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Summary. The effects of non-endurance exercise on bone
properties were evaluated in 9-month-old sham-operated
(SH) and ovariectomized (OVX) rats. The studies were
started 3 months postsurgery, after bone mass was de-
creased in OVX rats. The sham and OVX rats were either
kept sedentary (SED) or were trained to run with one of two
protocols: 12 m/minute, 50 minutes/day, 4 days/week (low
intensity, frequent, EX-1); or 21 m/minute, 40 minutes/day,
1 day/week (moderate intensity, infrequent, EX-2). A group
of seven rats evaluated at the beginning of the study served
as baseline control. The bone mineral was assessed by the
ash weight of the left femur, tibia, and 4th lumbar vertebra.
Biomechanical (strength, deformation, stress, strain, and
stiffness) and morphometric (length, cortical and medullary
area, moment of inertia) properties were evaluated for the
right femur. There was a significantly lower bone mineral
and mechanical properties in OVX-SED (n = 7) than in
SH-SED (n = 10) rats. The OVX-EX-1 (n = 6) rats had
higher ash content of femur and tibia than OVX-SED rats,
but the change was significant only for tibia. The EX-2 had
no effect on the ash content, but femur stress was higher in
OVX-EX-2 (n = 8) than in OVX-SED rats. The femur yield
force and deformation were improved in OVX rats with both
exercise protocols, whereas the vertebra ash weight, femur
strain, modulus of elasticity, length, cortical area, and mo-
ment of inertia were not changed. Non-endurance exercise
did not affect bone properties in either SH-EX-1 (n = 7) or
SH-EX-2 (n = 8) groups. We conclude that non-endurance
exercise has beneficial effects on established osteopenia in
ovariectomized rats.
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Oophorectomized rats have been used as a model for studies
of postmenopausal osteoporosis [1, 2]. Ovariectomy (OVX)
in adult rats induces osteopenia due to high bone turnover,
with bone resorption exceeding bone formation [1-3]. Exer-
cise has been used for bone protection from OVX-induced
changes with variable effects. Tuukkanen et al. [4] observed
decreased trabecular bone resorption with 8 weeks of exer-
cise in young OVX rats. Exercise, however, was ineffective
for prevention of OVX-induced osteopenia in calcium-
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deficient adult rats [5]. Case-control studies in humans have
demonstrated the positive effect of exercise, but a few ran-
domized trials failed to show protective effect of training on
postmenopausal osteoporosis [6, 7]. Exercise protocols most
frequently used for postmenopausal women either include
1-3 sessions of supervised moderate exercise per week or
4-6 days/week of unsupervised physical activity [7, 8].

We have used the OVX rat model and have shown that
endurance exercise started immediately post-OVX resulted
in an improvement of bone mass and femur strength [9]. The
present study evaluated effects of two non-endurance exer-
cise protocols started 3 months post-OVX, after osteopenia
had occurred. One exercise protocol was designed to pro-
vide a low level of exercise 4 days/week and the other exer-
cise protocol was designed to provide moderate exercise
once a week. These exercise protocols were chosen to sim-
ulate the protocols frequently used in humans.

Materials and Methods

Animals

Nine-month-old retired female breeders, weighing approximately
250 g, were obtained from Sprague-Dawley Breeding Laboratories
(Indianapolis, IN). All animals received a standard diet containing
0.97% calcium, 0.85% phosphorus, and 1.0 IU/g vitamin D (AG-
WAY, RNH 3000, Arlington Heights, IL). The rats were weight
matched and randomly assigned to various groups. A group of rats
(n = 7) was sacrificed at the beginning of the study and designated
as the baseline control (control) group. The remaining animals were
sham-operated (SH) or ovariectomized under ketamine hydrochlo-
ride/xylazine hydrochloride (88/10 mg/kg i.p.) anesthesia via an ab-
dominal approach. Established osteoporosis was induced by OVX
followed by no treatment for 3 months. The SH and OVX rats were
subjected to the following protocols: (1) sedentary (SED), followed
for 6 months (SH-SED and OVX-SED); (2) sedentary for 3 months
and then trained with low intensity frequent exercise (EX) (de-
scribed later) for 3 months (SH-EX-1 and OVX-EX-1); (3) sedentary
for 3 months and then trained with moderate intensity infrequent
exercise for 3 months (SH-EX-2 and OVX-EX-2). Eight animals
were assigned to each group except for the SH-SED group which
had 10 animals. A few animals died during the course of the studies
and the number of animals available for analysis is indicated in Table
1. At the end of the experiment the rats were anesthetized with
ketamine/xylazine (88/10 mg/kg i.p.) and sacrificed by exsanguina-
tion, as previously described [10]. At sacrifice, the left femur, left
tibia, and fourth lumbar vertebra (L4) were removed and cleaned for
ash analysis, and the right femur was obtained for biomechanical
and morphometric properties measurement. Body weight as well as
uterine weight were recorded for each rat.
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Table 1. Body and uterine weight of adult female rats

Groups No. rats Body wt, g Uterine wt, g
Control 7 2480+ 5.6 0.52 = 0.02
SH-SED 10 2582 = 8.8 0.50 = 0.07
SH-EX-1 7 2750 7.4 0.56 = 0.05
SH-EX-2 8 255.4 = 12.7 0.56 + 0.07
OVX-SED 7 256.4 = 10.9 0.10 = 0.012
OVX-EX-1 6 3015 = 4.6° 0.08 = 0.022
OVX-EX-2 8 287.8 = 11.5 0.10 = 0.01*

Values are mean = SEM. SH = sham-operated, OVX = ovariectomized, SED = sedentary,
EX = exercised, EX-1 = low intensity frequent EX, EX-2 = high intensity infrequent EX.
Control animals were sacrificed at the beginning of the study at 9 months and were therefore 6
months younger than the animals in the other groups

2 P < 0.01 vs SH-SED; PP < 0.05 vs OVX-SED

Animal Training

The exercising rats were trained to run on a motor-driven, six cham-
ber Omni Pacer Treadmill with an electric grid at the rear of each
compartment (Omnitech, Columbus, OH). During the conditioning
period, rats started running at 6 m/minute, 0 grade, 10 minutes/day,
and the speed and duration were then increased over 2 weeks until
final protocol parameters were reached. The low intensity frequent
exercise was defined as running at a speed of 12 m/minute, 0 grade,
50 minutes/day, 4 days/week (EX-1); the moderate intensity infre-
quent exercise consisted of running at 21 m/minute, 0 grade, 40
minutes/day, 1 day/week (EX-2). The experimental protocols were
approved by the institutional Animal Care Committee.

Bone Analysis

Left femur, left tibia, and fourth lumbar vertebra were freed of soft
tissue. The bones were ashed in porcelain crucibles in a muffle
furnace at 800°C overnight and the ash weight was obtained. Me-
chanical properties of the right femur were determined by a three-
point bending test in an Instron Universal Testing Machine (Model
I125, Instron Corp, Canton, MA). The breaking force was applied
perpendicular to the long axis of the femur with a crosshead speed
of 1.0 mm/minute, as previously described [10]. The femur length
was measured with calipers before breaking. The inner and outer
diameters in anterior-posterior and medial-lateral axis were mea-
sured with a micrometer at the point of fracture and used to calcu-
late cortical area, medullary area, and moment of inertia. Coefficient
of variation for micrometer measurements was 1.5%. The moment
of inertia provided the measure of bone distribution about the neu-
tral axis. The three mechanical parameters of femur were directly
derived from the force-deformation curves: (1) yield force, moni-
tored by the point of deviation from the linear slope of the force-
deformation curve; (2) maximum force, indicated by the maximum
force on the force-deformation curve; (3) elastic deformation, mea-
sured as deflection at yield point. The yield stress (measure of tissue
strength), the elastic strain (measure of the bone bending relative to
its length), and the modulus of elasticity (indicator of bone stiffness)
were calculated from the primary data, using previously described
formulas {10, 11].

Statistical Analysis

Differences among groups were evaluated by analysis of variance
followed by Dunnett squares method using an IBM PC II computer.
A P value below 0.05 was considered significant [12].

Results

Body and Uterine Weights

Table 1 shows final body weights as well as uterine weights

of rats from various groups. There were no significant dif-
ferences in the final body weights among various groups,
except for the rats in OVX-EX-1 group which had higher
body weights than OVX-SED rats. The uterine weights were
significantly decreased by OVX and were not affected by
exercise.

Effects of Age

The ash weight of all three bones, as well as femur force, was
higher in SH-SED than in control rats sacrificed at the be-
ginning of the study at the age of 9 months (Figs. 1 and 2).
The other femur biomechanical and morphometric proper-
ties were not modified by age (Table 2).

Effects of Ovariectomy on Bone Parameters

Ovariectomy resulted in a significantly lower ash weight of
femur, tibia, and L4 in OVX-SED rats compared with the
SH-SED group (Fig. 1). Femur biomechanical parameters—
yield and maximum force, deformation, stress, strain, and
modulus of elasticity—were significantly lower in OVX-SED
rats than in SH-SED animals (Fig. 2 and Table 2). Femur
geometry was also affected by OVX; the medullary area and
moment of inertia were higher in OVX-SED rats than in
SH-SED group (Table 2). Femur length and cortical area
were not influenced by ovariectomy (Table 2).

Comparison of OVX-SED to baseline control rats
showed that there was no net loss of bone mineral or femur
force during the 6-month period of OVX (Figs. 1 and 2).
However, the other biomechanical and morphometric prop-
erties were affected by OVX such that the differences ob-
served between baseline control and OVX-SED rats were
similar to those seen between SH-SED and OVX-SED rats
(Table 2).

Effects of Exercise in Ovariectomized Rats

The femur and tibia ash weights were higher in OVX-EX-1,
but not in OVX-EX-2 rats as compared with those in OVX-
SED animals. The differences were statistically significant
only for the tibia in the OVX-EX-1 group (Fig. 1). The ver-
tebra ash weights were not significantly different between
exercised and sedentary groups in either EX-1 or EX-2 OVX
rats. The femur yield force and deformation were signifi-
cantly higher in OVX rats on both exercise protocols com-
pared with the OVX-SED group (Fig. 2 and Table 2). The
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Table 2. Femur biomechanical and morphometric properties

Groups Deformation, mm Stress, MPa Strain, X 10? Elasticity, MPa
Biomechanical properties

Control 0.499 = 0.06° 154.2 = 11.0° 18.9 + 0.6° 82719
SH-SED 0.497 = 0.02° 165.4 =+ 9.3° 19.0 + 0.9° 8.91 = 0.7°
SH-EX-1 0.427 = 0.02 150.3 = 11.1 19.7 £ 0.8 7.66 = 0.6
SH-EX-2 0.518 = 0.01 173.6 = 10.5 20.2 = 0.6 8.11 = 0.7
OVX-SED 0.374 = 0.02° 108.7 = 1.4* 15.9 £ 0.82 69 +0.5*
OVX-EX-1 0.437 = 0.02° 135.3 = 14.2 17.8 = 0.8 7.67 £ 0.9
OVX-EX-2 0.439 = 0.02° 144.1 = 7.1° 17.5 = 1.1 8.44 = 0.9
Morphometric properties

Groups Length, mm  Cortical area, mm®>  Medullary area, mm?> MI, cm?* x 1073
Control 36.2 £ 0.4 4,95 = 0.29 3.36 + 0.24° 0.383 = 0.05°
SH-SED 36.1 £ 0.1 5.55 £ 0.14 3.36 + 0.13° 0.418 = 0.02°
SH-EX-1 35.6 £ 0.4 5.94 = 0.26 3.54 = 0.22 0.506 + 0.05*
SH-EX-2 357 £ 0.2 5.59 £ 0.19 3.53 £ 0.17 0.451 = 0.04
OVX-SED 36.3 £0.3 5.36 = 0.27 46 =0.312 0.541 = 0.042
OVX-EX-1 35704 5.63 £0.2 3,98 £ 0.3 0.503 = 0.04
OVX-EX-2 363 +03 5.38 £ 0.22 3.58 = 0.14° 0.444 = 0.04

Values are mean = SEM. MI = moment of inertia. Group designations are as in Table 1

2 P < 0.05 vs SH-SED; PP < 0.05 vs OVX-SED

architecture. In the present studies, an increase in the femur
medullary area observed in OVX-SED rats is consistent with
increased endosteal resorption, which is one of the mecha-
nisms of ovariectomy-induced osteopenia in cortical bone
[13]. The medullary area was significantly smaller in the
OVX-EX-2 than in the OVX-SED group, suggesting that re-
sorption may be decreased by exercise. This observation is
in agreement with previous findings that total resorptive sur-
faces are decreased by exercise in osteopenic rats [14].

Amount of bone mineral correlates well with bone resis-
tance to fracture and is suggested to account for 70-80% of
‘the mechanical strength, the remainder being explained on
the basis of changes in bone organization and/or architecture
[15, 16]. Moment of inertia is a measurement of bone distri-
bution around the central axis and reflects changes in bone
architecture. An increase in moment of inertia is proposed to
be an adaptive response of bone to aging in female [17] and
male [11] rats, reinforcing bone resistance to fracture. A
recent study of age-related changes in human cortical bone
found increased remodeling activity and increased endocor-
tical porosity with aging [18]. In addition in these studies, an
increase in periosteal bone formation was observed with ag-
ing. This may serve as a mechanism of preservation of me-
chanical integrity via expansion of outer cortical diameter
[18]. In the present studies there was a trend to an increase
in the moment of inertia in older sedentary rats compared
with younger baseline control rats. Similarly, this parameter
was increased in the OVX rats, suggesting that the bones in
these animals may adapt to a decrease in bone mineral by
redistribution of mass.

Femur and tibia ash weights were greater in OVX-EX-1
rats compared with OVX-SED rats. The difference was,
however, significant only for tibia, suggesting that tibia is
more sensitive than femur to exercise intervention, probably
due to higher trabecular bone content. The beneficial effect
of exercise was limited to weight-bearing bones, tibia, and
femur, as there was no effect of exercise on vertebra ash
weight.

The mechanism of improved bone resistance to fracture
with exercise is not clearly understood. During normal ac-
tivity, bone has to resist predominantly to compressive
forces. Tensile force, however, is the main force acting on

bone during fracture. Bending was used as a test of femur
strength in the present studies as bending best reflects forces
acting during fracture [19]. Bone resistance to failure in ten-
sion depends on collagen content, and resistance to com-
pression depends on mineral content [19]. Femur resistance
to load and femur tissue strength were significantly in-
creased in OVX exercising compared with OVX sedentary
rats. The corresponding increases in the femur ash were
small and not statistically significant. These observations are
consistent with the view that bone strength may depend not
only on mineral, but also on other factors such as bone ar-
chitecture and possibly matrix collagen content [15, 16, 19,
20].

In the present study, non-endurance exercise did not in-
fluence either bone mineral or femur biomechanical proper-
ties in sham-operated animals. This contrasts with the find-
ings of our previous studies which showed a significant im-
provement of the femur force with endurance exercise [9].
The differences between the findings of the two studies may
be explained by the different levels (non-endurance versus
endurance) of exercise. In our present and previous studies,
the effects of exercise were more pronounced in the OVX
rats. Ovariectomy-induced decrease in bone mass is associ-
ated with a state of high bone turnover with resorption ex-
ceeding formation. This state of high bone turnover follow-
ing OVX probably makes the bones more sensitive to vari-
ous therapeutic manipulations.

In conclusion, the data from the present studies indicate
that (1) at 26 weeks after ovariectomy, bone mineral as well
as biomechanical and morphometric properties of bone are
adversely affected; (2) exercise has a positive effect on bone
ash in ovariectomized rats even when training is started 3
months post-OVX, after bone mass was decreased; (3) bone
biomechanical properties including yield force, stress, and
deformation, but not stiffness, are improved by non-
endurance exercise in OVX rats with established osteopenia;
(4) low- and moderate-intensity exercise do not affect bone
properties of sham-operated rats.
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