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Abstract

Current treatment options for osteoporosis primarily involve pharmacotherapies, but they are often accompanied by undesir-
ab]SSISSIRNieEl - Utilization of mechanical stress which can noninvasively induce bone formation has been suggested as an
alternative to conventional treatments. Here, we examined the efficacy of mechanical stress induced by electrical stimula-
tion, radial extracorporeal shock waves, and ultrasound fo_Female Wistar rats were divided
into followin S NNEISIEEsham-operated group, untreated after ovariectomy, and treated with electrical stimulation, radial
extracorporeal shock wave, or ultrasound starting Trabecular bone architecture
of the femur was assessed by micro-CT and its biomechanical properties were obtained by mechanical testing. The femurs
were further evaluated by histochemical, immunohistochemical, and real-time PCR analyses. Radial extracorporeal shock
wave and ultrasound treatment improved trabecular bone microarchitecture and bone strength in osteoporotic rats, but not
electrical stimulation. The shock wave decreased osteoclast activity and RANKL expression. The exposure of ultrasound
increased osteoblast activity and p-catenin-positive cells, and they decreased sclerostin-positive osteocytes. These findings
suggest that mechanical stress induced by radial extracorporeal shock wave and ultrasound can improve estrogen-deficient
bone loss and bone fragility through promoted bone formation or attenuated bone resorption.
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Introduction

Osteoporosis is a major public health concern worldwide. It
is defined as a systemic skeletal disease characterized by low
bone mass and a deterioration of bone microarchitecture,
leading to enhanced bone fragility and increased fracture
04 Hideki Moriyama risk [1]. As fractures have severe impacts on quality of life

morihide @harbor.kobe-u.ac.jp and prognosis [2, 3], the prevention and treatment of osteo-
porosis can have great significance in affected patients. Cur-
rent treatments for osteoporosis typically involve pharmaco-
therapy (e.g., bisphosphonates, teriparatide, and vitamin D
supplementation) and exercise therapy. Although these drugs
are effective as antiresorptive and anabolic agents, they have
potentially negative side effects, such as osteonecrosis of
the jaw, hypocalcemia, and atypical femoral fractures [4, 5].
Alternatively, physical exercise, particularly high-intensity
Life and Medical Sciences Area, Health Sciences Discipline, resistance t'rain'i ne [6,]’ exerts mecha‘nical stress on bor.le tis-
Kobe University, Tomogaoka 7-10-2, Suma-ku, Kobe, sues, resulting in maintenance or gain of bone mass without
Hyogo 654-0142, Japan any side effects [7]. However, high-intensity exercise is often
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difficult for elderly patients due to a deterioration in physical
fitness. These limitations of conventional therapies justify
the search for alternative treatments for osteoporosis.

e in bone homeo-
stasis, and mechanical loading induces bone formation and
increases bone strength [8—10]. These point toward a pos-
sible therapeutic role for mechanical stress in the treatment

for osteoporosis without side effects. |
on the utilization of mechanical stress induced by electrical|
ol o sanlbll e gace gyl Sy < e aud vl
sound as a promising new approach to treat osteoporosis.
A e e e e T ST
ss in rodents
[11, 12]. However, to our knowledge, there are no reports
on estrogen deficiency-induced bone loss. Thus, it remains
unclear whether muscle contraction by electrical stimula-
tion is effective for postmenopausal bone loss due to the
differences in the pathogenesis mechanisms between disuse-
induced and estrogen deficiency-induced osteoporosis [13].
Extracorporeal shock waves have proven effective against
DEESReEs (14, 15]. These experimental
studies applied focused shock waves to a small area of tissue,
while the skeletal sites that need to be treated for osteopo-
rosis are larger. We therefore predicted that radial extracor-
poreal shock waves, which enable treatment of larger areas,
are appropriate for treating osteoporosis. Only a few studies
have investigated the effects of radial extracorporeal shock
waves in osteoporotic animal [16, 17], and a human study
did not show its protective effects on postmenopausal bone
loss [18]. Thus, the effectiveness of the radial extracorpor-
eal shock wave in osteoporosis and its optimal intensity for
enhancing bone formation is poorly understood.
Low-intensity pulsed ultrasound (LIPUS), which pro-
vides mechanical stress through acoustic waves at inten-
sity <0.1 W/cm?, is commonly used to promote fracture
healing in clinical settings [19]. However, the effectiveness
of LIPUS in treating osteoporosis is controversial with
some studies suggesting therapeutic efficacy for bone loss

in ovariectomized rats [20, 21] ilCISESSETREEN
SRS Such positive effects in ani-

mal models have not been found in human osteoporosis
after spinal cord injury [23] and menopause [24]. The lack
of LIPUS efficacy in osteoporosis may be attributed to a
lower mechanical stress of ultrasound due to a significant
attenuation (20-40% of ultrasound energy) effect on the
ultrasound translation [22-24]. Additionally, ultrasound
signal intensity plays an important role in modulating
the response of bone formation. Of 3 different intensities
(0.005, 0.03, and 0.1 W/crnz), ultrasound at only 0.1 W/
cm? could prevent bone loss in ovariectomized rats [21].
Similarly, in vitro exposure of ultrasound at different inten-
sities ranging from 0.002 to 0.03 W/cm? to rat bone mar-
row stromal cells enhanced the osteogenic differentiation
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in an ultrasound intensity-dependent manner [25]. Li et al.
[26] also found that 0.6 or 1.2 W/cm? was optimal ultra-
sound intensities for osteoblast growth among the various
intensities ranging from 0.15 to 2.4 W/cm?. Based on these
findings, we believe that a therapeutic potential of ultra-
sound is at higher intensity than LIPUS for osteoporosis;
but to our knowledge, this has not been evaluated.

We examined the effects of mechanical stress induced
by electrical stimulation, radial extracorporeal shock
waves, and ultrasound on estrogen-deficient osteoporo-

sis in ovariectomized rats. [ NS

Materials and Methods

Experimental Design

All experimental procedures were approved by our insti-
tutional animal care and use committee and according to
the Kobe University Animal Experimentation Regulations
(IEEEeEe - [n total, 47 female Wistar
retired breeder rats old, 250-350 g, Japan
SLC Inc., Shizuoka, Japan) were used in this study.
Forty-two of these animals received bilateral ovariec-
tomy to simulate SESEIOPESIDSEORRIRSIE- /1. while
5 animals were sham-operated, meaning the operative
procedure was the same except that the ovaries were left
intact. After||jiBBREI( ovariectomy or sham operation,
the rats were randomly divided into following 5 groups:
sham-operated group (control group, n=>5), untreated
after ovariectomy (OVX group, n=4), and treated with
electrical stimulation (ES group), radial extracorporeal
shock wave (rESW group), or ultrasound (US group) after
ovariectomy. The animals in each treatment group were
assigned 2 or 3 subgroups, corresponding to the stimula-
tion intensity: 8 or 16 mA for ES group (ES-8 or -16 mA
group, n=4 per intensity); 1, 2, or 3 bar for rESW group
(rESW-1, -2, or -3 bar group, n=5 per intensity); 0.5, 1.0,
or 1.5 W/ecm? for US group (US-0.5, -1.0, or -1.5 W group,
n=>5 per intensity). The rats were treated with each physi-

cal agent for RN T
rats were anesthetized for 7 days per week in the control, |
OVX, ES, and US groups and for 1 day per week in the
tESW group throughout the 4-week treatment period. T

animals were housed in pairs in polycarbonate cages with
bedding and were maintained under artificial conditions at
a constant temperature of 22 + 1 °C with constant humid-
ity of 55% +5% and a 12-h light-dark cycle. They were
allowed free access to standard food and water 24 h a day.
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Both hind legs of the rats
were shaved, and the rats were anesthetized. The bilateral
quadriceps in the ES groups were then electrically stimu-
lated by paired gold surface electrodes (diameter 7 mm).
The electrodes were connected to an electrical stimulator
(ASPIA TS-1000; Nihon Medix, Chiba, Japan) to transmit
a square pulse at a frequency o

A rest-insertion period (1 s con-
traction followed by 4 s rest) was added to avoid muscle
fatigue.

Radial Extracorporeal Shock Wave

The rats in the rESW groups were treated with radial extra-
corporeal shock wave one weekly session for four times.
Both hind legs of the anesthetized rat were shaved and an
ultrasonic gel was applied, as coupling media. The rats were
then placed on its right- or left-dorsal lateral side. The appli-
cator, 1.5 cm in diameter, connected to the radial shock wave
device (Physio-ShockMaster, SAKAI Medical Co., Ltd.,
Tokyo, Japan) was placed at the anterolateral side of the
hind leg and covered distal half of the femur. Each femur
was exposed to shock wave that consisted of a total of 2000
shock waves per treatment session at 5 Hz with three differ-
ent intensities of 1, 2, or 3 bar.

Bilateral femurs of each rat in the US groups were exposed
to an ultrasound stimulation for 20 min for 7 days per week
over 4 weeks. The bilateral hindlimbs of the rats were shaved
and the ultrasound gel was applied. A type of plane circu-
lar transducer, 3.7 cm in diameter, with ultrasound device
(SONICCTIZER, MINATO Medical Science Co., Ltd.,
Osaka, Japan) was then placed at the anterolateral side of
the hind leg and covered whole of the femur. During treat-
ment, the rats placed on its right- or left-dorsal lateral side
under anesthesia. The signal was characterized by 200 ps
pulses of 1.0 MHz sine wave with a pulse repetition fre-
quency of 1 kHz and spatial-averaged temporal-averaged
intensity (Igyya) equal to 0.5, 1.0, or 1.5 W/cm?.

At the end of the experimental period, all animals were euth-
anized by exsanguination under anesthesia. Bilateral femurs
were harvested and stored at — 80 °C until they were ana-
lyzed. To scan the distal portions of the left femurs, micro
3D X-ray CT system (R_mCT2; Rigaku, Tokyo, Japan) with
an isotropic voxel resolution of 20 pum was employed at a

voltage 90 kV, current of 160 pA, and a scan time of 3 min
per sample. For assessment of changes in trabecular and cor-
tical bone in the femoral metaphysis, 3D image reconstruc-
tion and data processing were completed with TRI/3D-BON
software (Ratoc, Tokyo, Japan). A region of interest was
manually selected for the analysis of trabecular and cortical
bone microarchitecture, which was _

exclud-
ing the growth plate as described previously [11]. Trabecular
and cortical bone were automatically separated using soft-
ware with thresholds of 650 mg HA/cm® for trabecular bone
or 750 mg HA/cm?® for cortical bone. Trabecular architecture
wa SISy dctermining trabecular bone volume
fraction (BV/TV), trabecular thickness (Tb.Th), trabecular
number (Tb.N), trabecular separation (Tb.Sp), and bone
mineral content-to-tissue volume ratio (BMC/TV). Cortical
architecture was characterized by cortical thickness (Ct) and
cortical volume to all tissue volume (Cv/Av).

Biomechanical Testing

The functional mechanical properties of the distal femoral
metaphysis were assessed by a compression test as previ-
ously described for the tibial metaphysis [28]. After the uCT
scanning, the left femurs were placed with the stable three-
point contact on the base. The base was fixed in a mechani-
cal testing system (AUTOGRAPH, Shimadzu, Kyoto, Japan)
with distance of exactly 5 mm between the end of the distal
femur and the center of the roller stamp. A 1 N preload was
applied to the ventral aspect of the condyles and then com-
pressed at a speed of 10 mm/min until the fracture occurred.
The maximum load, energy to failure, and stiffness were
obtained from the load—deflection curve and determined as
the strength of the distal femur.

Histology
Histological Preparation

Nondemineralized frozen sections were prepared accord-
ing to the method described by Kawamoto [29]. Briefly, the
right femur was freeze-embedded with super cryoembed-
ding medium (SCEM, Leica Microsystems, Tokyo, Japan)
in isopentane at — 75 °C. Cross sections of the femur in the
coronal plane (5 um thick) were cut from each sample, and
were then used for histochemical or immunohistochemical
analyses.

Histochemical and Histological Analysis
To detect alkaline phosphatase (ALP) and tartrate-resistant

acid phosphatase (TRAP) activity, tissue sections were
stained with TRAP/ALP stain kit (Wako Pure Chemical,
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Osaka, Japan), respectively, according to the manufactur-
ers’ instructions. For histomorphometric analysis, four
random fields of view per sample/rat were randomly taken
from 1000 pm long directly above the growth plate in the
distal femoral metaphysis with a light microscope (BX53;
Olympus, Tokyo, Japan) and a camera (DP73; Olympus) at
a magnification of 20X. Osteoblast surface was measured
manually using Image J 1.50 (National Institutes of Health,
Bethesda, MD, USA) as the total length of ALP-positive
surface divided by bone surface. Osteoclast surface was
similarly analyzed following TRAP staining.

Osteocyte density and viability were measured on the
sections stained with hematoxylin and eosin. The trabecu-
lar area was measured using the same method as for the
bone surface, and living and dying/dead cells were counted
manually. The living cells were characterized by a whole
nucleus with no empty space in the lacuna. The dying/
dead cells were morphologically identified as either a frag-
mented nucleus, a small polarized nucleus, or no hematox-
ylin-stained material in the lacuna [30]. Osteocyte density
and osteocyte death were determined as the number of liv-
ing cells and dying/dead cells per trabecular area (mm?),
respectively.

Immunohistochemistry

Immunohistochemistry was conducted following protocols
established in our laboratory [31]. Briefly, the frozen sec-

tioms o1 5 i thick of the femurs were fixed in 100% ethanol

ethylenediaminetetraacetie acid (EDTA) for T h. Th: ~cc

tions were then incubated with mouse monoclonal anti-
_ (diluted 1:4000; C2456, Sigma-Aldrich, St. Louis,
MO, USA), goat polyclonal _ (diluted 1:400;
AF1589, R&D Systems, Minneapolis, MN, USA), rabbit
monoclonal anti_ (diluted 1:200; ab32572, Abcam,
Tokyo, Japan), and goat polyclonal anti-receptor activator
of nuclear factor kappa-B ligand (S diluted 1:20;
sc-7628, Santa Cruz, Dallas, TX, USA) antibodies at 4 °C
overnight. A subsequent reaction was made by the streptavi-
din—biotin-peroxidase complex technique using Elite ABC
kit (diluted 1:50; PK-6100; Vector Lab., Burlingame, CA,
USA). Immunoreactivity was visualized by adding diamin-
obenzidine tetrahydrochloride reagent ImmPACT™ DAB
peroxidase substrate kit, SK-410, Vector Lab.). Finally, the
sections were counterstained Mayer’s hematoxylin. The
immunolabeled sections were captured in four random
trabecular regions from 1000 um long directly above the
growth plate in the distal femoral metaphysis with the light
microscope (BX53; Olympus) and the camera (DP73; Olym-
pus) at a magnification of 20X.

@ Springer

For type I collagen, histological images were converted
to grayscale images with Adobe Photoshop CS2 (Adobe
Systems, San Jose, CA, USA). The mean of pixel gray val-
ues (in the range 0-255) in trabecular bone was measured
with Image J 1.50 (National Institutes of Health). Staining
intensity was calculated with the following formula: S
EIE — 255 — mean gray value [32]. For sclerostin, the
number of sclerostin-positive and total osteocytes was manu-
ally counted and expressed a

For RANKL and f-catenin, the
number of positive cells in the trabecular surface was manu-

ally counted and expressed [SEENSISNRESENSEES
bone perimeter (mm).

RNA Extraction and Real-Time Polymerase Chain
Reaction (PCR)

We evaluated the mRNA expression level of sclerostin,
receptor activator of nuclear factor-kB ligand (RANKL),
and osteoprotegerin (OPG) in the femur. Total RNA of the
femur was extracted from frozen sections by slightly modi-
fying the protocol for the joint capsule [33]. After cutting
the histological sections, 50 um frozen sections of the femur
were prepared from the same samples, and the bone tissue
in the femoral metaphysis (0 to 2000 um away from growth
plate) was isolated using tweezers, under a stereomicro-
scope. Total RNA was then extracted with the RNeasy Plus
Universal Mini kit (Qiagen, Hilden, Germany) according to
the manufacturer’s protocols. Quality of the isolated RNA
was checked by measuring OD 260/280 with BioPhotometer
D30 (Eppendorf, Hamburg, Germany).

Reverse transcription was performed using total RNA
and the TagMan™ Fast Virus 1-Step Master Mix (Thermo
Fisher Scientific, Waltham, MA, USA). RT-PCR reactions
were conducted using Step One Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA) with TagMan
gene expression assays (Applied Biosystems) for sclerostin
(Sost: Rn00577971_m1), RANKL (Tnfsf11: Rn00589289 _
m1l), OPG (Tnfrsf11b: Rn00563499_m1), and GAPDH
(Gapdh: Rn01775763_g1). Gapdh was used as an internal
control for calculating the relative expression of each target
gene by using the 2722 method [34].

Statistical Analysis

Statistical analyses were conducted with R (version 3.6.1,
R Foundation for Statistical Computing, Vienna, Aus-
tria). Descriptive statistics were calculated as median and
interquartile range. An alpha level of 0.05 was used for

all statistical tests, anfiiiSENSENEEN vcre applied. The
SRS s (o cvaluate the

differences among the groups. When statistical significance
was achieved, a post hoc Welch test was used to further
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specify the difference between the groups. For the post hoc
analysis, the Shaffer correction was applied to adjust the a
priori alpha level to the number of comparisons performed.
A post hoc power analysis for the Kruskal-Wallis test by
G*Power 3 program [35] was used to confirm that sufficient
number of animals had been used (Supplementary Table S1).

Results
Body Weight

Body weight in ovariectomized rats increased after 8 weeks
of ovariectomy compared to the control group (P <0.05)
(Supplementary Table S2). However, there was no differ-
ence in body weight among the groups after 12 weeks of
ovariectomy.

Fig. 1 Representative 3D
images of the distal femur
obtained by pCT analysis. Scale
bar=2 mm. OVX ovariectomy,
ES electrical stimulation, rESW
radial extracorporeal shock
wave, US ultrasound
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Bone Microarchitecture

Trabecular bone mass in the distal femur was reduced in
ovariectomized rats (Fig. 1), as confirmed by decreased
BV/TV, Tb.N, and BMC/TV and increased Tb.Sp in the
OVX group compared to the control group (P <0.01)
(Table 1). Tb.Th did not change significantly by ovariec-
tomy (P> 0.05). There were no significant differences in
these parameters between the OVX group and the ES-8 and
ES-16 mA groups. However, in ovariectomized rats that
received extracorporeal shock wave, Tb.Sp decreased in the
rESW-2 and rESW-3 bar group compared with the OVX
group (P <0.05). In ovariectomized rats that received ultra-
sound, BV/TV and Tb.N were larger and Tb.Sp was less
in the US-1.5 W group than in the OVX group (P <0.05).
Furthermore, in the US-1.5 W group, BV/TV was larger
than in the US-0.5 and US-1.0 W groups (P <0.05). BV/TV

@ Springer
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in the US-1.5 W group recovered to the same level as that
in the control group (P=1.00, US-1.5 W group vs. control
group). The cortical architecture of the distal femur, which
is characterized by Ct and Cv/Av, showed no differences
among all groups (P> 0.05).

Biomechanical Properties

As shown in Fig. 2, ovariectomy resulted in significantly less
maximal load than in the control group (P <0.05). Maxi-

mum load was tended to be ENEENISRISEESINSNRS
R but no significant difference was
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Fig.2 The graphs show a maximum load, b energy to failure, and
c stiffness evaluated by the compression test for the distal metaphy-
sis. The horizontal bars indicate the median and the vertical bars the
range. The horizontal boundaries of the boxes represent the first and
third quartiles. Dot plots represent individual data. ¥*P <0.05 vs. con-
trol group; TP <0.05 vs. OVX group. OVX ovariectomy, ES electrical
stimulation, rESW radial extracorporeal shock wave, US ultrasound

detected (P=0.15) (Fig. 2a). Energy to failure in the rTESW-2
and rESW-3 bar and US-1.5 W groups were increased com-
pared with the OVX group (P <0.05) (Fig. 2b). Stiffness
showed no differences between the OVX and each treatment
group (P>0.05) (Fig. 2¢).

Osteoblast and Osteoclast Activity

ALP staining as an indicator of osteoblastic activity in
the trabecular bone surface showed more ALP-positive
regions in the rESW and US groups than that in the con-
trol or OVX groups (Fig. 3a). TRAP staining revealed the
localization of osteoclast in the trabecular bone (Fig. 3b).
Percentage of osteoblast surface was markedly increased in
the US-1.5 W groups when compared to the control group
(P<0.05) (Fig. 3c). Additionally, the percentage was greater
in the US-1.5 W group than that in the US-0.5 W groups
(P <0.05). Percentage of osteoclast surface was increased
after ovariectomy (P <0.05 vs. control group) and reduced
by shock wave at intensity of 2 bar (P <0.05 vs. OVX group)
(Fig. 3d).

Osteocyte Density and Osteocyte Death

Osteocyte density was comparable among the groups
(Fig. 4a and b). On the other hand, the ovariectomized
rats showed more lacunae with a small polarized or absent
nucleus than the other groups. The number of dead osteo-
cytes increased in the ovariectomized rats compared with
the control rats (P <0.05) (Fig. 4c). Furthermore, the dead
osteocytes were greater in the rESW group than those in the
US group (P <0.05).

Immunohistochemical Analysis

As disclosed by immunohistochemistry, type I collagen was
evenly distributed in the trabecular bone (Fig. 5a), and the
staining intensity showed no differences among the groups
(Table 2). Immunohistochemistry revealed protein expres-
sion of sclerostin at osteocytes (Fig. 5b). The US-1.5 W
groups showed significant decrease in the sclerostin-posi-
tive osteocytes compared with the OVX group (P <0.05)
(Table 2). The immunolabeling of B-catenin was observed
at the trabecular surface in all groups (Fig. 5c). The num-
ber of p-catenin-positive cells increased in the US-1.5 W
group compared with the OVX and US-0.5 and US-1.0 W
groups (P <0.05) (Table 2). The RANKL-positive cells
were observed at the trabecular surface, but not osteocytes
(Fig. 5d). The number of RANKL-positive cells at the tra-
becular surface increased in the OVX group (P <0.05 vs.
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Fig.3 Representative histological images in the femoral trabecular
bone stained with a ALP and b TRAP. Scale bars =200 pm. ¢ Quan-
tification of the ALP staining by osteoblast surface per trabecular
bone surface. d Quantification of the TRAP staining by osteoclast
surface per trabecular bone surface. The horizontal bars indicate the

control group), but decreased in the US-1.0 and US-1.5 W
groups compared with the OVX group (P <0.05) (Table 2).

Changes in Gene Expression

The mRNA expressions in the distal femur were quantified
by real-time PCR. The sclerostin mRNA expression showed
no differences among all groups (P > 0.05) (Fig. 6a). The
expression of RANKL mRNA was increased after ova-
riectomy (P <0.05 vs. control group), and decreased in the
rESW-3 bar and US-1.5 W groups when compared to the
OVX group (P <0.05) (Fig. 6b). The expression of OPG
mRNA showed no differences among all groups (Fig. 6¢).
RANKL/OPG ratio was increased in the ES-8 mA group
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median and the vertical bars the range. The horizontal boundaries of
the boxes represent the first and third quartiles. Dot plots represent
individual data. *P<0.05 vs. control group; TP <0.05 vs. US-0.5
W group; £P <0.05 vs. OVX group. OVX ovariectomy, ES electrical
stimulation, rESW radial extracorporeal shock wave, US ultrasound

compared with the control group (P <0.05) (Fig. 6d). Its
ratio showed no differences between the untreated and
treated groups.

Discussion

We examined the effects of mechanical stress induced by
electrical stimulation, radial extracorporeal shock wave,
and ultrasound on osteoporosis in ovariectomized rats. As a
result, radial extracorporeal shock wave and ultrasound treat-
ment improved trabecular bone microarchitecture and bone
strength in osteoporotic rats. These treatments increased
osteoblast activity or decreased osteoclast activity at the
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Fig.4 a Representative histological images in the femoral trabecu-
lar bone stained with hematoxylin and eosin. Scale bars=100 um.
b Osteocyte density in the trabecular bone. ¢ The number of dead
osteocytes per trabecular area (mm?). The horizontal bars indicate the
median and the vertical bars the range. The horizontal boundaries of

trabecular bone surface. Suppression of RANKL may be
responsible for its osteoclast inactivation in trabecular bone.
Additionally, ultrasound reduced sclerostin protein level sug-
gesting that mechanical stress induced by physical agents
may contribute to the osteoblast activation.

In line with a previous report [36], ovariectomy markedly
increased body weight after 8 weeks of surgery, but ova-
riectomy-induced weight gain was abolished after 12 weeks.
This weight gain has been shown to persist through 12 weeks
of ovariectomy [36]. Hence, the loss of weight gain between
8 and 12 weeks postoperatively might be du NS
thesia. However, there were no differences in body weight
among each group at the end of the 4-week intervention.
These results suggest that the difference in treatment types
and the amount of anesthesia throughout the intervention
period did not | NSO

Postmenopausal osteoporosis leads to bone loss and the
deterioration of bone microarchitecture due to the imbalance
between bone formation and bone resorption after estrogen
withdrawal [37]. In our study, ovariectomy-induced estro-
gen deficiency decreased the trabecular bone mass and
impaired its microarchitecture in the distal femur decreased
at 12 weeks after ovariectomy. Extracorporeal shock wave at
BB decreased trabecular separation when compared to the
ovariectomized rat, indicating that its treatment improved
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the boxes represent the first and third quartiles. Dot plots represent
individual data. *P <0.05 vs. control group; TP <0.05 vs. US-0.5 W
group; £P<0.05 vs. US-1.0 and US-1.5 W group. OVX ovariectomy,
ES electrical stimulation, rESW radial extracorporeal shock wave, US
ultrasound

bone microarchitecture caused by estrogen deficiency. This
is consistent with the previous studies showing the effec-
tiveness of radial extracorporeal shock wave in osteoporo-
sis in a similar model [16, 17]. No reports have been avail-
able regarding the differences in shock wave intensity that
stimulates bone formation, but our results indicate optimal

reported that ultrasound exposure at higher intensity pro-
motes bone formation and osteoblast differentiation in vivo
[21] and in vitro [25, 26]. We also found that the rats treated
with ultrasound at_had greater trabecular bone
mass than the rats treated with 0.5 and 1.0 W/cm? implying
ultrasound intensity-dependent improvement in bone mass.
Unlike previous studies showing the inhibitory effects of
LIPUS at 0.03 W/cm? on bone loss after ovariectomy [20,
211, in our study ultrasound exposure at 1.5 W/cm? increased
bone mass, but not at 0.5 or 1.0 W/cm?. In these previous
studies, ultrasound was applied immediately after ovariec-
tomy (07 days), whereas we started ultrasound treatment
from 8 weeks post ovariectomy when the significant bone
loss had been detected. Consequently, ultrasound exposure
as a therapeutic strategy for osteoporosis may require [l

@ Springer
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Fig.5 Representative histological images in the femoral trabecular bone stained with a Type I collagen, b sclerostin, ¢ p-catenin, and d RANKL.
Scale bars =100 pm. OVX ovariectomy; ES electrical stimulation, rESW radial extracorporeal shock wave, US ultrasound

Although extracorporeal shock wave and ultrasound
increased the bone mass, electrical stimulation did not
affect bone mass or microarchitecture. Some animal studies
of bone loss caused by hindlimb unloading have reported the
increase in bone mass by electrically induced muscle con-
traction [11, 12]. Bone is adapted to a customary mechanical

@ Springer

environment, making them less responsive to mechanical
stress if it does not exceed routine loading signals [9]. Con-
trary to the disuse-induced osteoporosis rat, the hindlimbs
of the ovariectomized rat were subjected to weight loading.
Thus, mechanical stress induced by electrical stimulation
may be insufficient to induce bone adaptation.
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Fig.6 The graphs show the relative mRNA expression of a SOST,
b RANKL, and ¢ OPG in the distal femur, and d RANKL/OPG
ratio. Data are expressed as mean+ SD. *P <0.05 vs. control group;

It is well known that osteoporosis primarily affects the
trabecular bone in the metaphysis of long bones, resulting in
bone weakness [38]. Nevertheless, most of the experimental
animal studies have evaluated the bone strength by three-
point bending tests in the diaphysis of the femur or tibia
[39]. We therefore chose the distal femoral metaphysis for
the mechanical testing [28] and were able to show changes in
the maximum load between the sham and ovariectomy rats.
Although ovariectomy did not decrease the energy to failure,
extracorporcal NSO
S e s 2 ccsting that these treatments
increased the trabecular bone leading to an increase in bone
strength.

Estrogen deficiency affects bone turnover, [SiSIREE
and marked osteoclast
activation [40]. After ovariectomy, osteoblasts initially

—40]. At 12 weeks after ovariectomy, we also
observed similar activity of ALP which is an osteoblastic
differentiation marker [41] between the sham and ovariec-
tomized rats, indicating that the osteoblastic activity reached
a plateau. However, ALP activity was higher than in the
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TP <0.05 vs. OVX group; £P <0.05 vs. TESW-1 bar group. OVX ova-
riectomy, ES electrical stimulation, rESW radial extracorporeal shock
wave, US ultrasound

ovariectomized rats at 12 weeks after ovariectomy in the
rats received ultrasound. These results suggest that ultra-
sound persistently stimulate osteoblasts and increase bone
formation. Consistent with a previous study [40], ovariec-
tomy showed a marked increase in TRAP activity, a marker
for osteoclast [42], at 12 weeks. However, extracorporeal
shock wave decreased their activity to the same level as that
of the untreated rats. These findings indicate that extracor-
poreal shock wave may reduce the increase in the osteoclast
activity induced by estrogen deficiency, resulting in reduced
bone resorption. RANKL is known to be key molecules in
the regulation of osteoclast differentiation and activity [43].
Ovariectomy increased the protein level and mRNA expres-
sion of RANKL in the bone, and extracorporeal shock wave
decreased them. Thus, RANKL suppression may contrib-
ute to osteoclast inactivation at trabecular bone in the rats
treated with extracorporeal shock wave.

[ESEEEESEEESH (44|, and estrogen plays an important role in
the maintenance of its viability [45]. Consistent with previ-

ous findings [46], ovariectomy-induced estrogen deficiency
increased osteocyte death, but physical agents were unable
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to prevent its death. Furthermore, the rats treated with the
shock wave showed more osteocyte death than those treated
with ultrasound. Osteocyte apoptosis can occur at sites of
microdamage [47], and it is suggested that the osteogenic
effects of the shock wave are triggered by microdamage [48].
Hence, the increase in osteocyte death after the shock wave
treatment may be associated with the microdamage required
to promote bone formation.

Sclerostin which is highly expressed in osteocytes has
been defined as the key protein involved in mechanical stress
[49], and its expression decreased by mechanical loading
1" Ultrasound at intensity of 1.5 W/cm? decreased the
sclerostin-positive osteocytes compared to the untreated

BRI dditionally, sclerostin acts as a negative regulator
of bone formation by antagonizing Wnt/p-catenin signaling
which plays an important role in osteoblast differentiation
and activity [49]. In our study, the exposure of ultrasound
increased the number of f-catenin-positive cells, suggest-
ing tha fts treatment activates Wnt/p-catenin signaling.
Therefore, the decrease in the expression of sclerostin in
osteocytes in this study may partly contribute to osteoblast
activation through Wnt/B-catenin activation. On the other
hand, the number of sclerostin-positive osteocytes and the
sclerostin mRNA expression were unaffected by electri-
cal stimulation. Because mechanical stress modulates the
expression of sclerostin in a magnitude-dependent manner

|11, mechanical stress by clectrical stimulation may be
insufcient to affect the sclerostin levels in osteocytes. 1i1k.n

together, our findings suggest that ultrasound increased
osteoblast activity, at least in part, via downregulation of
sclerostin thorough mechanical stress.

First, we used a small
animal model. Wistar rats cannot fully reflect the variability
found in humans; therefore our results may not be directly
applicable to patients with osteoporosis. However, the ova-
riectomized rat model has been widely used in preliminary
studies of postmenopausal osteoporosis [13]. Soft tissues
in human are thicker compared with animals, and therefore
optimal intensity of physical agents that induce bone adapta-

[22, 23]. Therefore, further studies are warranted to explore
the effects of physical agents on postmenopausal women.
Second, our study showed that physical agents improve
local bone turnover, but their systemic effects are at present
unknown. Finally, these findings may be unique to estrogen
deficiency-induced osteoporosis, and whether they can be
applied to other bone conditions, such as healthy bone or
unloading, steroid, or aging-induced osteoporosis, could be
ascertained in further studies.

In conclusion, we demonstrated that mechanical stress
induced by radial extracorporeal shock wave and ultrasound
improved trabecular bone loss and bone fragility caused by

estrogen deficiency via osteoblast activation or osteoclast

bone forma-
tion. We propose that radial extracorporeal shock wave and
ultrasound are easy and noninvasive as a promising nonphar-
macologic therapy for osteoporosis; future studies should
explore its clinical application.
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