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ABSTRACT: Recent studies suggest a possible role for inhibitors of sclerostin such as sclerostin antibody (Scl-Ab) as an anabolic treatment for osteoporosis. Since Scl-Ab has also been shown to potentiate bone repair, we examined the effect of Scl-Ab treatment in a
metaphyseal defect repair model in ovariectomized (OVX) rats. Four weeks after OVX or sham surgery, 3 mm circular defects were
created bilaterally in the proximal tibia of all rats. After defect surgery, Saline or 25 mg/kg Scl-Ab was administered twice weekly for
3 weeks. Of note, healing was advanced in the 1-week post-defect surgery in OVX controls over Sham controls, with increases in bone
volume and fluorochrome labeling observed. However, by week 2, OVX controls fell significantly behind in the repair response compared with Sham controls. Scl-Ab treatment significantly increased bone volume in the defect in OVX rats over the 3-week time course
as examined by either microCT or histology. Significant increases in bone formation via fluorochrome labeling of the new bone were
observed with Scl-Ab treatment, while osteoclast parameters were not different. With its powerful anabolic potential, bone-specific
activity, and potential for low dosing frequency, Scl-Ab treatment could provide enhanced bone repair, particularly in situations
of compromised bone repair such as osteoporotic bone.
ß 2012 Orthopaedic Research Society. Published by Wiley Periodicals, Inc.
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Sclerostin is a negative regulator of bone formation
which was discovered through the detection of a mutation in the SOST gene in patients diagnosed with the
high bone mass disease, sclerosteosis.1 Parallel to the
human disease, mice with a targeted deletion of SOST
demonstrate an extremely high bone mass phenotype,
highlighting the conservation of sclerostin’s negative
regulation of bone formation through evolution.2 One
mechanism of sclerostin action is via direct antagonism of the Wnt/b-catenin pathway, resulting in inhibition of osteoblast formation and differentiation from
precursor cells.3 Sclerostin may also act as an antagonist of bone morphogenetic proteins.4 The expression
of sclerostin is largely restricted to osteocytes, therefore, its effects are largely selective to skeletal
tissue.5,6
It has recently been reported that inhibition of sclerostin with a neutralizing sclerostin antibody (Scl-Ab)
increased bone formation and restored bone mass and
bone strength in the osteopenic, ovariectomized (OVX)
rat model.7 Scl-Ab was also shown to prevent bone
loss associated with limb disuse in rats.8 In addition,
Scl-Ab treatment has led to increases in bone formation, bone mass, and bone strength in aged male rats
and in nonhuman primate models.9,10 Similarly, it was
reported that Scl-Ab significantly increased bone formation markers and bone mineral density (BMD), and
significantly decreased bone resorption markers after
a single injection in healthy men and post-menopausal
women.11
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In addition to its efficacy in preclinical models of
osteoporosis, Scl-Ab treatment has been reported to
enhance fracture healing in intact rats and nonhuman
primate models.12 Further, enhancement of bone
healing leading to increased pull-out strength at orthopedic implant sites was observed with Scl-Ab
treatment.13
It has been noted that compromised bone repair is
associated with osteoporosis in elderly patients,14 and
compromised repair in OVX rats is a common observation.15–17 A number of studies have also begun to address potential therapeutic applications to improve
repair in this setting.18–22 As the majority of osteoporotic fractures occur at the metaphyseal regions due to
more extreme bone loss,23,24 we sought to examine the
effect of Scl-Ab on bone repair in OVX rats using
a tibial metaphyseal defect repair model. In contrast
to diaphyseal bone, which heals indirectly through
periosteal callus formation and endochondral bone
formation, metaphyseal bone commonly heals directly
through intramembranous ossification and endosteal
bridging without a significant periosteal callus.
We hypothesized that metaphyseal defect healing
would be compromised in OVX rats compared to Sham
rats. Additionally, we hypothesized that Scl-Ab treatment would enhance healing of metaphyseal defects in
OVX rats via enhanced stimulation of bone formation.

METHODS
Animals and Surgery
OVX or sham surgery was performed in female Sprague
Dawley rats and early stage osteopenia was allowed to develop for 4 weeks post-surgery. Dual energy X-ray absorptiometry (DEXA) scans were performed to assess vertebral BMD
at L3–L4 and defect surgery was performed in a total of 66
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Sham and 66 OVX rats. Bilateral 3 mm circular metaphyseal
defects were created in the proximal tibia centered 5 mm
from the growth plate 25 using a jig reference system. Radiographs were taken post-defect production (Faxitron MX20,
Lincolnshire, IL) to assess correct placement of the defect
and to assess for intact cortices. Five rats were culled at surgery due to poor defect placement or fracture of cortices.
Samples sizes ranged between 9 and 11 samples per group
after exclusions. Post-defect surgery, a ratized sclerostin
monoclonal antibody (Scl-AbIII, Amgen Inc., Thousand Oaks,
CA) or Saline was administered subcutaneously twice weekly
at 25 mg/kg. Calcein (10 mg/kg) was given by subcutaneous
injection at 10 and 3 days prior to harvest for assessment of
bone formation parameters. At 1, 2, and 3 weeks post-defect
surgery, both tibiae and femora were harvested for analysis,
fixed in 4% paraformaldehyde at room temperature for 5 h
then overnight at 48C before being transferred to 70% alcohol
for storage at 48C.
Radiographic Analysis
DEXA scans were performed using the Lunar PIXImus scanner (GE-Lunar, Madison, WI) at the time of OVX or sham
surgery on all rats to determine vertebral BMD changes at
L3–L4 subsequent to OVX. Radiographs were used to visualise healing at harvest time points. Micro-CT (mCT) scans of
the entire proximal right tibiae were performed using the
SkyScan 1174 system (SkyScan NV, Kontich, Belgium). The
defect region was examined using the accompanying CTAn
software to determine three-dimensional (3D) bone volume/
total volume ratio (BV/TV), bone surface (BS), trabecular
number (TbN), and trabecular thickness (TbTh) within the
defect, as well as to generate 3D models. The entire defect
was examined using 150 slices to encompass the full width of
the defect and a 3 mm cross sectional diameter circle region
of interest (ROI) (Fig. 1a). The defect was also examined
using ROIs placed either on the endosteal surface of the
defect cortex or external to the cortical defect (Fig. 1b). This
creation of two distinct ROIs was aimed at assessing bone
repair driven by metaphyseal/endosteal repair (Endosteal
ROI) and cortical/periosteal driven repair (external ROI).
One hundred slices were examined within each of these ROIs
for each sample. In addition to mCT analysis of the defects,
peripheral quantitative computed tomography (pQCT) scans

were performed using the Stratec XCT scanner (Stratec Medizintechnik, Pforzheim, Germany) with a slice thickness of
1 mm on the right femora of all rats with four slices in the
distal metaphysis and four slices in the mid diaphysis. This
facilitated analysis of systemic effects of Scl-Ab in OVX rats
in metaphyseal and cortical bone.
Histological Analysis
Left tibiae were decalcified in a solution of 12.5% EDTA
and 0.5% PFA at 48C for 3 days then in 0.34 M EDTA at 48C
for 3–4 weeks and processed to paraffin wax. Central 5 mm
sections in the sagittal plane were cut including the 3 mm
defect between the cortical edges, similar to the region examined in mCT scans shown in Figure 1b. Sections were stained
using haematoxylin eosin for basic morphology and TRAP
stain to examine osteoclast morphology and number. The
defect area was examined for TRAP-positive cells in two
regions: (1) within the center of the healing defect and (2) at
the cortical edge (between the two cortical ends) of the defect.
Right tibiae were processed undecalcified to resin and sectioned at 5 mm thickness in the same plane as paraffin sections. von Kossa staining was used to measure 2D BV/TV
within the defect region and fluorescent microscopy was used
to measure the area of labeled bone within the defect using
calcein labeling.
Statistical Analysis
All data were analyzed using SPSS with one-way ANOVA
and post-hoc t-tests using the least squared differences method. Some histological samples could not be processed resulting in an N < 10. In these cases a non-parametric test
(Mann–Whitney) was used.

RESULTS
Radiographic Outcomes
DEXA scans revealed 9–10% reductions in vertebral
BMD in OVX rats compared with Sham rats at 1, 2,
and 3 weeks post-defect surgery (data not shown;
p < 0.01). Radiographs revealed progressive healing
of the defect over the time course of the study, with
reduced radiodensity in OVX rats but enhanced radiodensity in samples from Scl-Ab-treated rats both

Figure 1. mCT images showing analysis using the following ROIs: (a) external (Ext.) and endosteal (Endo.) ROIs at the cortical edge
of the defect with slices aligned in a transaxial plane. (b) entire defect cylinder.
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Figure 2. Representative X-rays at 1, 2, and 3 weeks for all
treatment groups. Note the increased radio density in Scl-Abtreated samples.

within and surrounding the defect compared with
Saline (Fig. 2).
MicroCT Results of the Entire Defect
mCT analysis of the entire defect of all samples demonstrated significant alterations in bone volume and
architecture in response to OVX along with augmentation of repair with Scl-Ab treatment (Fig. 3a–c). A 52%
increase in 3D BV/TV was noted at 1-week post-defect
surgery in the OVX Saline group compared with the
Sham Saline group (p < 0.05). However, by 2 weeks,
there was a 37% decrease in 3D BV/TV between OVX
and Sham Saline groups and by 3 weeks, the difference increased to 44% (p < 0.01, Fig. 3a). When considering each group over the 3-week time period,
although OVX produced a stronger initial response to
healing, the increase in 3D BV/TV between 1 and
2 weeks in OVX Saline was only 129% compared to an
increase of 453% in Sham Saline (p < 0.01). Further
the OVX Saline group showed a 15% decrease in 3D
BV/TV between 2 and 3 weeks (p < 0.05), Sham Saline
plateuing from 2 to 3 weeks. Scl-Ab treatment protected the repairing defect in OVX rats, improving the
response from 1 to 2 weeks to an increase of 237%
in the Scl-Ab treated OVX rats (p < 0.01) such that
a 33% increase in 3D BV/TV was noted between
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Saline OVX and Scl-Ab treated OVX rats at 3 weeks
(p < 0.05). Further Scl-Ab treatment prevented the
loss of bone volume in the defect of OVX rats between
2 and 3 weeks, with no change in BV/TV between
these two time points in the Scl-Ab OVX group. Scl-Ab
treatment in Sham treated rats however had no significant effect on 3D BV/TV when examining the entire
repairing defect. The increased 3D BV/TV in the OVX
Scl-Ab samples compared to Sham Saline at 3 weeks
was associated with a 35% increase in TbN (p < 0.01),
with no change in TbTh (Fig. 3b and c).
MicroCT Results of Endosteal/Metaphyseal Driven Repair
When examining the defect in discreet regions, as
outlined in Figure 1, within the endosteal ROI
(Figs. 1b and 3d–f) we saw interesting alterations in
response to OVX with a 43% increase in 3D BV/TV in
this region at 1 week in OVX Saline samples compared
with Sham Saline (p < 0.05, Fig. 3d). Interestingly
when examining OVX Saline groups over the 3-week
healing period, although the initial response to repair
was stronger than Sham, we saw no change in 3D
BV/TV between the 1- and 2-week time points, followed by a large reduction of 73% between 2 and
3 weeks (p < 0.01). Alternatively, Sham Saline rats,
which demonstrated a smaller initial response to injury than OVX at the 1-week time point, actually led to
a 300% increase in 3D BV/TV between 1 and 2 weeks,
with a small but significant 30% decrease from 2 to
3 weeks (p < 0.01). Clearly the healing response in
this region of this model is greatly modified by OVX,
such that at the 2- and 3-week time points 3D BVTV
in OVX Saline samples was reduced by 63% and 86%,
respectively compared to Sham Saline (p < 0.01). Importantly, Scl-Ab treatment demonstrated strong protective effects in OVX rats. Although no differences
were observed between OVX Saline and Scl-Ab-treated
OVX samples at the 1- and 2-week time points in this
region, by 3 weeks, Scl-Ab treatment in OVX rats increased 3D BV/TV by 200% compared with OVX Saline
(p < 0.05). In addition, although not evident when examining the entire defect, Scl-Ab treatment in Sham
rats did alter repair such that the 30% reduction in 3D
BV/TV from 2 to 3 weeks at this endosteal site in
Sham Saline rats was prevented and instead a 32%
increase in 3D BV/TV was noted between Sham Scl-Ab
and Sham Saline at 3 weeks (p < 0.05).
While slight alterations in TbTh were seen (Fig. 3f),
differences in TbN were the main mechanism for the
shifts in 3D BV/TV with Scl-Ab treatment. At 3 weeks,
OVX Saline samples showed an 85% reduction in TbN
compared with Sham Saline (p < 0.01). Scl-Ab treatment, however, attenuated this, such that TbN was increased, by 183% in OVX rats (p < 0.01, Fig. 3e).
MicroCT Results of External/Cortical Driven Repair
Interestingly, over the 3-week time period, we saw a
more similar pattern of repair between Sham and
OVX in this region, with OVX samples showing increased 3D BV/TV compared to Sham Saline at both
1 and 2 weeks, but reaching equivalence with Sham
JOURNAL OF ORTHOPAEDIC RESEARCH OCTOBER 2012

1544

MCDONALD ET AL.

Figure 3. (a–c) Bar charts from MicroCT analysis of the entire defect showing mean 3D bone volume/total volume (a), trabecular
number (b), and trabecular thickness (c). (d–f) Bar charts from MicroCT analysis of the endosteal/metaphyseal ROI of the defect showing mean 3D bone volume/total volume (d), trabecular number (e), and trabecular thickness (f). (g–i) Bar charts from MicroCT analysis
of the external/cortical ROI of the defect showing mean 3D bone volume/total volume (g), trabecular number (h), and trabecular thickness (i). p < 0.05 compared with Sham Saline, p < 0.01 compared with Sham Saline, #p < 0.05 compared with OVX Saline,
##
p < 0.01 compared with OVX Saline. ^p < 0.01 compared with Sham Saline 1 week, p < 0.01 compared with Sham Scl-Ab 1 week,
*
p < 0.01 compared with OVX Saline 1 week, p < 0.01 compared with OVX Scl-Ab 1 week, ^ p < 0.05 compared with OVX Saline 2 weeks,
y
p < 0.01 compared with Sham Saline 2 weeks.

Saline by 3 weeks (Fig. 3g–i). Scl-Ab treatment did not
produce significant changes in this region in either
sham or OVX rats.
Systemic Effects of Scl-Ab
Systemic effects of Scl-Ab in OVX animals were confirmed, with a 4% increase in cortical BMD and a 7%
increase in metaphyseal BMD noted after 3 weeks
of Scl-Ab treatment compared with OVX Saline
(p < 0.05; data not shown). Metaphyseal BMD was
also increased by 4% in Sham Scl-Ab treated rats compared to Sham Saline (p < 0.05; data not shown).
Histological Analysis
BV/TV
Histological assessment of the entire defect on one representative central section confirmed the findings
of our mCT data from the entire defect. The intial response to injury at 1 week was enhanced in response
to OVX with a 157% increase in BV/TV compared with
Sham Saline (p < 0.01, Table 1, Fig. 4). Between 1–2
and 2–3 weeks however, OVX Saline showed a trend
for reduced BV/TV in contrast to sham Saline samples
JOURNAL OF ORTHOPAEDIC RESEARCH OCTOBER 2012

which demonstrated an increase of over threefold in
BV/TV from 1 to 2 weeks (p < 0.01) and no change
from 2 to 3 weeks. As a result, BV/TV in OVX Saline
samples was reduced by 45% at 2 weeks and 53%
at 3 weeks compared with Sham Saline samples
(p < 0.01). As demonstrated radiologically, Scl-Ab
treatment atenuated this impaired healing in OVX
rats, with a strong 36% increase in BV/TV from 1 to
2 weeks, leading to an overall increase in BV/TV
of 63% at 2 weeks (p < 0.01) and 38% at 3 weeks
(p < 0.02) compared to Saline OVX. Further, Scl-Ab
treatment in Sham rats revealed a 24% increase in
BV/TV at 3 weeks compared to Sham Saline
(p ¼ 0.06). Histologically, both TbTh and TbN were increased with Scl-Ab treatment (p < 0.05, Table 1,
Fig. 4).
Bone Formation
Analysis of the area of fluorescently labeled bone in
the defect showed enhanced labeled bone area in SclAb-treated samples (Fig. 5). Scl-Ab treatment at
2 weeks produced a 61% increase in labelled bone area
compared with OVX Saline (p < 0.05), and an 80% increase at 3 weeks, although this was not significant.
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Table 1. Histological Analysis Data from the Entire Defect Region

2 Weeks

Sham
Saline
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OVX
Scl-Ab
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Figure 4. Representative von kossa-stained sections of proximal tibia including the defect in a transaxial plane (similar plane
to Fig. 1b). Note the decreased bone volume/total volume in OVX
Saline compared with Sham Saline samples at 2 and 3 weeks.
Also note the effects of Scl-Ab treatment in OVX samples with
increased BV/TV at 2 and 3 weeks and in sham samples increased by 3 weeks.

Again altered repair was noted in OVX Saline treated
rats, with the peak of labeled bone area shown at
1 week in OVX, decreasing steadily to 3 weeks. In contrast to Sham Saline rats which peaked at 2 weeks
before reducing slilghtly to 3 weeks. As a result by
3 weeks, OVX Saline rats showed a 54% decrease in
labeled bone area compared to Sham Saline (p < 0.05).
Scl-Ab clearly attenuated this impaired healing in
OVX rats with a strong increase in labeled bone area
to 2 weeks and no reduction to 3 weeks, a more similar
pattern to Sham Saline samples. This was such that
Scl-Ab OVX group was equivalent to Sham Saline in
laballed bone area by 3 weeks. Scl-Ab treatment in
sham rats did not significantly alter labeled bone area
(Fig. 5).
Bone Resorption
The number of TRAP-positive cells per unit of BS
(OscN/BS) was not significantly altered with Scl-Ab
treatment in OVX rats (Table 1). However, differences
were detected between samples from OVX and Sham
rats. At 2 weeks, OVX Saline samples showed a 36%
reduction in osteoclast number per unit bone surface
JOURNAL OF ORTHOPAEDIC RESEARCH OCTOBER 2012

1546

MCDONALD ET AL.

(OcN/BS; p < 0.01) in the center of the defect compared with Sham Saline, followed by normalisation
to sham levels at 3 weeks. At 3 weeks however, OVX
Saline samples showed a 53% reduction in OcN/BS
compared with Sham Saline at the cortical edge of
the defect (p < 0.05). Interestingly at 2 weeks Scl-Ab
treatment in sham rats reduced OcN/BS by 43% compared to Saline sham both in the center of the defect
and at the cortical edge in sham rats (p < 0.01). At
1 week, very few TRAP-positive cells were noted in
any samples so no measurements were possible.

DISCUSSION

Figure 5. (a) Representative images of sections of the defect
area labeled with calcein (green) at 10 and 7 days prior to cull at
each time point. Note the corresponding increases in labelled
bone surfaces to the von kossa stained images in Figure 4. Scl-Ab
treatment significantly increased labelled bone area at 2 weeks
but the 3-week increase was not significant. (b) Bar chart of
mean labelled bone area. Error bars are 1 SD. p < 0.05 compared with Sham Saline, p < 0.01 compared with Sham Saline,
#
p < 0.05 compared with OVX Saline. ^p < 0.01 compared with
Sham Saline 1 week, p < 0.01 compared with Sham Scl-Ab
1 week, *p < 0.01 compared with OVX Saline 1 week, p < 0.01
compared with OVX Scl-Ab 1 week. [Color ﬁgure can be seen in the
online version of this article, available at http://wileyonlinelibrary.
com/journal/jor]
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Bone repair in this metaphyseal defect model was significantly compromised in OVX animals compared
to sham, however Scl-Ab treatment improved repair
outcomes in OVX rats, largely normalizing the repair
response. Impaired bone healing in OVX rats is consistent with numerous previous studies describing impaired endochondral bone repair in this osteoporotic
animal model induced by estrogen deficiency.15–17 Of
interest, our detailed assessment of the metaphyseal
intramembranous repair model revealed an alteration
in the repair response in OVX rats. Acceleration of the
initial response to injury was noted in OVX Salinetreated rats, with increases of up to 157% in 2D BV/
TV, 116% in 3D BV/TV and increases of over 300% in
defect-labeled bone area compared to sham Saline
samples at the early 1-week time point. From this
stage onwards however bone formation reduced steadily in OVX rats such that the resultant bone volume
fell significantly behind Sham Saline-treated animals
at both 2 and 3 weeks on the endosteal surface of the
defect (Fig. 3). We suggest that the early enhanced response in OVX rats is due to accelerated bone turnover
in this region. As shown in previous studies of both
the distal femur26,27 and the proximal tibia,28 metaphyseal bone turnover is extremely high in the early
stages post-OVX. Although our analysis of osteoclast
number/bone surface suggested OVX rats had reduced
resorption at 2 and 3 weeks, the overall impaired healing response led to a net decrease in bone volume
within the defect of OVX rats compared to Sham. Even
though a number of other studies have explored metaphyseal fracture repair in OVX animals, data to compare with our interesting finding of early enhanced
bone formation is lacking29–32. Further to this, the
bone repair process at the periosteal/cortical edge of
the defect was not impaired with OVX, instead it was
either equivalent to or increased compared to sham.
These different outcomes indicate that OVX influences
metaphyseal bone repair differently to cortical bone in
this defect model, a result that may require further
assessment to understand completely.
Treatment with Scl-Ab, during healing in the current bone repair model, increased considerably the
amount of bone formed at the endosteal region of the
repair site during the later stages in OVX rats, leading

SCLEROSTIN INHIBITION ENHANCES DEFECT REPAIR

to normalization of the repair response. The accelerated repair reaction at 1 week in OVX rats, with peak
bone formation at this early stage, was in fact followed
by impaired bone formation and resultant reduced
bone volume in this region of the repair site compared
to sham controls. Scl-Ab treatment prevented the reduction in bone formation in OVX rats, instead increasing labeled bone area from 1 to 2 weeks, reaching
Sham Saline levels by the 3-week time point. As a result, defect bone volume was augmented significantly,
in OVX samples with Scl-Ab treatment at 2 and
3 weeks, virtually normalizing with Sham Saline
levels by 3 weeks. Analysis at a later time point, 4 or
5 weeks, would be needed to confirm complete normalization of OVX defect repair to sham levels through
Scl-Ab treatment. Enhancement of healing with Scl-Ab
treatment in sham rats was also documented in this
study, although not to the extent of that seen in OVX
rats. Interestingly, based on our histological assessment, this may be attributed to reduced bone resorption rather than the enhanced bone formation
documented in Scl-Ab treated OVX rats.
Improvement of impaired healing in OVX rats has
been demonstrated previously through the use of
either raloxifene or estrogen in a metaphyseal osteotomy model.30 Interestingly, the anti-resorptive agent,
alendronate, failed to improve mechanical properties
in metaphyseal healing in this model,31 with conflicting previous reports in OVX diaphyseal fractures.19,20
More promising than these other agents is the
strong augmentation of bone repair through use of SclAb showing improved fracture union rate, increased
bone formation, enhanced callus size, and superior mechanical strength in non-impaired models of bone healing.12,13 Our current data confirms these findings with
enhanced bone formation, bone volume and hence
improved intramembranous defect repair in Scl-Abtreated OVX rats. Although our model involves intramembranous repair only, this work suggests that
Scl-Ab treatment in diaphyseal repair models, which
encompass both endochondral and intramembranous
repair, may be enhanced on two levels with both these
modes of bone formation augmented. With its powerful
bone-specific anabolic activity, and potentially low dosing frequency regime in humans,11 Scl-Ab treatment
may provide a novel avenue for investigations into the
enhancement of both endochondral and intramembranous bone repair. This is particularly relevant in situations of compromised bone repair such as osteoporosis.
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