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Inactivity but not ovariectomy determines the mechanical property
and quality of cortical bone in the hind limbs of aged female rats.
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Objective: Our goal in this study was to determine the physiological consequences of ovariectomy
(OVX) and a lack of daily activity such as walking.
Methods: We forced 40-week-old female rats to be inactive for 13 weeks with an experimental system
that prevents standing and walking while allowing other movements.  Rats were either ovariectomized
or underwent a sham operation at 40 weeks and then were maintained for 13 weeks individually in
standard cages or in cages with limited space.  Tibiae and femora were analyzed by pQCT (peripheral
quantitative computed tomography), micro-CT (microfocused x-ray computed tomography), Raman
spectroscopy, and the three-point bending test.
Results: Significant bone loss occurred only by OVX and was limited to the cancellous bone
compartment.  Cortical bone was affected by the forced inactivity but not by OVX, and the breaking
force of inactive rat femur was lower than that of the walking rats.
Conclusions: It is concluded that the lack of daily activity is detrimental to the strength and quality of
bone, while lack of estrogen mainly affects the cancellous bone properties.
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Introduction

one changes by age, hormonal status, diseases, and
mechanical environment.  Among the methods

employed to study bones, bone marrow density (BMD)
had been widely used as a measure of bone health.
Evidence suggests, however, that the quality of cortical
bone should also be taken into account when assessing
bone strength, as well as the fracture risk.1,2  Structure
(geometry) and the material properties, namely the
quality, can be assessed noninvasively by peripheral
quantitative computed tomography (pQCT) and infrared/
Raman vibrational spectroscopy.3,4  By confocal laser
Raman spectroscopy, we analyzed the extent of matrix
mineralization (mineral/matrix ratio) and the
characteristics of hydroxyapatite and collagen including
the CO3/PO4 ratio, the crystallinity, and the extent of
proline hydroxylation that leads to the formation of mature
cross-links.5,6  We studied these parameters in the cortical
bone of aged female rats, whose physical activity was

restricted or they were ovariectomized.  We controlled
physical activity by keeping the experimental rats in
special cages that forced them to be inactive.6

While ovariectomized (OVX)-rats have provided an
excellent animal model for postmenopausal osteoporosis
for more than a quarter century,7,8 no adequate rat models
have been available to test the effect of an inactive
lifestyle.  Studies have been limited to rodent models in
which legs are locally immobilized, as in hindlimb
unloading, in which case periosteal bone formation
decreases.  Significant changes in the major parameters
of bone, such as the mechanical properties, BMD, and
bone mineral content BMC, occur only when the two
interventions, unloading and ovariectomy, are
combined.9,10  We, therefore, sought to characterize the
effect of estrogen deprivation and lack of physical activity
separately on the hindlimb bones of aged female rats
with our caged-rat model, in which the cage prevents rats
from standing or walking while allowing other
movements.
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Materials and Methods

Animals and experimental design
The protocol for the experiment was approved by the
animal care committee of Kitasato University School of
Medicine.  Female Wistar rats, purchased from Charles
River Japan, Inc., were maintained at the animal facility
of Kitasato University with rodent Diet CE-2 (CLEA
Japan, Inc.), which contains 1.18 g calcium and 1.03 g
phosphorus in 100 g of feed.  Rats were either the OVX
group or underwent a sham operation at 40 weeks, and
then were maintained for 13 weeks individually in
standard cages (the Sham group) or in cages with limited
space, 70 mm × 180 mm × 53-130 mm (W × L × H)
(the Res group).  The animals were pair-fed by the method
used by Scarpace et al. with a minor modification.6,11  All
rats were killed, and the femurs and tibiae were excised
and stored at -80℃ until being tested biomechanically.
Alternatively, the excised legs were fixed with 4%
paraformaldehyde for 48 hours and then replaced with
PBS (phosphate buffer saline) for micro-CT and pQCT
analyses.

Micro-CT
A micro-CT equipped with a microfocus x-ray tube (focus
size 8 × 8μm, inspeXio SMX-90CT Shimadzu
Corporation, Tokyo) was used to obtain images of an
area in tibia starting 500μm from the most distal part of
the growth plate and extending 3 mm distally.  The tube
voltage, tube current, magnification, and voxel size were
90 kV, 110μA, × 7, and 13.0 × 13.0 × 13.0μm,
respectively.  Using TRI/3D BON software (Ratoc
System Engineering Co., Ltd, Tokyo), 3D structural
parameters, such as bone volume fraction, BV/TV (%),
BMC (mg), BMD (mg/cm3), trabecular thickness (Tb.Th
μm), trabecular number (Tb.N 1/mm), and trabecular
separation (Tb.Spμm) were calculated.6

pQCT analysis
For the pQCT analysis, isolated bones were measured
using an XCT Research SA+ pQCT instrument (Stratec
Medizintechnik GmbH, Pforzheim, Germany) with a tube
voltage of 50 kV and a tube current of 550μA using a
voxel size of 80 × 80 × 460μm.  Cortical bone was
defined as the voxels of bone with BMD greater than 690
mg/cm3.  Trabecular bone was defined as voxels of bone
with BMD less than 395 mg/cm3.3  Femur slices at 15
mm from the distal end were used for cortical BMD
measurements.  Cross-sectional moment of inertia
(CSMI) was calculated on the frontal plane as reported.6

Mechanical testing
The mechanical properties of the right femora were
measured using the three-point bending method and an
MZ-500S mechanical testing device (Maruto Co., LTD.,
Tokyo).  The bending load was applied at 15 mm from
the distal end of the femur on the anterior surface at a
speed of 10 mm/minute until fracture was made, with the
posterior surface of the femur face down on supports 17
mm apart.  The ultimate force, breaking force, stiffness
(slope of the load-displacement curve), and work-to-
failure (area under the load-displacement curve before
the fracture occurs) were measured as whole-bone
mechanical properties.

Confocal laser Raman spectroscopic measurements
Confocal laser Raman microspectroscopy was used to
determine the composition and relative intensities of
mineral and matrix in the mid-shaft anterior cortex of the
left femur 15 mm from the distal end.  Intracortical
compartment was subjected to measurements by a Nicolet
Almega XR Dispersive Raman microscope system
equipped with the OMNIC Atlus imaging software
program (ThermoFisher Scientific, Inc., MA, USA).  An
area less than 1μm3 can be mapped using Atlus mapping
with a visualized sample on the video microscope.  A
high-brightness, low-intensity laser operating at 780 nm
was used as the excitation source with a laser power of
35 mW.  Each spectrum is the sum of 10 10-second
measurements.  The peak areas were calculated between
the following Raman shift numbers: PO43-v1, 981.9-925.7
cm-1; PO4

3-v4, 631.0-545.8 cm-1; CO3
2-v1, 1087.9-1052.1

cm-1; amide I, 1716.3-1541.2 cm-1; amide III, 1298.1-
1214.4 cm-1; hydroxyproline, 855 and 878 cm-1; proline,
919 cm-1; as in Akkus et al.12  Mature collagen cross-
links were determined as the ratio of the peak heights at
1,660 cm-1 and 1,690 cm-1, which correspond to pyridinoline
[Pyd] cross-link and dehydrodihydroxylysinonorleucine
[deH-DHLNL]), respectively.  Crystallinity, parameter
of mineral maturation, was determined as the inverse of the
width of the phosphate symmetric-stretch band (PO4

3-v1

at 959 cm-1) at half the maximum intensity value.13

Statistic analysis
All data values are expressed as the mean ± standard
deviation (SD).  The group means were compared by
one-way analysis of variance (ANOVA) followed by
Tukey's multiple comparison test using a commercially
available statistical package (SPSS 11.0 J for windows,
SPSS Japan).
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Table 1.  Body weight and lower limb bone length

Treatment
Parameters

Sham (n = 10) OVX (n = 9) Res (n = 10)

Age (weeks) 53 53 53
Body weight (g) 408.2 ± 49.0 437.3 ± 34.8 387.9 ± 28.4
Femur length (mm) 37.1 ± 0.8 37.7 ± 1.1 37.3 ± 0.6
Tibia length (mm) 40.1 ± 1.0 40.2 ± 1.4 40.2 ± 0.4

No significant differences were detected among the groups.

Figure 1.  Effect of inactivity or ovariectomy on micro-CT parameters of femoral cancellous bone in the
Sham, OVX, and Res groups.

(A) Bone volume fraction, BV/TV (%), (B) bone mineral content, BMC (mg) and (C) density, BMD (mg/
cm3), (D) trabecular thickness, Tb.Th (μm), (E) number Tb.N (1/mm), and (F) separation, Tb.Sp (μm), are
shown.  The group means for each parameter were compared using a one-way analysis of variance (ANOVA)
followed by Tukey's multiple comparison test.  Bars represent the means ± SD.  Asterisks above connected
pairs of values indicate significant differences (*P < 0.05).
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Results

Final body weight and lower-limb bone lengths
Measurements at the time of sacrifice were summarized
in Table 1.  While there was a trend of lighter body
weight in the Res group than in the walking groups (Res
< Sham < OVX, without significance), no intergroup
differences were detected.

Micro-CT analysis of BMD and trabecular morphology
in tibia epiphysis
Parameters of trabecular bone in the proximal tibia
showed that ovariectomy caused significant bone loss in
the OVX group; in BV/TV and Tb.Sp compared with the
Sham group; and in BMD, BMC, and Tb.N, compared
with both the Sham and Res groups (Figure 1).  Tb.Th
was unchanged in all the treatments.

Figure 2.  Effect of inactivity or ovariectomy on mechanical properties of femur.  The whole-bone mechanical
properties measured are (A) breaking force, (B) stiffness (slope of the load-displacement curve), (C) ultimate
force, and (D) work-to-failure (area under the load-displacement curve before fracture).  Only the breaking
force showed significant difference among the Sham and Res and OVX groups.  Bars and significance are as
in Figure 1.

Table 2.  Cortical bone parameters by pQCT analysis of femur diaphysis

Treatment
Parameters

Sham (n = 10) OVX (n = 9) Res (n = 10)

Cortical BMD (mg/cm3) 1,392.5 ± 10.9 1,375.6 ± 30.4 1,395.5 ± 18.8
Cortical BMC (mg)      9.5 ± 0.6      9.3 ± 0.5      9.3 ± 0.6
Cortical area (mm2)      6.8 ± 0.4      6.8 ± 0.4      6.7 ± 0.5
Pericortical perimeter (mm)    15.3 ± 0.8    15.6 ± 0.8    15.3 ± 0.6
Endocortical perimeter (mm)    11.9 ± 0.9    12.1 ± 0.9    11.8 ± 0.8
x-Axis SSI (mm3)      4.7 ± 0.7      4.6 ± 0.5      4.6 ± 0.6

No significant differences were detected among the groups.
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Cortical parameters of BMD and geometry determined
by pQCT analysis
The cortical BMD values in femur at the mid-shaft were
almost identical among the three groups (Table 2).  In
addition, no intergroup differences were detected in
cortical BMC, cortical area, pericortical perimeter,
endcortical perimeter, or x-axis CSMI.

Mechanical properties
Figure 2 shows the mechanical measurements of the femur
by the three-point bending test.  The breaking force value
in the Res group was significantly lower than that of the
Sham and OVX groups.  Regarding ultimate force,
stiffness, and work-to-failure, we found only a trend with
no significant difference between the groups.

Confocal laser Raman spectroscopic measurements of
material properties
An analysis of the anterior cortex of the femurs revealed
the resolvable mineral factor was carbonated apatite.  The
peak wave numbers were almost identical to those
originally reported by Tarnowski et al.14 as shown in
Figure 3A.  Figure 3B-I summarizes the results.  The
carbonate to phosphate ratio as well as the crystallinity
in the OVX and Res groups is not significantly different
from those in the Sham group.  In the collagenous matrix,
however, both the hypro/pro ratio and the mature collagen
cross-link values were significantly lower in the Res group
than in the Sham group, showing that collagen in the
inactive rat bone is not properly processed after
translation/secretion.  Moreover, the mineral-to-matrix

ratio, the relative peak areas of PO4
3-v1 to amide I and

PO4
3-v4 to amide III, significantly increased in the Res

group (vs. those in the Sham group).  From the original
Raman intensity (Figure 3H and I), it is apparent that
Amide III is much less in the Res bone matrix than that in
the Sham bone matrix.

Discussion

Although postmenopausal estrogen loss is an essential
factor in the pathogenesis of osteoporosis in elderly
women, there is, to date, no proper measure to estimate
how the lack of physical activity contributes to this
pathogenesis.  Therefore, it will be beneficial to identify
the two components experimentally in order to better
understand and treat postmenopausal osteoporosis.  Our
model is intended to mimic the conditions of elderly
women who walk less than a mile a week, whose bone is
inferior to that of walking women.15  Our data showed
that inactivity but not ovariectomy causes local weakening
of cortical bone material properties.

Entirely different results from our inactive rat model
have been reported in most disuse models including the
hindlimb unloading rodent model.16  In rapid endocortical
bone loss in hindlimb-unloaded mice, sympathetic
nervous tone mediates an unloading-induced 40%-60%
loss of trabecular bone volume per trabecular volume
(BV/TV) in 10 days, which acts through suppression of
bone formation by osteoblasts and enhancement of
resorption by osteoclasts.17  In 6-month-old rats, Tou et
al. reported that neither single intervention, hindlimb

Figure 3. (Continued on the following page)

Suto,  et al.
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Figure 4. (Continued from the previous page)  Effect of inactivity or ovariectomy on mineral and matrix
parameters analyzed by intracortical measurements of bone components by confocal laser Raman vibrational
spectroscopy.  (A) Representative spectra from the three groups, Sham control, OVX and Res, (B) crystallinity,
ratios of (C) CO3

2/-PO4
3-v1, (D) Hypro/Pro, (E) Pyd/ deH-DHLNL, (F) PO4

3-v1/amide I and (G) PO4
3-v4/

amide III, and peak intensities of PO4
3-v4 and amide III are shown.  Bars and significance are as in Figure 1.

Inactivity and cortical bone in aged female rats
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unloading or OVX, reduced bone strength as revealed by
torsion tests and that there was a correlation between
lower femoral total BMD (r2 = 0.65, P < 0.001) and
reduced torque strength with the combined intervention.10

These results suggest that the restricted movement
resulted in underuse, which is distinct from disuse in that
only the quality of bone severely changes.  Collagen
cross-linking chemistry was discussed as a function of
age.18-20  A likely consequence of aging, we believe, is
underuse and underloading of bone.

We have detected no significant difference in the
in tens i ty  o f  minera l  parameters  by  Raman
microspectroscopy.  On the other hand, lower matrix
intensity derived not only from >C = O vibration (Amide
I and Amide III) but also from >CH2 vibration (data not
shown).  The significantly higher mineral/matrix content,
therefore, likely derives from the lower collagen content
in the inactive rat cortex than in that of walking rats.
Comparing the inbred strains of mice, Courtland et al.
reported that A/J mouse femora had a higher mineral/
matrix ratio than C57BL/6J (B6) femora, which
demonstrated significantly higher work-to-failure and
toughness values than A/J femora.21  Although not
significant, work-to-failure values are lower in the Res
rat femora than in other groups suggesting a similar
brittleness of cortical bone in the inactive rats.

We propose that daily activity, such as walking, is a
determinant of the properties of cortical bone.  Our
inactive rat model will be useful in the future studies of
anabolic drugs, which counteract disuse osteoporosis.22,23
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