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Abstract
A role of COX-2 in pathological bone destruction and fracture repair has been established; however,
few studies have been conducted to examine the involvement of COX-2 in maintaining bone mineral
density and bone micro-architecture. In this study, we examined bone morphology in multiple
trabecular and cortical regions within the distal and diaphyseal femur of 4-month-old wild-type and
COX-2−/− mice using micro-computed tomography. Our results demonstrated that while COX-2−/
− female mice had normal bone geometry and trabecular microarchitecture at 4 months of age, the
male knockout mice displayed reduced bone volume fraction within the distal femoral metaphysis.
Furthermore, male COX-2−/− mice had a significant reduction in cortical bone mineral density within
the central cortical diaphysis and distal epiphysis and metaphysis. Consistent with the observed
reduction in cortical mineral density, biomechanical testing via 4-point-bending showed that male
COX-2−/− mice had a significant increase in postyield deformation, indicating a ductile bone
phenotype in male COX-2−/− mice. In conclusion, our study suggests that genetic ablation of COX-2
may have a sex-related effect on cortical bone homeostasis and COX-2 plays a role in maintaining
normal bone micro-architecture and density in mice.
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Introduction
Prostaglandin G/H synthase, also known as cyclooxygenase, catalyzes the conversion of
arachidonic acid to prostaglandins. At least two isoforms of cyclooxygenase have been
identified, COX-1 and COX-2 [20,26,34]. COX-1 is a constitutive enzyme present in most
mammalian cells. In contrast, measurable COX-2 gene expression normally occurs in only a
few cell types, but its expression can be induced in many if not all cells by a variety of external
stimuli [9]. Among those that are related to bone metabolism are mechanical loading [6,38],
BMP-2 [5], PTH [36], FGF2, TGF-β [17,29] and a variety of inflammatory cytokines such as
IL-1, IL-6 and TNF-α [39]. Based on the unique expression pattern of the two isoforms, it is
thought that COX-2 is the immediate early gene involved in modulating inflammation,
carcinogenesis, and cell mitosis and differentiation. In contrast, COX-1 functions as a
housekeeping gene for maintaining the homeostasis of cells. Genetic ablation of COX-1 or
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COX-2 in mice demonstrates the distinctive yet overlapping functions of these two enzymes
in a variety of physiological and pathological processes. In comparison to COX-1−/− mice,
which survive well and appear generally healthy, COX-2−/− mice have a limited life span due
to severe nephropathy, cardiac fibrosis and increased susceptibility of peritonitis [22,24].

Prostaglandins that are generated through COX activities act locally as important micro-
environmental hormones mediating autocrine and/or paracrine functions. Prostaglandins have
shown both anabolic and catabolic effects on bone metabolism [12,30,31,40]. Recent studies
using COX-1−/− and COX-2−/− mice demonstrate that COX-2 is involved in high bone
turnover such as inflammation-mediated bone osteolysis in vivo. Genetic ablation of COX-2
results in reduced osteoclastogenesis in bone marrow culture and minimized bone destruction
in animal models of prosthetic implant loosening [27,42]. COX-2 is also involved in
osteoblastic bone formation in response to growth factors and anabolic growth factors such as
FGF-1 [43]. In addition, COX-2 is shown to be essential for bone fracture healing [33,43] and
inhibition of COX-2 has been shown to impair bone ingrowth in animal models [8].

Besides hormone and growth factor regulations, mechanical stimulation is essential for
maintaining bone mass and bone homeostasis. COX-2 is induced in an immediate early fashion
in osteocytes by stretching, indicating an important role in mechanotransduction [13,18,23].
Fluid shear stress also induces COX-2 in MC3T3-E1 cells and the induction is mediated by
both PKC and PKA pathways [37,38]. There is also evidence to show that COX-2 is involved
in lamellar bone formation elicited by mechanical strain [6,7]. Treatment with NS398, a
selective COX-2 inhibitor, abolishes the induction of endocortical but not periosteal bone
formation by mechanical loading in vivo [7]. In view of the dual effects of COX-2 on both
bone resorption and bone formation, the net effects of COX-2 gene on maintaining bone mass
and modulating normal bone remodeling remain to be elucidated.

To further examine the role of COX-2 in maintaining bone mass, we performed microcomputed
tomography (micro-CT) image analyses combined with biomechanical testing to determine
the trabecular and cortical bone morphology, bone mineral density and mechanical properties
of femurs obtained from COX-2−/− mice and their wild-type counterparts. Due to the poor
survival rate of COX-2−/− mice beyond 4 months, we focused our analyses on paired
littermates at 4 months of age. Our data demonstrate that genetic ablation of COX-2 led to a
femoral bone phenotype that is characterized by significantly reduced metaphyseal bone
volume fraction and significantly reduced cortical bone mineral density accompanied with
altered biomechanical properties in male mice.

Materials and methods
Experimental animals

COX-2−/− mice were originally obtained from the breeding colony maintained at the
University of North Carolina. They were further bred to 129/ola genetic background and
intercrossed for about 30 generations. A total of 42 4-month-old mice were analyzed using
micro-CT and biomechanical testing, which included 14 wild-type males and 13 COX-2−/−
males, 7 wild-type females and 7 COX-2−/− females.

Microcomputed tomography
Indices of cortical and trabecular bone morphology from the distal and diaphyseal femur were
assessed by micro-CT imaging (μCT 40, Scanco Medical, SUI). For all scans, a global threshold
was applied to separate mineralized and soft tissues and kept consistent within each analysis
region. Three separate regions were scanned at 16 μm voxel size for morphological and mineral
density analyses (Fig. 1, shaded areas). Two regions were isolated within the distal femur, on
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the distal and proximal side of the growth plate, consisting of epiphyseal and metaphyseal
trabecular bone, respectively. The epiphyseal region began where the two condyles meet in
the center of the femur and extended 0.32 mm towards the growth plate. The metaphyseal
region began 0.05 mm proximal to the growth plate and extended 0.80 mm towards the
diaphysis of the femur. In both trabecular regions, all cortical bone was excluded from the
analyses by manual segmentation. For cortical bone analyses, a 1.0 mm section of cortical bone
in the center of the diaphysis was scanned and evaluated. The area corresponded to the area
tested in four-point bending (Fig. 1).

Analysis of bone morphology and microarchitecture
For morphometric analyses of trabecular bone, a direct 3D model [10,11] was used to determine
the trabecular spacing (Tb.Sp), trabecular thickness (Tb. Th.), trabecular number (Tb.N.),
trabecular connectivity (Conn.) and bone volume fraction (BVF). For cortical bone analyses,
the cortical bone volume (Cort. BV) and cortical thickness (Cort. Th.) were measured by micro-
CT. Three cross-sectional images were captured at 0.5 mm increments along the scanned
cortical bone region. IMAQ Vision Builder (Labview) was used to calculate area, height, width
of each cross-section and the moment of inertia at medial–lateral axis and anterior posterior
axis (IML and IAP). The length of femurs was measured by high precision calipers (Mitutoyo
Inc., Japan). Each femur was measured three times and mean lengths were recorded.

Analysis of bone mineral density
Bone mineral density was measured by micro-CT in three scanned regions. The μCT 40 system
was calibrated by scanning a series of four hydroxyapatite (HA) phantoms of known densities.
A standard linear attenuation curve was then used to convert the data into a true mineral density
value (mg HA/cm3). Epiphyseal, metaphyseal and cortical bone regions were thresholded to
obtain a binary image that closely matched the reconstructed grayscale image from the scans.
Within each region, the threshold was kept constant for analyses of bones in all the mice.

Mechanical testing via four-point bending
The femora were tested to failure via four-point bending at a rate of 0.05 mm/s with a MTS
858 mechanical testing system. The distance between the lower supports spanned 6.2 mm,
while the upper supports were separated by 2.2 mm. The support points had a radius of 0.5
mm. The upper supports were centered on the mid-diaphysis at the same location that was
scanned by micro-CT. Each femur was tested in the anterior–posterior plane with the anterior
side in tension and the posterior side in compression. Force and deflection data were directly
measured with the MTS system. From these data, stiffness, yield force, maximum force,
postyield deflection (PYD) and work to failure (Work) were calculated. Yield was defined as
a 10% reduction in secant slope of the stiffness. Postyield deformation was defined as the
amount of deformation from the point of yield to failure. Using the moment of inertia data
collected from the micro-CT images, the force-deflection data were normalized to determine
stress at failure and elastic modulus (E). The equation used to calculate stress was

(1)

and for elastic modulus,
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(2)

where, σ = stress, F = applied force, c = 1/2 of anterior–posterior axis, a = horizontal distance
between upper and lower supports (2 mm), IML = 2nd moment of area about the medial–lateral
axis, E = Young’s modulus, S = stiffness, L = horizontal distance between upper and lower
supports (6.2 mm).

Statistical analysis
Analysis of variance (ANOVA) tests were performed to determine statistical significance. A
general linear model with a univariate analysis of variance was used. Multiple comparison tests
between groups were conducted using Minitab (Minitab Inc, State College, PA, USA). Data
are presented as means ± SE. A P value <0.05 was considered statistically significant. A P
value <0.10 was considered as a trend.

Results
Trabecular and cortical bone morphology

As expected, the effects of sex on bone morphology and micro-architecture were significant.
In all regions examined, male mice exhibited higher morphometric indices than female
littermates. The gross femur dimensions, including height, width and length of the femur were
unchanged in COX-2−/− mice compared to their age and sex matched littermate controls. No
differences as a function of genotype were observed in cortical bone cross-sectional geometry
(Table 1). Trabecular bone micro-architecture was examined separately within the distal
femoral metaphysis and epiphysis in wild-type and COX-2−/− mice (Table 2). COX-2−/−
female mice exhibited similar microarchitecture compared to wild-type control mice in both
regions, whereas COX-2−/− male mice demonstrated about 16% reduction of bone volume
fraction (BVF) within the distal metaphyseal region of the male knockout mice (P <0.05).
Albeit not statistically significant, male COX-2−/− mice also demonstrated reduced
metaphyseal thickness and connectivity as well as increased trabecular separation at
metaphyseal region. No significant differences were observed in epiphyseal trabecular bone
micro-architecture in terms of bone volume fraction (BVF), trabecular spacing (Tb.Sp),
trabecular thickness (Tb.Th.) and trabecular numbers (Tb.N.), yet knockout male COX-2−/
−mice displayed increased trabecular connectivity compared to wild-type controls (P < 0.05).

Bone mineral density
Bone mineral density in cortical, epiphyseal and metaphyseal regions of femoral bone was
measured using Micro-CT. All female mice, regardless of the genotypes, exhibited
significantly higher bone mineral density than their age and genotype matched male
counterparts at all three regions (P < 0.001) (Fig. 2). When compared with wild-type male
mice, male COX-2−/− mice showed about 3% reduction in bone mineral density in the
diaphyseal cortical region, metaphyseal and epiphyseal trabecular region. The differences were
shown to be statistically significant (P < 0.001). Female COX-2−/− mice had an insignificant
trend of decreased metaphyseal bone mineral density (P < 0.10), but at both epiphysis and
cortical regions, bone mineral density was not significantly different from wild-type controls
(P > 0.10).
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Mechanical properties
Mechanical properties of the femurs from 4-month-old wild-type and COX-2−/− mice were
examined using four-point bending. Differences in maximum force, yield force, ultimate stress,
yield stress, work to failure and elastic modulus were observed between male and female mice,
correlating with the differences observed in mid-diaphyseal morphology and mineral density
(Table 3). When analyzed separately, COX-2−/−-male and female mice demonstrated similar
mechanical properties compared to their wild-type controls in terms of stiffness, yield force
and maximum force. However, postyield deflection (PYD), which should be highly sensitive
to variations in mineral density, was found to be significantly increased by about 1.5-fold in
male COX-2−/− mice at 4-month age (P < 0.05). The increased PYD was associated with a
trend towards increased Work (P < 0.10) and decreased elastic modulus, indicating a more
ductile bone in the male COX-2−/− mice. In COX-2−/− female mice, the difference was not
statistically significant (P > 0.10).

Discussion
Differences in bone micro-architecture and bone mineral density are found to be tightly
associated with sex and age [3,19,28]. Further studies have demonstrated that genetic
influences on the quantity and architecture of trabecular and cortical bone are highly site-
specific [14,15]. To determine the effect of COX-2 gene deletion on bone mass and bone
architecture, we examined the morphology and bone mineral density at three different anatomic
sites of femoral bone in wild-type and COX-2−/− male and female mice at 4 months of age.
All male bone, regardless of their genotypes, exhibited superior structural indices at all three
regions examined, whereas female bone showed significantly higher bone mineral density at
epiphyseal, metaphyseal and cortical bone regions, indicating that the males have a larger
volume of better structured bone with a lower mineral content, while the females have a smaller
volume of less well structured bone with higher mineralized content. The net effect is nearly
identical stiffness between males and females but different material properties (e.g. modulus)
which are normalized for the amount and structure of the bone as well as different failure
properties (e.g. PYD and ultimate stress) [35]. When comparisons were made between wild-
type and COX-2 knockout mice, male mice showed significantly reduced metaphyseal BVF
and a significant reduction in bone mineral density at all three regions examined. The reduced
bone mineral density in COX-2−/− male was associated with a significantly increased postyield
deflection (PYD) in biomechanical testing. Compared to male mice, the deletion of COX-2
had no effect on bone architecture in female mice of the same age but resulted in a trend of
decreased bone mineral density within the femoral metaphysis. Taken together, our data
suggest that COX-2 is involved in regulation of bone mineral density in mice and the effects
resulting from COX-2 deletion are site and sex specific.

A critical role of COX-2 in postnatal high bone turnover such as inflammation or injury has
been well established. However, the role of COX-2 on bone morphology and density in the
absence of injury or inflammation remains to be elucidated. Previous reports have shown a
trend of reduced bone mass, altered architecture and inferior mechanical properties in COX-2
−/− mice [1,4]. However, these studies did not take the age and sex into consideration and
when normalized by body weight, the differences observed between wild-type and COX-2−/
−mice were no longer significant. A recent study by Xu et al. used F1 offspring from the C57/
BL6 COX-2+/− and 129/P3J COX-2+/− breeders and demonstrated that there was a decrease
in cortical bone width in COX-2−/− male mice at 4 months of age with no differences in bone
volume fraction (BVF) in the distal femur. However, by 10 months of age, male mice showed
a significantly reduction of BVF in the distal femur, whereas females of the same age group
exhibited no significant differences [41]. This result is consistent with our current observation
demonstrating sex-dependent alteration of bone morphology in COX-2−/− mice. Since we
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utilized the COX-2 breeders that were intercrossed within 129 strain for over 30 generations,
it is possible that some difference in bone morphology occurred earlier in their life span.
Interestingly, we also found a much lower survival rate of COX-2−/− mice in our colony than
that was reported by Xu et al. No significant difference in body weight was found between
COX-2−/− mice and wild-type littermates in our colony.

The negative effects of COX-2 gene deletion on bone mineral density suggest a potential side
effect that may be associated with persistent inhibition of COX-2. Although the effects of long-
term use of COX-2 inhibitors on human bone mineral density and bone remodeling are
currently unknown, a few studies find that regular use of non-selective aspirin or NSAIDs may
increase BMD in postmenopausal women [2,21,25]. A very recent study which involved multi-
centered randomly selected population-based cohorts of 1934 male and 4556 postmenopausal
female subjects showed that daily use of COX-2 inhibitor (Celebrex or Vioox) had a sex-
specific effect on bone mineral density in human. In older men, daily use of the COX-2
inhibitors was associated with a lower BMD at all hip sites, whereas in postmenopausal woman
daily use of COX-2 inhibitors led to a higher bone mineral density than female non-users at
most sites examined [32].

The sex-related changes in COX-2−/− mice suggest a link of COX-2 to sex steroid-dependent
regulation of bone micro-architecture and bone mineral density. It has been reported that
COX-2 expression is induced by 2-fold in bone marrow supernatant harvested from
ovariectomized mice; however, it is not clear whether COX-2 induction is associated with bone
loss following estrogen deficiency [16]. In addition to estrogen, the role of androgen in
regulating bone mineral density and bone structure has also been well established. In
combination with mechanical loading, both sex hormones exert larger effects on skeletal
structure and bone mineral density than either condition alone. A role of COX-2 in modulating
postnatal bone metabolism could be site, age- and sex-dependent, and further studies will be
aimed at elucidating interrelations of COX-2 and its metabolites with sex steroids that modulate
postnatal bone metabolism.
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Fig. 1.
Schematic view of 4 point bending setup and typical femur placement. The three volumes of
interest scanned in the micro-CT and used for analysis are highlighted, and the growth plate is
shown as a black line between the two-trabecular regions. The distance between the two upper
points is 2.2 mm (not shown).
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Fig. 2.
Bone mineral densities for male and female mice in the cortial, metaphyseal and epiphyseal
regions. Samples were scanned by micro-CT and the values were converted into mineral
densities following calibration with hydroxyapatite (HA) phantoms of known densities (mg
HA/cm3). Data shown represent mean ± SEM. ** indicates significance (P < 0.01).
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Table 1
Femoral cortical bone morphology and geometry in 4-month wild-type and COX-2−/− mice

Wild type COX-2

Females Males Females Males

Cort. BV. (mm3) 0.854 (0.022)a 1.157 (0.016) 0.873 (0.024)a 1.157 (0.035)

Cort.thickness(mm) 0.216 (0.001)a 0.242 (0.003) 0.214 (0.002)a 0.234 (0.004)

Ant-Pos diameter (mm) 1.32 (0.03)a 1.52 (0.02) 1.31 (0.04)a 1.56 (0.03)

Med-Lat diameter (mm) 1.62 (0.04)a 1.98 (0.02) 1.63 (0.02)a 1.96 (0.02)

Avg length (mm) 15.91 (0.09)a 16.41 (0.09) 15.88 (0.13)a 16.22 (0.08)

IML (mm4) 0.127 (0.009)a 0.234 (0.01) 0.13 (0.012)a 0.243 (0.013)

IAP (mm4) 0.193 (0.014)a 0.384 (0.011) 0.197 (0.012)a 0.380 (0.018)

Data are presented as mean (SEM).

a
Significance between sex (P < 0.01).
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Table 2
Femoral micro-architecture in 4-month wild-type and COX-2−/− mice

Wild type COX-2−/−

Female Males Females Males

Metaphyseal region

BVF 0.1236 (0.0052)a 0.3060 (0.0179)b 0.1265 (0.0114)a 0.258 (0.0269)

Tb.N. 4.4281 (0.1966)a 5.9363 (0.1642) 4.4331 (0.2524)a 5.786 (0.1540)

Tb.Th 0.0587 (0.0015)a 0.0751 (0.0025) 0.0594 (0.0026)a 0.0667 (0.0043)

Tb.Sp. 0.2285 (0.0129)a 0.1600 (0.0060) 0.2313 (0.0116)a 0.1671 (0.0058)

Conn. 43.422 (2.254)a 148.45 (8.00) 49.103 (10.988)a 122.57 (11.300)

Epiphyseal region

BVF 0.284 (0.005)a 0.417 (0.017) 0.299 (0.016)a 0.412 (0.019)

Tb.N. 11.472 (0.266)a 11.34 (0.15) 11.718 (0.184) 11.258 (0.107)

Tb.Th 0.063 (0.001)a 0.070 (0.002) 0.061 (0.002)a 0.067 (0.002)

Tb.Sp 0.113 (0.001)a 0.106 (0.002) 0.111 (0.003)a 0.104 (0.002)

Conn. 105.322 (7.432)a 144.64 (4.622)b 139.118 (10.505)a 173.730 (6.800)

Data are presented as mean (SEM).

a
Significance between sex (P < 0.01).

b
Significance between male wild type and COX-2−/− (P < 0.05).
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Table 3
Femoral mechanical properties in 4-month wild-type and COX-2−/− mice

Wild type COX-2

Females Males Females Males

Stiffness (N/mm) 242 (14) 247 (14) 223 (11) 246 (18)

Max force (N) 32.1 (1.7)a 39.2 (1.2) 33.7 (1.6)a 40.2 (1.5)

Yield force (N) 22.6 (12)a 28.0 (0.96) 21.9 (1.6)a 26.6 (1.1)

Postyield deflection (mm) 0.130 (0.014) 0.157 (0.016)b 0.173 (0.021) 0.248 (0.035)

Work (N mm) 4.98 (0.44)a 7.52 (0.68) 6.44 (0.68)a 9.91 (1.03)

Ultimate stress (MPa) 167.33 (11.54)a 126.43 (4.29) 166.05 (9.97)a 129.23 (4.68)

Yield stress (MPa) 116.66 (4.99)a 90.71 (3.95) 109.68 (8.10)a 85.66 (4.29)

E (Gpa) 6.91 (0.67)a 3.71 (0.16) 6.09 (0.66)a 3.60 (0.23)

Data are presented as mean (SEM).

a
Significance between sex (P < 0.05).

b
Significance between male wild type and COX-2−/− (P < 0.05).
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