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Abstract

Background: Alendronate (ALE) is a conventional drug used to treat osteoporosis. Low-magnitude whole-body vibration
(WBV) exercise has been developed as a potential treatment for osteoporosis. The aim of this study was to investigate
whether low-magnitude WBV could enhance the protective effect of ALE on bone properties in ovariectomized rats.

Methods: A total of 128 Sprague-Dawley rats were randomly divided into five groups (SHAM, OVX+VEH, OVX+WBV, OVX +
ALE, OVX+WBV+ALE). The level of WBV applied was 0.3 g at 45-55 Hz for 20 min/day, 5 day/week and for 3 months. ALE
was administered in dose of 1 mg/Kg once a week. Every four weeks eight rats from each group were sacrificed and their
blood and both tibiae were harvested. The expression of osteocalcin and CTX in serum was measured by enzyme-linked
immunosorbent assay (ELISA) and the tibiae were subjected to metaphyseal three-point bending and pCT analysis.

Results: Osteocalcin rose after ovariectomy and was not appreciably changed by either alendronate or WBV alone or in
combination. Alendronate treatment significantly prevented an increase in CTX. WBV alone treatment did not alter this
effect. Compared with the OVX+WBV group, nearly all tested indices such as the BV/TV, TV apparent, Tb.N, Tb.Th, and
Conn.D were higher in the OVX+ALE group at week 12.Compared with the OVX+WBV group, certain tested indices such as
BV/TV, TV apparent, Tb.N, and Con.D, were higher in the OVX+WBV+ALE group at week 12. At week 12, tibiae treated with
WBV+ALE exhibited a significantly higher F,,, compared to the OVX+VEH group, and a significant difference was also found
in energy absorption between the OVX+WBV+ALE and OVX+VEH groups.

Conclusions: Compared with the WBV, ALE was more effective at preventing bone loss and improved the trabecular
architecture. However, WBV enhanced the effect of alendronate in ovariectomized rats by inducing further improvements in

trabecular architecture.
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Introduction

With an increasing aging population worldwide, osteoporosis
has become a growing public concern [l]. Osteoporosis is
characterized by an imbalance between bone formation and
absorption. Osteoporosis causes not only osteoporotic fracture and
postural deformities, but also causes chronic and acute back pain,
which can potentially results in disability and deterioration in the
quality of life (QOL) in elderly females [2-3]. In humans,
menopause is accompanied by increased bone turnover, which can
result in bone loss of approximately 2%/year over five years and
an increased susceptibility to fractures [4-5]. Moreover, osteopo-
rotic fractures can increase the financial burden of medical care
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[6-7]. Thus, there is an urgent need to develop effective and safe
approaches to increase bone strength.

Bisphosphonates, such as alendronate (ALE), are potent
mnhibitors of osteoclast-mediated bone resorption that suppress
bone turnover through their ability to prevent the initiation of new
erosion sites and to reduce ongoing excavation [8-9]. ALE is
therapeutic candidate for preventing bone loss in estrogen-
deficient states [10-11]. ALE has been proven effective in rats in
preventing bone loss associated with immobilization by reducing
bone resorption [12]. Previous evidence suggests that ALE can
reduce back pain and increase activities of daily living in elderly
females [3]. Furthermore, it is well-known that many drugs,
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including ALE, have corresponding adverse reactions, which limit
certain patients from taking this drug long-term.

Recently, low-magnitude whole-body vibration (WBV) exercise
has been developed as a new and effective method for treating
osteoporosis [13]. Many studies have shown that mechanical
stimulation via WBV is beneficial for maintaining and/or
enhancing bone mass [14-16], and improving neuromuscular
function [17-18], as well as other physiological benefits. The
attractiveness of such a therapy relies on its ability to be applied in
a low-impact manner, which is critical for individuals with
impaired mobility and attenuated muscle strength [19-20]; for
example elderly or diseased people.

However, to the best of our knowledge, there are no published
studies investigating the effect of WBV combined with ALE in
ovariectomized rats. The aim of this study was to investigate the
effect of WBV combined with ALE in ovariectomized rats and to
determine whether WBV exercise would enhance the effect of
ALE on bone turnover and bone properties in ovariectomized rats.

Materials and Methods

Ethics statement

This study was performed in strict accordance with the
guidelines of caring for laboratory animals of the Ministry of
Science and Technology of the People’s Republic of China. All
animal procedures were approved by the Committee on the Ethics
of Animal Experiments of Southern Medical University. All
surgeries were performed using isoflurane anesthesia, and every
effort were made to minimize suffering. At the end of the
experiment isoflurane was used for animal euthanasia.

Specimens

A total of 128 (32 in the Sham group, and 24 in each treatment
groups) female Sprague-Dawley rats (eight weeks old, purchased
from the Laboratory Animals center of Southern Medical
University, acclimate to one week in our facility) were used in
this experiment. The rats were raised in a 12-h light/dark cycle
and fed a standard rodent diet (provided by Laboratory Animals
center of Southern Medical University) and water ad libitum. The
experimental animals were randomly assigned to five groups
(Sham, OVX+VEH, OVX+WBV, OVX+ALE, OVX+WBV+
ALE) according to body weight with either skin incision and
suture, ovariectomized with VEH (Vehicle, in this study it was
PBS which was used to make RSA solution.), ovariectomized with
WBV (0.3 g at 45-55 Hz for continuous 20 min/day, 5 day/
week, for 3 months), ovariectomized with ALE (intragastric
administration 1 mg/Kg, once a week) or ovariectomized with
WBYV and ALE.

During the experimental period, the body weight of the rats in
all groups was measured using electronic scale every four weeks
during the experimental period. The rats were sacrificed at four
predetermined time points for the Sham group (0, 4, 8 and 12
weeks) and three time points for the remaining four groups (4, 8
and 12 weeks). There were 32 animals in the Sham groups and 24
animals in each treatment groups. At sacrifice, whole blood was
collected with a cardiac puncture to determine the serum
osteocalcin (OC) and CTX (C-terminal cross-linked telopeptides
of type I collagen, C'TX) using standard laboratory techniques.
The bilateral tibiae were collected, with the soft tissues being
thoroughly removed and wrapped in normal saline-soaked gauze
and stored at —20°C until further use for biomechanical testing
and micro-C'T' scanning.
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Ovariectomy procedure

In this study, surgery was performed on 96 Sprague-Dawley rats
to remove the ovaries. Sham surgeries (where the surgery was
performed, but the ovaries were not removed) were performed on
36 rats (Sham group). The animals were anesthetized using
isoflurane. The lower abdomen was surgically scrubbed and an
incision was made to expose the ovaries and uterus. The ovaries
were removed, and subsequently, the muscles and skin were
sutured. All animals recovered from the surgery without incident.
Uterine weight was measured using electronic scale.

Serum markers

Blood was obtained from the rat cardiac puncture prior to their
sacrifice, and the specimens were centrifuged to isolate the serum
and stored at —80°C,, until the samples were further analyzed for
osteocalcin  (OC bone formation markers) and CTX, bone
resorption markers according to the manufacturer’s instructions.
The two markers were measured using an enzyme-linked
immunosorbent assay (ELISA Cusabio, Wu Han, China). The
absorbance at 450 nm was measured using a spectrophotometric
plate reader.

Micro-CT scanning

The left tibiae were stored in the saline soaked gauze at —20°C.
The micro-architecture of the trabecular bone were assessed by
using a high-resolution micro-C'T system (LCT80, Scanco Medical
AG, Bassersdorf, Switzerland) equipped with a 12 pm focal spot
microfocus X-ray tube as the source.

The bone morphology and density parameters were measured
at one location in the left tibia. The scanning region used for the
structural evaluation was defined as a 2-mm region, which started
from 2 mm distal to the proximal growth plate (Fig. 1 A and C).
The tissue volume (TV) was determined by thresholding the image
at 0.50 g/ cm®, and quantifying the enclosed voxels with an
additional dilation-erosion step to fill in the occasional small voids
in the cortical wall. The bone volume (BV) was a subset of the
tissue volume threshold. The ratio of BV/TV represented the
normalized bone volume. Low-density foam was used to position
the specimen tightly in the sample holder to ensure that there
would be no relative movement between the specimen and the
sample holder during the scan. The resulting grayscale images
obtained had an isotropic voxel size of 12 um, and the X-ray tube
was operated at 55 k V p and 49 pA.

Biomechanical testing

The mechanical properties of the tibiae were investigated using
the three-point bending method using a miniature Instron
materials testing machine (Electroplus E1000 Test System) with
a 2000 N load cell (Fig. 1B). The tibiae were thawed at room
temperature for 30 min prior to testing the region of interest, as
shown in Fig. 1C. The samples, which were continuously
moistened with isotonic saline solution during the test, were
placed on a base consisting of an aluminum block with one-
rounded edge-free notch on the top (Fig. 1B). The end of the
dorsal proximal tibia (the two condyles) was placed in one of the
notches (b in Fig. 1B). Because of its curved shape, the posterior
distal diaphysis was rested on the other side of base (c in Fig. 1B).
During the breaking test, the proximal tibia could not slip due to
the notch on the base, but it was able to lengthen along the
diaphyseal axis. The tip of the stamp consisted of an axle-led
aluminum roller (8 mm high, 8 mm wide, 8 mm in diameter). A 2-
mm-wide and 1-mm-deep circular notch with rounded edges was
located in the center of the roller (a in Fig. 1B). The speed of the

May 2014 | Volume 9 | Issue 5 | 96181



Alendronate and Whole-Body Vibration Prevent Osteoporosis

A . The lowest point of tibial plateau

Trabecular thickness

,"Trabecular space

™ Cylindrical rod-like trabecular
SMI~3

Parallel plate-like trabecular
SMI~0

,’.m
\J

Figure 1. General introduction of the experimental methods of pCT and the three-point bending test. (A) Experimental parameters of
the rat tibia scanned using pCT. (B) Details on the experimental design of the three-point bending test consisting of an aluminum block and rounded
edge-free notches. (C) The volume of test samples using pCT and the three-point bending test.

doi:10.1371/journal.pone.0096181.g001

feed motion was 5 mm/min with 5% strain rate, and the test was
automatically stopped after a loss of strength at >20 N or a linear
change of >2 mm to avoid shattering the tibial specimens. The
maximum load (Fmax), energy absorption and stiffness (S) were
collected using Bluehill 2 (Version 2.28.832, Instron, a Division of
Illinois Tool Works Inc). The experiment was blinded with regard
to the association between the bones and animal groups.

Statistical analyses

The results were expressed as the means * standard deviation
(SD). Significant differences between the means for different
groups were compared using one-way analysis of variance
(ANOVA). Multiple comparisons were performed using the LSD
method or Dunnett’s C method. Comparisons of several
treatments with the control group were evaluated using the
Dunnett’s T3 procedure. All statistical analyses were performed
using SPSS 13.0 software. A significance level of P<<0.05 was used

for all comparisons.

Results

Monitoring

The uterus index was represented as the uterus weight divided
by body weight. The data were expressed as mean * SD (Fig. 2).
As shown in Fig. 2, at week 0 of ovariectomy surgery, there was no
significant difference in average weight among all the testing
groups. However, the average weight of sham group was
significantly lower than that of the other four study groups at
week 4, at week 8, and at week 12. There was a general trend of
longitudinal increase in the body weight for all the testing groups.
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The uterus index of the sham group was significantly higher than
that of the other four study groups. However, there were no
significant differences among the four study groups in both indices.

Serum markers

The results for osteocalcin and CTX in the different groups at
different time points are provided in Table 1. Compared with the
Sham group osteocalcin (OC) rose in OVX+VEH group as well as
in the other three treatment groups. The OVX+ALE group
showed a significantly elevated level of OC at week 4 (+9%,
p=0.036), and the OVX+WBV group also exhibited a signifi-
cantly elevated level of OC at week 8 (+13.4%, P<<0.001)
compared with the OVX+VEH group. However, OVX +
WBV+ALE group showed no significant difference compared
with the OVX+VEH group.

With regard to bone resorption,CTX rose after ovariectomy.
ALE treatment significantly prevented an increase in this serum
marker. WBV alone treatment did not alter this effect. As shown in
the table 1, the OVX+ALE and OVX+WBV+ALE group showed
a significantly lower level of C'TX compared to the OVX+VEH
group at week 4 (—28.2%, P=0.002; —29%, P=0.001), week 8
(—19.6%, P=0.002; —21.1%, P=0.002) and week 12 (—29.6%,
P<0.001; —25.5%, p<<0.001). Moreover, at no point in the study
was a significant difference found between the OVX+VEH and
OVX+WBV groups for CTX.

Micro-CT scanning
The alteration of trabecular micro-architecture in the tibial
metaphyseal region measured using p C'T is shown in Fig. 3, and
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Figure 2. The body weight and uterus index of rats are provided in Fig.2. Body weight (A) and uterus index (B) changes measured using an

electronic scale. *P<<0.01 compared with the sham group.
doi:10.1371/journal.pone.0096181.g002

the representative three-dimensional micro-CT reconstructions
images are illustrated in Fig. 4.

At week 4, all of the morphological parameters [bone volume/
tissue volume (BV/TV), structure model index (SMI), connective
density (Conn. D), trabecular number (Th. N), TV apparent, BV
material, trabecular thickness (T'b. T h) and trabecular space (Th.
Sp)] showed no significant difference between the OVX+VEH
and OVX+WBV groups, the OVX+VEH and OVX+ALE
groups, the OVX+WBV and OVX+ALE groups, and the
OVX+WBV and OVX+WBV+ALE groups (P>0.05). Further-
more, the OVX+ALE group elevated the BV/TV (+20%,
p=0.037) and Th. T h (+23.6%, P =0.006) compared with the
OVX+VEH group at week 8.

Compared with the OVX+VEH group, nearly all tested indices
were higher in the OVX+ALE group at week 12, such as the BV/
TV (+73%, P<<0.001), TV apparent (+89.9%, P<<0.001), Tb. N (+
29.9%, P<<0.001), Th. T h (+56.3%, P<<0.001), and Conn. D (+
53.6%, P =0.012), and the SMI (—31.3%, P<<0.001) and Th. Sp
(—38.7%, P=0.027) were lower in the OVX+ALE group.
Moreover, compared with the OVX+VEH group, the BV/TV
(+38.1%, P<<0.001), Th. N (+12.3%, P=10.015), Th. Th (+33.7%,

PLOS ONE | www.plosone.org

P=0.001), and Conn. D (+47.5%, P=0.029) were higher, and the
SMI (—17.9%, P=0.003) was lower in the OVX+WBV group.

Compared with the OVX+WBYV group, the BV/TV (+25.3%,
p=0.004), TV apparent (+60.3%, P<0.001), BV material (+
28.4%, P=0.044), Th. N (+15.6%, P=0.001), and Th. T h (+
16.9%, p=0.037) were higher, and the SMI (—16.4%, p=0.013)
was lower in the OVX+ALE group at week 12. At week 12,
significant differences were found for some tested indices between
the OVX+ALE and OVX+WBV+ALE groups. Compared with
the OVX+ ALE group, the BV/TV (+25%, p=0.001), TV
apparent (+30.4%, P=10.032), Th. N (+10%, P=0.015), and Con.
D (+44.5%, p=0.042) were higher, and the SMI (—18.4%,
p = 0.042) was lower in the OVX+WBV+ALE group.

Biomechanical testing

The mean maximum load (F,..), energy absorption and
stiffness for all five groups at different time points are shown in
Fig. 5. As the rats become older, the F,,,, of the sham group
increased from 85.55%10.67 N at week 4 to 106.78%12.17 N at
week 12 (+24.8%). Furthermore, the bone biomechanical param-
eters in the right tibiae were unchanged in all five groups at week
4. Morecover, the F,,,, in the right tibia showed no significant
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Table 1. Quantitative analysis of bone formation (osteocalcin) and resorption (CTX) markers of the serum levels in rats.
Groups Weeks after surgery
V] 4 8 12
Osteocalcin (ng/mL) SHAM 30.13+1.04 30.52+1.35 28.78+1.04 28.10£1.69
(3.45%) (4.41%) (3.61%) (6.03%)
OVX+VEH _ 36.92+1.54° 33.21+1.15° 35.29+2.38°
(4.17%) (3.45%) (6.75%)
OVX+WBV _— 35.49+1.00a 37.66+0.82°"° 34.45+1.40°
(2.82%) (2.19%) (4.07%)
OVX +ALE —_— 39.87+0.82°*"° 37.89+3.43% 37.48+2.12%
(2.05%) (9.05%) (5.66%)
OVX+WBV+ALE —_ 35.61+1.27° 37.07+2.99° 36.85+2.78%
(3.56%) (8.06%) (7.53%)
CTX (ng/mL) SHAM 21.52+1.98 31.02+3.95 34.21£1.56 33.71£4.06
(9.20%) (12.74%) (4.55%) (12.04%)
OVX+VEH —_— 43,05+4.34% 44,09+3.14% 51.61+3.86°
(10.07%) (7.12%) (7.47%)
OVX+WBV _ 48.70+2.557 42.15+4.13° 49.24+4,03°
(5.24%) (9.79%) (8.18%)
OVX +ALE —_ 30.90+2.15° (6.96%) 35.47+1.96° (5.52%) 36.31+2.37° (6.53%)
OVX+WBV+ALE — 30.56+2.86° 34.78+1.15° 38.45+227°
(9.38%) (3.32%) (5.91%)
Values were the mean = SD. The coefficient of variation of each bone biomarkers were presented under the data.
2 Significant difference from the SHAM group (p<<0.05);
b: Significant difference from the OVX+VEH group (p<<0.05).
doi:10.1371/journal.pone.0096181.t001

difference between the OVX+VEH and OVX+WBV groups (69.80%+9.23 N) group, the F,,,. were higher in the OVX+ALE
(P=1.000), the OVX+WBYV and OVX+ALE groups (P =1.000), group (89.07%4.96 N, +27.6%, P=0.009) or in the OVX+WBV+
and the OVX+ALE and OVX+WBV+ALE groups (P =1.000) at ALE group (89.86+6.21 N, +28.7%, P=10.008) at week 12.
week 8 or week 12. However, compared with the OVX+ VEH
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Figure 3. Morphological parameters of trabecular changes throughout the experiment as measured using pCT. Each value was
derived from a single serial cross-section obtained from the left tibia of the rats. Data were presented as the mean = SD.
doi:10.1371/journal.pone.0096181.9003
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Figure 4. Three-dimensional nCT images of the metaphyseal
tibia of the SHAM, OVX+VEH, OVX+WBV, OVX+ALE, and
OVX+WBV+ALE-treated Sprague Dawley rats at the time of
operation and follow-up measurements after four, eight and
12 weeks. Images were selected from animals with median cancellous
BV/TV values.

doi:10.1371/journal.pone.0096181.9g004

As shown in Fig. 5, the bone energy absorption and bone
stiffness in the tibia gradually decreased from four weeks to 12
weeks in the four study groups. At week 8, there were no
significant differences for energy absorption in the four groups
examined. At week 12, compared with the OVX+ VEH group
(562.03%=1.58 N), bone energy absorption were higher in both the
OVX+ALE group (66.27*2.64 N, +27.4%, P=0.040) and the
OVX+WBV+ALE group (76.81+3.23 N, +47.6%, P =0.003), but
no significant differences were detected between the OVX+VEH
and OVX+WBV groups (p=0.815). As well, there were no
significant differences for stiffness at any point in the four study
groups examined.

A 1504 150
B
2
1004 =
= f s
= o
3 - 2
£ ©
w >
50 2
3
i~
i
o o
T T , T
0 4 8 12 0 4

Alendronate and Whole-Body Vibration Prevent Osteoporosis

Discussion

This study investigated the effects of ALE, low-magnitude WBV
and the combination of ALE and low-magnitude WBV on the
ovariectomy-induced osteoporosis. In our study, the changes in
bone quality were assessed through biomarkers, micro-CT, and
three-point bending tests.

The SHAM group served as a negative control to illustrate
normal bone growth over the course of the experiment. The
OVX+VEH group was a positive control group to study changes
occurring during the development of osteoporotic condition
following the ovariectomy. Our results showed similar differences
between the OVX+VEH and SHAM groups as have been
previously characterized by micro-CT [2]1-25] and three point
bending tests [26]. In our study, the OVX+VEH group had
significantly higher levels of OC and CTX compared to the
SHAM group. The uterus index of the sham group in our
experiment was significantly higher than that of the other four
groups. The effects of individual treatments such as ALE or low-
magnitude WBV have also been extensively studied. However, to
the best of our knowledge, there are no published studies
investigating the effect of WBV combined with ALE on
ovariectomized rats. Here we have shown the addition of low-
magnitude WBV to ALE therapy improves trabecular architec-
ture.

Bisphosphonates, such as ALE, have demonstrated compel-
ling effects in the treatment of osteoporosis [27]. ALE has been
shown to increase lumbar bone mineral density (BMD) and
prevent vertebral fractures in post-menopausal females with
osteoporosis [28-29]. Bisphosphonates are potent inhibitors of
bone turnover [30]. These inhibitors act directly on osteoclasts
to reduce bone resorption [31] and have been shown to reduce
bone loss in established osteoporosis [32-33] and prevent bone
loss in early menopause [34] or after surgical oophorectomy
[35]. As shown in the table 1, vehicle-treated ALE significantly
reduced the CTX serum level (—28.2%, at week 4; —19.6%, at
week 8; —29.6%, at week 12) and increased the OC serum level
(+9%, at week 4) compared with the OVX+VEH group.
Osteocalcin, a non-collagenous protein synthesized by mature
osteoblasts, is generally regarded as a specific marker of bone
formation [36-37]. Furthermore, CTX, a collagen degradation
product released by osteoclasts, is considered as a marker of
bone resorption [38-39]. This study demonstrated that ALE
inhibited osteoclast-mediated bone resorption and improved
osteoblast-mediated bone formation.
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Figure 5. Change in the mechanical property at the metaphyseal tibia as measured using the three-point bending test. Each value
was obtained from the right tibia of the rats. Data were presented as the mean = SD.

doi:10.1371/journal.pone.0096181.9005
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Compared with histological analyses, micro-C'T, can directly
measure bone micro-architecture without relying on stereological
models and is now regarded as the “gold standard” for the
evaluation of bone morphology and micro-architecture in rats and
other small animal models [40]. Micro-CT has provided evidence
of a slight, local beneficial effect of ALE on trabecular bone. Our
data frompCT revealed that the micro-architectural bone
parameters in the OVX+ALE group were significantly higher
than that in the OVX+VEH group in nearly all tested indices at
week 12. Thus, on the basis of these results ALE improve
trabecular architecture.

The three-point bending test was utilized in this study to
evaluate bone strength. The tibia samples were placed on a base
that consisted of an aluminum block with one rounded edge-free
notch on the top, and this design prevented slipping or tipping of
the tibia with increasing punctual strength (IFig. 1B). At week 12,
tibia treated with OVX+ALE had a significantly higher F,,,. and
bone energy absorption compared to the OVX+VEH group. As
such, ALE improved trabecular architecture and bone strength.

Therapeutic low-magnitude high-frequency whole-body vibra-
tion (WBV) has been shown to mitigate bone loss and improve
neuromuscular function in specific studies [41-42]. It has been
well-established that mechanical stimulation of bone formation is
largely affected by the magnitude of the applied bone strain [43—
47]. Many present studies show that WBV can subtly affect aging
bone characteristics, depending on the region and vibrated
parameters. For example, one study [48] showed that an
acceleration of 0.5 g was favorable for bone density throughout
most of the femur, whereas 1.5 g was largely ineffective in the
femur, although it enhanced bone strength and stiffness in the
radius. There was also a significant increase in the mineralizing
surface in the distal femur for both vibration magnitudes. Another
study showed [49] that WBV applied at increasing accelerations
(0.1, 0.3, and 1.0 g) enhanced trabecular bone volume >30% in a
non-dose-dependent fashion as assessed by histomorphometry in
the proximal tibia of adult rats while no effect was observed at
other bone sites such as vertebrae or femur. Thus the frequency
and the amplitude of the sinusoidal vibration may have variable
effects at different sites. The physical condition of the patient
might also contribute to the efficacy of WBV [50-51]. Current
literature [52-53] suggests a provisional consensus is building
toward low-amplitude, high-frequency vibration as an effective
and safe form of vibration. In contrast, high-amplitude vibration
has unwanted consequences when chronically applied, as noted by
a generation of studies correlating low back pain and other
ailments to occupational vibration [54]. In animal models, bone
formation rate has been shown to be retained in a model of disuse
osteopenia when treated with 0.25 ¢ WBV [55]. Similarly, in an
oophorectomized rat model, 3.0 g WBV have a good effective on
promoting the bone formation, as well as retention of muscle
strength otherwise lost to the hormonal deficiency [42]. Garman et
al. [56] reported that trabecular bone formation rate to bone
surface ratio (BFR/BS) and mineralizing surface to bone surface
ratio (MS/BS) were enhanced in female mice following 3 weeks of
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vibration. These enhancements in BFR/BS and MS/BS were
acceleration-dependent with higher BFR/BS and MS/BS with the
0.3 g treatment vs. 0.6 g treatment.

In our study, we used the low-magnitude, low-amplitude high-
frequency stimulus. WBV significantly increased the OC serum
level (+13.4%, at week 8) compared with the OVX+VEH group.
As shown in Fig. 3 and Fig. 4 the micro-architectural bone
parameters (BV/'TV, Th. N, Th. T h, Conn. D) in OVX+WBV
group were significantly higher than that of the OVX+VEH group
at week 12. This finding was similar to several published studies
[57-58]. In conclusion, our results supported that WBV could
improve bone formation and trabecular architecture.

To compare the different effect of the ALE drug and low-
magnitude whole-body vibration on the bone parameters of
ovariectomized rats was one aim of the study. Compared with the
OVX+WBYV group, nearly all of the tested indices BV/TV, TV
apparent, BV material, Th. N, Th. Th) were higher in the OVX+
ALE group at week 12. Our result showed that the effect of
alendronate on preventing bone loss and improving trabecular
architecture was better than that of WBV.

Another aim of this study was to investigate the effect of WBV
combined with ALE in ovariectomized rats. As shown in the
table 1, WBV combined with ALE significantly reduced the CTX
serum level (—29%, at week 4; —21.1%, at week 8; —25.5%, at
week 12). In the OVX+ALE+WBYV group, the trabecular BV/TV,
Th. N and Th. T h were higher in the tibia compared to the
OVX+VEH group (Fig. 3). At week 12, tibia treated with WBV+
ALE had significantly higher F,,,, compared to the OVX+VEH
group, and a significant difference was also found at week 12 for
energy absorption between the OVX+WBV+ALE and OVX+
VEH groups. As such, our study showed that WBV provide an
additive effect to alendronate treatment which resulted in further
reduction in bone mass and improvement in both trabecular
architecture and bone strength.

The serum markers of bone turnover and bone biomechanical
testing were not significant different between the OVX+ALE and
OVX+WBV+ALE groups. However, in the OVX+ALE+WBV
group, the trabecular BV/TV, TV apparent, Th. N and Con. D
were higher in the tibia compared to the OVX+ ALE group. This
study demonstrated that WBV exercise enhanced the effect of
ALE on the trabecular architecture in ovariectomized rats.

Conclusion

Compared with WBV, ALE was more effective at preventing
bone loss and to improve the trabecular architecture. However,
WBV enhanced the effect of ALE in ovariectomized rats by
inducing further improvements in trabecular architecture.

Author Contributions

Conceived and designed the experiments: JTC. Performed the experi-
ments: GXC SZ SQ XHW. Analyzed the data: WL ZPH. Contributed
reagents/materials/analysis tools: ZMZ RTD HY. Wrote the paper:
GXC.

4. Raisz LG, Smith JA. (1989) Pathogenesis, prevention, and treatment of
osteoporosis. Annu Rev Med 40:251-267.
. Cummings SR. Kelsey JL, Nevitt MC. O’Dowd KJ (1985) Epidemiology of
osteoporosis and osteoporotic fracturs. Epidemiol Rev 7:178-208.
6. Cummings SR, Melton 1] (2002) Epidemiology and outcomes of osteoporotic
fractures. Lancet 359: 1761-1767.
7. Woolf AD, Akesson K, Hazes JMW. (2002) The bone and joint decade monitor
project: The burden of musculoskeletal conditions at the start of the new
millennium. Osteoporosis Int 13: S84-S85.

&

May 2014 | Volume 9 | Issue 5 | 96181



21.

22.

26.

27.

28.

29.

30.

Schenk R, Eqqli P, Fleisch H, Rosini S. (1986) Quantitative morphometric
evaluation of the inhibitory activity of new aminobisphosphonates on bone
resorption in the rat. Calcif Tissue Int 38: 342-349.

. Boonekamp PM, van der Wee-Pals 1], van Wijk-van Lennep MM, Thesing

CW, Bijvoet O. (1986) Two modes of action of bisphosphonates on osteoclastic
resorption of mineralized matrix. Bone Miner 1:27-39.

Schenk R, Merz WA, Muhlbaucr R, Russell RGG, Fleisch H. (1973) Effect of
ethane-1-hydroxy-1,l-diphosphonate (EHDP) and dichloromethylene dipho-
sphonate (CI2MDP) on the calcification and resorption of cartilage and bone
in the tibial epiphysis and metaphysis of rats. Calcif Tissue Res 11:196-214.

. Marie PJ, Hott M, Garba MT. (1985) Inhibition of bone matrix apposition by

(3-amino-I-hydroxypropylidene)-l, I-bisphosphonate (AHPrBP) in mouse. Bone
6:193-200.

. Thompson DD, Seedor JG, Weinreb M, Rosini S, Rodan GA. (1990)

Aminohydroxybutane bisphosphonate inhibits bone loss due to immobilization
in rats. ] Bone Miner Res 5: 279-286.

. Ward K, Alsop C, Caulton J, Rubin C, Adams J, et al. (2004) Low magnitude

mechanical loading is osteogenic in children with disabling conditions. J Bone
Miner Res 19: 360-369.

. Rubin C, Judex S, Qin YX. (2006) Low-level mechanical signals and their

potential as a non-pharmacological intervention for osteoporosis. Age Ageing

35:1i32-1i36.

. Rubin C, Recker R, Cullen D, Ryaby J, McCabe ], et al. (2004) Prevention of

postmenopausal bone loss by a low-magnitude, high-frequency mechanical
stimuli: A clinical trial assessing compliance, efficacy, and safety. ] Bone Miner

Res 19: 343-351.

. Gilsanz V, Wren TA, Sanchez M, Dorey F, Judex S, et al. (2006) Low-level,

high-frequency mechanical signals enhance musculoskeletal development of
young females with low BMD,J Bone Miner Res 21: 1464-1474.

. Roelants M, Verschueren SM, Delecluse C, Levin O, Stijnen V. (2006) Whole-

body-vibration-induced increase in leg muscle activity during different squat
exercises. J Strength Cond Res 20: 124-129.

. Marin PJ, Rhea MR. (2010) Effects of vibration training on muscle strength: A

meta-analysis. J Strength Cond Res 24:548-556.

. Leung KS, Shi HF, Cheung WH, Qin L, Ng WK, et al. (2009) Low-magnitude

high-frequency vibration accelerates callus formation, mineralization, and
fracture healing in rats. J] Orthop Res 27: 458-465.

Shi HF, Cheung WH, Qin L, Leung AH, Leung KS. (2010) Low-magnitude
high-frequency vibration treatment augments fracture healing in ovariectomy-
induced osteoporotic bone. Bone 46: 1299-1305.

Boyd SK, Davison P, Miiller R, Gasser JA. (2006) Monitoring individual
morphological changes over time in ovariectomized rats by in vivo micro-
computed tomography. Bone 39: 854-62.

Barbier A, Martel C, Vernejoul MC, Tirode F, Nys M, et al. (1990) The
visualization and evaluation of bone architecture in the rat using three-
dimensional X-ray microcomputed tomography. J Bone Miner Metab 17: 37
44.

. Bauss F, Lalla S, Endele R, Hothorn LA. (2002) Effects of treatment with

ibandronate on bone mass, architecture, biomechanical properties, and bone
concentration of ibandronate in ovariectomized aged rats. J Rheumatol 2002;

29: 2200-2208.

. Kharode YP, Sharp MC, Bodine PV. (2008) Utility of the ovariectomized rat as

a model for human osteoporosis in drug discovery. Methods Mol Biol 455: 111~
124.

Stuermer EK, Sehmisch S, Rack T, Wenda E, Seidlova-Wuttke D, et al. (2010)
Estrogen and raloxifene improve metaphyseal fracture healing in the early phase
of osteoporosis. A new fracture-healing model at the tibia in rat. Langenbecks
Arch Surg 395: 163-172.

Stuermer EK, Seidlova-Wuttke D, Sehmisch S, Rack T, Wille J, et al. (2006)
Standardized bending and breaking test for the normal and osteoporotic
metaphyseal tibias of the rat: effect of estradiol, testosterone, and raloxifene.

J Bone Miner Res 21: 89-96.

Masud T, Giannini S. (2003) Preventing osteoporotic fractures with bisphos-
phonates: a review of the efficacy and tolerability. Aging Clin Exp Res 15: 89—
98.

Shiraki M, Kushida K, Fukunaga M, Kishimoto H, Taga M, et al. (1990) A
double-masked multicenter comparative study between alendronate and
alfacalcidol in Japannese patients with osteoporosis. Osteoporos Int 10: 183-192.
Kushida K, Shiraki M, Nakamura T, Kishimoto H, Morii H, et al. (2002) The
efficacy of alendronate in reducing the risk for vertebral fracture in Japanese
patients with osteoporosis:a ramdomized, double-blind, active-controlled,
double-dummy trial. Curr Ther Res 63: 606-620.

Fleisch H. (1987) Bisphosphonates - history and experimental basis. Bone 8:
523-528.

Schenk R, Eggli P, Fleisch H, Rosini S (1986) Quantitative morphometric
evaluation of the inhibitory activity of new aminobisphosphonates on bone
resorption in the rat. Calcif Tissue Int 38: 342-239.

PLOS ONE | www.plosone.org

36.

38.

39.

40.

41.

42,

43.

44.

46.

47.

48.

49.

50.

51.

52.

56.

57.

58.

Alendronate and Whole-Body Vibration Prevent Osteoporosis

Storm T, Thamsborg G, Steiniche T, Rosini S. (1990) Effect of intermittent
cyclical etidronate therapy on bone mass and fracture rate in women with
postmenopausal osteoporosis. N Engl ] Med 322:1265-1271.

. Watts NB. Harris ST, Genant HK, Wasnich RD, Miller PD, et al. (1990)

Intermittent cyclical etidronate treatment of postmenopausal osteoporosis.
N Engl J] Med 323:73-79.

. JY. Reginster, R. Deroisy, D. Denis, J. Collette, MP. Lecart, et al. (1989)

Prevention of post-menopausal bone loss by tiludronate. Lancet 2: 1469-1471.
Smith ML. Fogelman I. Hart DM, Scott E, Bevan J, et al. (1989) Effect of
etidronate disodium on bone turnover following surgical menopause. Calcif
Tissue Int 44: 74-79.

Akesson K, Ljunghall S, Jonsson B, Sernbo I, Johnell O, et al. (1995) Assessment
of biochemical markers of bone metabolism in relation to the occurrence of
fracture: a retrospective and prospective population-based study of females.
J Bone Miner Res 10: 1823-1829.

. Valimaki MJ, Farrerons-Minguella J, Halse J, Kroger H, Maroni M, et al. (2007)

Effects of risedronate 5 mg/d on bone mineral density and bone turnover
markers in late-postmenopausal women with osteopenia: a multinational, 24-
month, randomized, double-blind, placebo-controlled, parallel-group, phase III
trial. Clin Ther 29: 1937-1949.

Calvo MS, Eyre DR, Gundberg CM. (1996) Molecular basis and clinical
application of biological markers of bone turnover. Endocr Rev 17: 333-368.
Rosen HN, Moses AC, Garber J, lloputaife ID, Ross DS, et al. (2000) Serum
CTX: a new marker of bone resorption that shows treatment effect more often
than other markers because of low coefficient of variability and large changes
with bisphosphonate therapy. Calcif Tissue Int 66: 100-103.

Bouxsein ML, Boyd SK, Christiansen BA, Guldberg RE, Jepsen KJ, et al. (2010)
Guidelines for assessment of bone microstructure in rodents using micro-
computed tomography. J Bone Miner Res 25: 1468-1486.

Verschueren SM, Roelants M, Delecluse C, Swinnen S, Vanderschueren D,
et al. (2004) Effect of 6-month whole body vibration training on hip
density,muscle strength,and postural control in postmenopausal females:a
randomized controlled pilot study. J Bone Miner Res 19(3):352-359.

Oxlund BS, Ortoft G, Andreassen T'T, Oxlund H. (2003) Low-intensity, high-
frequency vibration appear to prevent the decrease in strength of the femur and
tibia associated with ovariectomy of adult rats. Bone 32: 69-77.

Rubin CT, Lanyon LE. (1985) Regulation of bone mass by mechanical strain
magnitude. Calcif Tissue Int 37: 411-417.

Frost HM. (1982) Mechanical determinants of bone modeling. Metab Bone Dis
Relat Res 4: 217-229.

. Lanyon LE. (1984) Functional strain as a determinant for bone remodeling.

Calcif Tissue Int 36: S56-61.

Goodship AE, Lanyon LE, McFie H. (1979) Functional adaptation of bone to
increased stress. An experimental study. J Bone Joint Surg Am 61:539-546.
Hsieh YF, Robling AG, Ambrosius WT, Burr DB, Turner CH. (2001)
Mechanical loading of diaphyseal bone in vivo: the strain threshold for an
osteogenic response varies with location. J Bone Miner Res 16: 2291-2297.
Wenger KH, Freeman JD, Fulzele S, Immel DM, Powell BD, et al. (2010) Effect
of whole-body vibration on bone properties in aging mice. Bone 47: 746-755.
Christiansen BA, Silva MJ. (2006) The effect of varying magnitudes of whole-
body vibration on several skeletal sites in mice. Ann Biomed Eng 34: 1149-1156.
Cardinale M, Wakeling J. (2005) Whole body vibration exercises: are vibrations
good for you? Br J Sports Med 39:585-589

Santos-Filho SD, Meyer PF, Ronzio OA, Bonelli L, Fonseca AS, et al. (2010)
Whole body vibration exercise: what do you know about scientific interest? Fiep
Bull 80:875-878.

Bovenzi M. (2005) Health effects of mechanical vibration. G Ital Med Lav Ergon
27: 58-64.

. Nelson CM, Brereton PF. (2005) The European vibration directive. Ind Health

43: 472-479.

. Abercromby AF, Amonette WE, Layne CS, McFarlin BK, Hinman MR, et al.

(2007) Vibration exposure and biodynamic responses during whole-body
vibration training. Med Sci Sports Exerc 39: 1794-1800.

. Rubin C, Xu G, Judex S. (2001) The anabolic activity of bone tissue, suppressed

by disuse, is normalized by brief exposure to extremely low-magnitude
mechanical stimuli. FASEB J 15: 2225-2229.

Garman R, Gaudette G, Donahue LR, Rubin C, Judex S. (2007) Low-level
accelerations applied in the absence of weight bearing can enhance trabecular
bone formation. J Orthop Res 25 (6), 732-740.

Xie L, Rubin C, Judex S. (2008) Enhancement of the adolescent murine
musculoskeletal system using low-level mechanical vibrations. J Appl Physiol
104:1056-1062.

Xie L, Jacobson JM, Choi ES, Busa B, Donahue LR, et al. (2006) Low-level
mechanical vibrations can influence bone resorption and bone formation in the
growing skeleton. Bone 39:1059-1066.

May 2014 | Volume 9 | Issue 5 | 96181



