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Objective : The purpose of this study was to verify the appropriateness of ovariectomized rats as the osteoporosis animal model.

Methods : Twelve female Sprague-Dawley rats underwent a sham operation (the sham group) or bilateral ovariectomy [the ovariectomy (OVX)
group]. Eight weeks after operations, serum biochemical markers of bone turnover were analyzed; osteocalcin and alkaline phosphatase, which are
sensitive biochemical markers of bone formation, and C-terminal telopeptide fragment of type | collagen C-terminus (CTX), which is a sensitive bio-
chemical marker of bone resorption. Bone histomorphometric parameters and microarchitectural properties of 4th lumbar vertebrae were deter-
mined by micro-computed tomographic (CT) scan.

Results : The OVX group showed on average 75.4% higher osteocalcin and 72.5% higher CTX levels than the sham group, indicating increased
bone turnover. Micro-CT analysis showed significantly lower bone mineral density (BMD) (p=0.005) and cortical BMD (p=0.021) in the OVX group.
Furthermore, the OVX group was found to have a significantly lower trabecular bone volume fraction (p=0.002).

Conclusion : Our results showed that bone turnover was significantly increased and bone mass was significantly decreased 8 weeks after ovariec-
tomy in rats. Thus, we propose that the ovariectomized rat model be considered a reproducible and reliable model of osteoporosis.
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INTRODUCTION

Osteoporosis is a metabolic bone disease characterized by
loss of bone mass and disruption of bone microarchitecture,
and consequently increases the risk of fracture®'"!%, Tt is well
known that estrogen plays a fundamental role in skeletal growth
and bone homeostasis'>®. This is of particular importance in
postmenopausal women, whose estrogen levels are naturally
lowered, and in whom the incidence of osteoporosis is high, be-
cause a rapid decrease in estrogens in this population is the pre-
dominant cause of the imbalance between bone formation and
bone resorption'?.

Although no single animal model precisely mimics the hu-
man condition of osteoporosis, appropriate animal models can

provide information on bone quality and structure not obtain-
able during clinical trials. Ovariectomy (OVX) provides the
most popular model for studying events associated with post-
menopausal osteoporosis with estrogen deficiency>>'>'9, and it
has been well established that ovariectomy elicits bone loss and
increased bone turnover in rats**”*'*12!9_Thus, OVX rat mod-
els of osteoporosis can mimic conditions in postmenopausal
women, and are suitable for the evaluations of potential thera-
peutics designed to prevent or treat osteoporosis’*'®.

In the present study, in an effort to devise a reliable and re-
producible OVX rat model of osteoporosis, we performed his-
tomorphometric analyses of the lumbar spine using micro-
computed tomography (CT) scans and evaluated changes in
serum bone turnover markers after ovariectomy in rats.
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MATERIALS AND METHODS

Animals and experiment

All animal experiments were performed in accordance with
the animal care guidelines issued by the National Institute Health,
and were approved by the Institutional Animal Care Commit-
tee at Kyungpook National University.

Twelve female Sprague-Dawley rats (11 weeks old, body weight
190-210 g) were purchased from Samtako Bio Inc. (Osan, Korea)
and acclimated to conditions for one week before the experi-
ment. Animals were housed in an air-conditioned room (relative
humidity 45-65%) under a 12-h light/dark cycle at 22+2°C and
given free access to food and tap water. Acclimated rats were as-
signed to one of two groups, either a sham-operated group (Sham,
controls; n=6) or a surgically ovariectomized group (OVX; n=6).
At surgery, rats were initially anesthetized intraperitoneally with a
mixture of xylazine (10 mg/kg) and ketamine (60 mg/kg). A 2
cm skin incision was then made just medial to the most bulging
part of the back. After pulling away periovarian fat with the
ovaries, complete bilateral ovariectomy was performed, and
then muscle, fascia, and skin were sutured using 4-0 silk. The
sham controls underwent the same surgical procedure, but
ovariectomy was not performed.

Body weights were checked once a week throughout the 8-
week experiment period. Eight weeks after surgery, all animals
were sacrificed and blood samples were collected by cardiac
puncture for serum isolation. Serum was separated by centrifu-
gation (at 1500xg) and then stored at -80°C until required for
bone metabolic marker assays. Serum estrogen (estradiol, E2)
was determined using an estradiol ELISA kit (ELISA, DRG in-
struments GmbH, Germany). In addition, 4th lumbar vertebrae
were removed, fixed in a 3.7% formaldehyde in phosphate-buff-
ered saline solution (pH 7.4) for 16 h and then stored (4°C) in
80% ethanol for bone mass measurements.

Serum biochemical markers of bone metabolism

Serum osteocalcin levels and alkaline phosphatase (ALP) ac-
tivities (both sensitive biochemical markers of bone formation)
were determined using osteocalcin EIA kits (Nordic Bioscience
Diagnostics, Herlev, Denmark) and QuantiChrome ALP assay
kits (DALP-250, BioAssay Systems, CA, USA), respectively. Se-
rum levels of C-terminal telopeptide fragment of type I collagen
C-terminus (CTX), which is generated by the osteoclast and is a
marker of bone resorption, were determined using RatLaps ELI-
SA kits (Nordic Bioscience Diagnostics, Herlev, Denmark)>©.

Histomorphometric analysis using microcomputed
tomography

Bone histomorphometric parameters and the microarchitec-
tural properties of 4th lumbar vertebrae were determined using
a micro-CT system (eXplore Locus SP, GE Healthcare) with X-
ray energy settings of 80 kV and 80 pA. Samples were scanned
over one entire 3600 rotation at an exposure time of 3000 ms/

frame. An isotopic resolution of 15-40 um voxel size that dis-
played the microstructure of rat lumbar vertebra was selected,
and the angle of increment around the sample was set to 0.4°,
which resulted in the acquisition of 900 2D images. A modified
Feldkamp cone-beam algorithm was used for 3D reconstruction.

For bone analysis, entire 4th lumbar vertebrae were selected
as the region of interest. Image information was obtained based
on the automatic domain values produced by the computer.
Bone mineral contents (BMC), bone mineral densities (BMD),
trabecular bone volume fractions (BV/TV, %), trabecular thick-
nesses (Tb.Th.), trabecular numbers (Tb.N.), trabecular separa-
tions (Tb.Sp.), and cortical bone mineral densities (Cr.BMD)
were used for the quantitative analysis, which was performed
using 2.0+ ABA Microview software provided with the micro-
CT system'>!*17,

Mechanical testing

Mechanical spinal strength was determined by a three-point
bending test. Each bone was positioned on the two lower sup-
ports of the anvil of a Universal Testing Machine (Instron 4202;
Instron, Canton, MA, USA). Load was applied to the midpor-
tion of the 4th lumbar vertebrae using a crosshead speed of 1.5
mm/min for all the tests. The load versus displacement data
were recorded automatically by the Instron software (INSTRON
series IX Automated Materials Tester, version 8.04.00), which
subsequently calculates the mechanical parameters from the
load-displacement curves.

Statistical analysis

All statistical comparisons were made using SPSS 17.0. Data
are expressed as means+standard deviations. Repeated measure
ANOVA was used to compare body weights in the OVX and
sham groups. The two-sample t test was used to identify signifi-
cant differences between the groups, and p values of <0.05 were
considered significant.

RESULTS

Body weights and estrogen levels

Body weights were checked once a week throughout the 8-week
experiment period. Fig. 1 shows changes in mean body weights
in the two groups with different time. At the start of the experi-
ment, body weights were similar in the two groups (p=0.368).
However, at 4 weeks after surgery, mean body weight was signifi-
cantly greater in the OVX group compared with the sham group,
and this significance was maintained throughout the period
(p=0.015,0.037, and 0.011 at 4, 6, and 8 weeks, respectively).

As shown in Fig. 2, 8 weeks after surgery, serum estradiol lev-
els were significantly lower in the OVX group (1.61+0.62 pg/mL
vs. 19.95+3.47 pg/mL; p=0.001).

Serum biochemical markers of bone turnover
Fig. 3A, B summarize the serum levels of the biochemical mark-
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Fig. 1. Graph showing temporal changes of body weights in the two
study groups. Values represent mean-+standard deviations (n=12).
*p<0.05 for OVX vs. sham group comparisons. OVX : ovariectomy.
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Fig. 2. Serum estrogen levels in the two study groups at 8 weeks after
surgery. *p<0.05 for the OVX group compared to the sham group. OVX :
ovariectomy.
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Fig. 3. The serum osteocalcin (A) and ALP (B) concentrations were used as markers of bone formation. Type | collagen CTX (C) concentration was
used as a marker of bone resorption. Values are means+standard deviations (n=12). *p<0.05 for the OVX vs. sham group comparisons. ALP : alkaline

phosphatase, CTX : C-terminus, OVX : ovariectomy.

ers of bone formation, osteocalcin, and ALP, and Fig. 3C shows
CTX serum levels, which are the sensitive markers of bone re-
sorption. The OVX group had on average a 75.4% higher osteo-
calcin level than the sham group, which was statistically signifi-
cant (p=0.002). Although serum ALP levels were 83.66+21.24
IU/L in the sham group and 142.72+58.72 IU/L in the OVX
group, they were not significantly different (p=0.136). On the
other hand, serum CTX levels in the OVX group were 72.5%
higher than in the sham group, which was significant (p=0.018).

Bone histomorphometric analysis using micro-CT

As shown in the representative micro-CT images, OVX rats
had fewer trabecular bone structures than the sham controls
(Fig. 4).

In the analyses of micro-CT scans of 4th lumbar vertebrae, the
OVX group showed a significant 12% reduction in BMD, and a
significant 9.1% reduction in trabecular bone volume fraction
(BV/TV) (p=0.005 and p=0.002, respectively). Furthermore,
mean BMC in the OVX group was lower than in the sham group
(22.38+4.12 mg vs. 25.52+4.37 mg, respectively), though this
was not significantly different (p=0.252). In addition, OVX rats
showed a significant decrease in Tb.Th. (p=0.011) and a signifi-

Fig. 4. Representative micro-CT images of the two groups; the sham
group (A) and the OVX group (B). OVX rats had less trabecular bone than
sham controls at 8 weeks after surgery. OVX : ovariectomy.

cant increase in Tb.Sp. (p=0.006), when compared to the sham
group. However, Tb.N. in the OVX group were lower than that of
the sham group (4.2+0.6 in the sham group and 3.8+0.5 in the
OVX group), which was not significantly different (p=0.351).

In the histomorphometric analysis of cortical bone, the OVX
group also showed a significant 6.2% reduction in Cr.BMD ver-
sus the sham group (p=0.021) (Fig. 5).

Mechanical testing
The three point bending test showed that the 4th lumbar ver-
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Fig. 5. Bar graph showing the result of histomorphometric analyses of 4th lumbar vertebrae in the sham and ovariectomy (OVX) groups; Bone mineral
density (BMD) (A), bone mineral content (BMC) (B), trabecular bone volume fraction (BV/TV) (C), trabecular thickness (Tb.Th.) (D), trabecular number
(Tb.N.) (E), trabecular separation (Th.Sp.) (F), cortical bone mineral density (Cr.BMD) (G). *p<0.05 for OVX vs. sham group comparisons.

Fig. 6. Loading force to maximal load on the 4th lumbar vertebrae by
using a three-point bending test. Ovariectomy significantly decreased
maximal load as compared with Sham (p=0.001). *p<0.05 for OVX vs.
sham group comparisons. OVX : ovariectomy.

tebrae of OVX group have on average 39% lower maximal load
value compared to that of the sham group (p=0.001) (Fig. 6).

DISCUSSION

The incidence of osteoporosis is increasing rapidly, especially in
the elderly population. Osteoporosis is divided into two types :
postmenopausal and senile osteoporosis. The causes of post-
menopausal osteoporosis are accelerated bone resorption and
systemic calcium imbalance due to menopause-induced estro-
gen deficiency>>!H1%19),

The animal models of osteoporosis are essential for anticipating
treatment efficacy and safety>'”, and of the various animal mod-
els used, rodents have numerous advantages, for example, they
are inexpensive, easy to house, the rapid generation time, and

their skeletons are sensitive to the loss of ovarian hormones'®.

750 \ * Ovariectomized models are most frequently used for studying

T postmenopausal osteoporosis with estrogen deficiency. There is

£ 1500 extensive literature studying OVX rat including the histomor-

g phometric changes and the biochemical markers of bone turn-
% 12.504 — over261011131417)

E“ 1000 In the present study, we investigated changes in bone turn-

§ over and bone loss after ovariectomy in Spraque-Dawley rats.

7504 At 8 weeks after ovariectomy, serum estradiol levels in the OVX

group were significantly lower than in the sham group (1.64+

Sham ovx 0.62 pg/mL vs. 19.94+3.46 pg/mL), which supports the presence

Group of ovarian deficiency in the OVX model. Furthermore, as was

expected, mean body weights were greater in the OVX group
than in the sham group (p=0.011). Omi et al.? described that
weight gain efficiency (body weight gain/food intake) in their
OVX group was significantly greater than in the sham group.
Turner et al.'"® also found that ovariectomy increases body weight
more in OVX group than in sham group. Accordingly, our re-
sults are comparable to those of previous studies that have used
an OVX rat model?7*121618),

Biochemical markers of bone turnover have been widely used
as measures of the status of bone remodeling. The bone remod-
eling cycle involves the achievement of balance between the
bone resorbing activities of osteoclasts and the bone forming ac-
tivities of osteoblasts. After menopause, bone resorption mark-
ers increase due to the activation of bone resorption by estrogen
deficiency, and bone formation increases to fill the higher num-
ber of resorption cavities, and as a result, increase in their se-
rum levels. The currently accepted mechanism of skeletal bone
loss in estrogen deficient rats is that of an imbalance in bone
turnover, that is, where bone resorption exceeds bone forma-
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tion™'®). The biochemical markers of bone turnover used in
clinical and experimental studies include osteocalcin and ALP
(a sensitive marker of bone formation) and CTX (a sensitive
marker of bone resorption).

In a study of ovariectomized rats, Kim et al.¥ found higher
plasma osteocalcin and CTX concentrations in their OVX group
than in sham operated animals, and similarly, it has been re-
ported that estrogen deficiency increases serum ALP, osteocal-
cin, and CTX levels, which indicated the increased bone turn-
over**'219_In the present study, ovariectomized animals were
found to have higher osteocalcin, ALP and CTX level than sham
controls, indicating increased bone turnover due to menopause-
induced estrogen deficiency, which is entirely consistent with
previous studies>*'21%).

In ovariectomized animals, as in postmenopausal women,
bone loss induced by ovarian deficiency mainly results from
trabecular bone loss®. Although BMD measurements could be
performed by dual-energy X-ray absorptiometry, micro-CT
can also be used for monitoring bone microarchitecture and
BMD in small animals. Scanned micro-CT images can separate
cancellous and cortical bone, and therefore, they can be used to
produce realistic depictions of apparent and tissue BMDs, which
in turn reflect degrees of bone mineralization. In the present
study, we analyzed bone histomorphometric parameters and
microarchitectural properties, BMD, BV/TV, %, Tb.Th., Tb.N.,
Tb.Sp., and Cr.BMD using a micro-CT system.

Many studies have demonstrated bone loss induced by estro-
gen deficiency in ovariectomized rats. Lei et al.” reported a sig-
nificant decrease in femoral BMD in 8-week OVX rats as com-
pared 8-week sham rats. In a recent study of histological observa-
tions of bone resections of vertebrae and femurs, bone mass was
found to be obviously reduced in ovariectomized rats than in
sham group'”. Similarly, in the present study, we also observed
that BMD and BV/TV in 4th lumbar vertebrae and cortical
BMD were significantly lower in the OVX group. These find-
ings support the notion that our model successfully mimics the
effects of osteoporosis.

When considering animal models of osteoporosis, it is im-
portant that bone sites should be taken into account. It is well
known that, in ovariectomized animals, cortical bone loss does
not match that of trabecular bone*”. In a study of ovariecto-
mized rats, Ferretti et al.? reported that bone mass started to
decrease earlier and more extensively in trabecular than in cor-
tical bone. We observed similar findings in the present study. In
particular, mean BMD of 4th lumbar vertebra at 8 weeks after
surgery, had reduced by 12.0%, but mean cortical BMD had
only reduced by 6.2%.

CONCLUSION

The present study demonstrates that ovariectomy in rats sig-
nificantly increases bone turnover, and this was confirmed by el-
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evated levels of bone turnover markers. Furthermore, it shows a
significant loss of trabecular bone in lumbar vertebrae 8 weeks
after ovariectomy. Finally, our study demonstrates that the ovari-
ectomized rat model offers a reproducible and reliable model of
0steoporosis.
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