seen in
saline controls compared to celecoxib and
aminoguanidine treated samples. The bone
marrow in saline controls also appeared more
mature (Fig. 3) compared to treated groups.
The differences in bone marrow proportions
may suggest a delayed bone remodelling process
in celecoxib and aminoguanidine treated rats.

Fig. 4. Effects of COX-2 or iNOS inhibition on proportions of different repair tissues at growth plate injury
sites. Mean proportions (percentage area of total injury area) of (A) mesenchymal tissue, (B) cartilaginous
tissue, (C) bony trabeculae and (D) bone marrow formed at growth plate injury sites 8 and 14 days after injury.
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Expression of Cartilage and Bone
Related Genes During Bony Repair

To study molecular mechanisms during bony
tissue repair, real-time RT-PCR analysis was
carried out on genes involved in cartilage/bone
formation and bone remodelling. An upregula-
tion in mRNA levels of cartilage-related (col-
lagen-2, collagen-10, SOX-9) and bone-related
(cbf-a1, osteocalcin) genes was seen in saline
and aminoguanidine treated day 8 samples
(Fig. 5A–E). Of note, upregulation of cartilage
matrix proteins collagen-2 and collagen-10 and
chondrogenic transcriptional factor SOX-9 in all
day 8 samples indicated cartilage formation and
endochondral ossification mechanism involve-
ment in bony repair at growth plate injury sites,
which are also evident in the histology analysis
(Figs. 3 and 4). Similarly, upregulated expres-
sions of bone matrix protein osteocalcin
(Fig. 5D) and bone cell differentiation transcrip-
tion factor cbf-a1 (Fig. 5E) on day 8 also
suggested presence of bone cell differentiation
and bone formation at growth plate injury sites.

On day 14, mRNA expression levels of most
genes analysed (Fig. 5A–D) were lower than the
day 8 levels, suggesting that cartilage and bone
cell differentiation during healing had slowed
down on day 14 at this bone remodelling/
maturation phase at growth plate injury sites.
The presence of elevated SOX-9, cbf-a1 and
collagen-2 levels compared to the uninjured
controls, however, indicated that some chondro-
genic and osteogenic differentiation processes
may still be occurring during remodelling on
day 14.

Apart from roles by bone-forming cells osteo-
blasts, bone remodelling is also carried out by
resorptive cells osteoclasts. In all day 14
samples, expression of osteoclast differentiation
factor RANKL and antagonist OPG was upre-
gulated (Fig. 5E). RANKL expression was
higher in saline and aminoguanidine treated
samples as compared to celecoxib treated
samples, while OPG expressions showed simi-
lar trends in upregulation as RANKL in all
samples. While higher RANKL expression
could have promoted a faster bone remodelling
process in saline and aminoguanidine treated
samples, the smaller RANKL:OPG ratio in
celecoxib treated samples (1.8:1) compared to
saline controls (2.7:1) could have contributed to
the delayed bony maturation and bone marrow
formation in day 14 celecoxib treated samples.
However, similar RANKL:OPG ratios between
saline (2.7:1) and aminoguanidine (2.6:1) trea-
ted samples suggested that delayed bone mar-
row formation in aminoguanidine treated rats
may be due to other factors.

Immunostaining of Collagen-2, Collagen-10 and
Osteocalcin at Growth Plate Injury Sites

Collagen-2 and collagen-10 immunostaining
was carried out in day 8 samples and was seen in
all treatment samples in both the adjacent
growth plate proliferative (collagen-2, Fig. 6A)
or hypertrophic zone (collagen-10, Fig. 6C) and
some areas within the injury sites where chon-
drocytes were present (collagen-2, Fig. 6B; col-
lagen-10, Fig. 6D). This immunohistochemical
finding together with our histological data and

Fig. 5. Effects of COX-2 or iNOS inhibitionon expressionof genes associated with cartilage/bone formation
and bone remodelling. Real-time RT-PCR analysis of (A) collagen-2, (B) collagen-10, (C) SOX-9, (D)
osteocalcin, (E) cbf-a1 in day 8 and day 14 injured growth plate samples and (F) RANKL and OPG in day 14
injured growth plate samples.
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gene expression results confirm that some
mesenchymal cells were undergoing chondro-
genic differentiation (expressing SOX-9 and
collagen-2) and hypertrophy (expressing col-
lagen-10), and suggest that endochondral ossifi-
cation was involved in the bony repair of the
injured growth plate. Immunostaining of osteo-
calcin in the bony trabeculae-lining cells or
in cells close by (Fig. 6F), which is similar to
the staining in normal metaphysis bone trabecu-
lae on the same sections (Fig. 6E), confirms the
presence of bone formation and involvement of
intramembranous bone formation process occur-
ring at growth plate cartilage injury sites, as we
had observed previously [Xian et al., 2004].

DISCUSSION

The bony repair of the injured growth plate in
children has some similarities to normal bone

fracture healing. This study has verified Xian
et al.’s [2004] and Zhou et al.’s [2004] findings
that growth plate injury healing process begins
with an initial inflammatory response and
is followed by a fibrogenic healing response
where mesenchymal cells migrate to the injury
site and differentiate to bone cells that directly
deposit bony tissue at the injury site. Through
gene expression, histological and immunohisto-
chemical analysis, the current study has addi-
tionally shown that some mesenchymal cells
may differentiate to cartilage cells that undergo
endochondral ossification contributing to bony
repair at the injured growth plate. These
processes have been witnessed in bone fracture
healing in various bone fracture models [Simon
et al., 2002; Zhang et al., 2002a,b; Brown et al.,
2004; Gerstenfeld and Einhorn, 2004].

Since the initial inflammatory response
is believed to be important in regulating

Fig. 6. Immunostaining of cartilage and bone matrix proteins at
the day 8 growth plate injury sites. A: Collagen-2 immunostain-
ing of chondrocytes within the proliferative zone of uninjured
growth plate; (B) collagen-2 expression within the injury site; (C)
collagen-10 immunostaining of hypertrophic chondrocytes
within uninjured growth plate; (D) collagen-10expression within
the growth plate injury site; (E) osteocalcin immunostaining in
bone cells lining normal bone trabeculae (‘BT’) or in some

surrounding cells; (F) osteocalcin immunostaining in bone lining
osteoblasts and bone matrix at growth plate injury sites. Bar in
F¼ 50 mm, and applies to other photos. Block arrows
indicate positive immunostaining. B, D, F were taken in the
same sections and at the same magnification as the adjacent
growth plate cartilage or metaphysis bone shown in (A, C, E),
respectively.[Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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downstream events during bony repair, the
current study examined potential roles of
inflammatory mediators COX-2 and iNOS in
the bony repair process. In the present study, we
have chosen three time points of the key phases
of injury responses in injured growth plate:
inflammatory (day 1), osteogenic (day 8) and
bone bridge maturation (day 14). Our gene
expression analysis showed that COX-2 and
iNOS were upregulated transiently within the
injured growth plate, which occurs early in the
inflammatory process on day 1 for iNOS and in
the inflammatory (day 1) and fibrogenic pro-
cesses (day 4) for Cox-2. This finding suggests
that these inflammatory mediators may play a
role in growth plate injury healing as they do
within other injury models [Simon et al., 2002;
Zhang et al., 2002a,b; Brown et al., 2004;
Gerstenfeld and Einhorn, 2004]. Inhibition of
these enzymes using celecoxib and aminogua-
nidine significantly reduced the inflammatory
infiltrate, particularly neutrophils—the first
inflammatory cells migrating to injury sites
[Nussler et al., 1999]. However, since differ-
ences in repair tissue proportions at injury sites
were statistically insignificant between treated
rats and saline controls, inflammatory infiltra-
tion reduction after either inhibitor treatment
did not significantly affect the overall tissue
repair outcomes at growth plate injury sites.

However, an apparent delay in transforma-
tion of mesenchymal cells to cartilaginous tissue
was seen in both inhibitor treated groups on
day 8, which suggests a delay in the cartilage
healing process at injury sites. Similar delays in
bone fracture healing have been previously
noted after COX-2 inhibition [Brown et al.,
2004; Gerstenfeld and Einhorn, 2004]. On the
other hand, a critical impairment in mesench-
ymal cell differentiation as seen in Zhang et al.
[2002b] study was not seen in the current study.
Since the delay was also seen in the iNOS-
inhibited group, the inflammatory response in
itself may play an important role in the healing
processes at growth plate injury sites. The
similar amounts of mesenchymal tissues, bone
trabeculae and cartilaginous tissue (with the
exception of cartilaginous tissue in aminogua-
nidine treated group) seen in day 14 samples
could therefore indicate ‘catch-up’ healing in
both treatment group samples after cessation of
treatments. Despite these trends in treatment
effects, large variations in healing outcomes
seen among individual animals of the same

group have prevented this study from drawing
definite conclusions of effects of COX-2/iNOS
inhibition on bony repair. Notably, variable
results in bone fracture healing have been
observed in many fracture models [Simon
et al., 2002; Zhang et al., 2002a,b; Brown et al.,
2004; Gerstenfeld and Einhorn, 2004]. In future
studies, increasing animal numbers will assist
in drawing more definitive conclusions to the
trends observed.

While inhibiting the inflammatory response
did not prevent bony tissue formation, histolo-
gical analysis and RANKL and OPG expression
studies suggest that bone remodelling processes
might have been affected by the inhibitors. Ho
et al. [1999] have previously demonstrated that
bone remodelling could be affected following
suppression of PGs synthesis through NSAID
treatments. Thus, it would be interesting to
determine if such delays in bone remodelling
occurred in clinical situations after long-term
administration of inflammatory inhibitors dur-
ing treatment of growth plate injuries/bone
fractures.

The reduction in endogenous reference gene
expressions (cyclophilin and 18S rRNA) in day 8
celecoxib treated samples is an unexpected and
yet interesting finding. This anomalous expres-
sion pattern could be a likely effect on global
gene expression after 10 continuous days of
celecoxib treatment. Interestingly, the refer-
ence gene expressions (both cyclophilin and 18S
RNA) were not anomalous for any other samples
(even day 1 and 14 celecoxib treated samples),
which further suggests that 10 continuous days
of celecoxib treatment could have affected global
gene expression and that when the treatments
cease, gene expressions return to normal. While
long-term celecoxib treatment has recently
been noted to reduce global gene expression in
a preliminary clinical study [Dr I. Kirsch,
personal communication], there is little infor-
mation to date describing similar reductions in
global gene expressions after celecoxib treat-
ment. Further studies will thus be needed to
determine if the delays seen in bone fracture
healing after COX-2 inhibition in various bone
fracture models [Simon et al., 2002; Zhang et al.,
2002a,b; Brown et al., 2004; Gerstenfeld and
Einhorn, 2004] and in this study could possibly
have been a result of such effects on global gene
expression.

In summary, this study has shown for the first
time that COX-2 and iNOS appear to play
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important roles in mediating the inflammatory
response at growth plate injury sites. However,
inhibiting COX-2 or iNOS did not prevent
downstream bony tissue repair at the injured
growth plate, which occurs through endochon-
dral and intramembranous ossification mecha-
nisms. However, inhibition of COX-2 or iNOS
appeared to delay both mesenchymal tissue
differentiation to cartilage tissue and bone
remodelling processes. Finally, gene expression
studies suggest that long-term celecoxib treat-
ment may affect global gene expression, and
this may possibly affect fracture healing.
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