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Low-Intensity Pulsed Ultrasound Stimulation Enhances
Heat-Shock Protein 90 and Mineralized Nodule Formation
in Mouse Calvaria-Derived Osteoblasts

Munemitsu Miyasaka, DDS, Hidemi Nakata, DDS, PhD, Jia Hao, DDS, PhD, You-Kyoung Kim, DDS,
Shohei Kasugai, DDS, PhD, and Shinji Kuroda, DDS, PhD

Low-intensity pulsed ultrasound (LIPUS) has demonstrated its positive effects on osteogenic differentiation of
mesenchymal stem cells and the proliferation and differentiation of osteoblasts, negative effects on osteoclast
growth, and promotion of angiogenesis, leading to improvement of the tissue perfusion. Heat-shock proteins
(HSPs) are initially identified as molecules encouraged and expressed by heat stress or chemical stress to cells
and involved in the balance between differentiation and apoptosis of osteoblasts. However, it remains unclear if
the effect of LIPUS on osteoblast differentiation could involve HSP expression and contribution. In this study,
mouse calvarial osteoblasts were exposed to LIPUS at a frequency of 3.0 MHz by 30 mW/cm2 for 15 min or to
42�C heat shock for 20 min at day 3 of cell culture and examined for osteogenesis with pursuing induction of
HSP27, HSP70, and HSP90. LIPUS as well as heat shock initially upregulated HSP90 and phosphorylation of
Smad1 and Smad5, encouraging cell viability and proliferation at 24 h, enhancing mineralized nodule formation
stronger by LIPUS after 10 days. However, HSP27, associated with BMP2-stimulated p38 mitogen-activated
protein kinase during osteoblast differentiation, was downregulated by both stimulations at this early time point.
Notably, these two stimuli maintained Smad1 phosphorylation with mineralized nodule formation even under
BMP2 signal blockage. Therefore, LIPUS might be a novel inducer of osteoblastic differentiation through a
noncanonical signal pathway. In conclusion, LIPUS stimulation enhanced cell viability and proliferation as
early as 24 h after treatment, and HSP90 was upregulated, leading to dense mineralization in the osteoblast cell
culture after 10 days.

Introduction

Low-intensity pulsed ultrasound (LIPUS) is a
clinically established physiotherapeutic technique, ap-

proved by the Food and Drug Administration, used to accel-
erate the healing of bone fractures and delayed union or
nonunion of bone. Its effectiveness has been demonstrated in
numerous in vivo studies1–7 and supported by in vitro exam-
inations using cell culture systems.8–12 LIPUS stimulation is a
noninvasive, feasible, and economical method, and it has
emerged as a safer alternative to biophysical approaches,
especially for patients with bone plates or pacemakers.

Numerous studies have demonstrated its positive effects,
such as osteogenic differentiation of mesenchymal stem
cells, the proliferation and differentiation of osteoblasts,
negative regulation of osteoclast growth, and the promotion
of angiogenesis, which lead to improvement in bone tissue

perfusion. The mechanism by which LIPUS induces these
responses is unclear; however, what is known is that me-
chanical stress, such as ultrasound stimulation, is translated
into biochemical signals.

Heat-shock proteins (HSPs) were initially identified as
molecules expressed in cells in response to heat stress or
chemical stress.13–18 They are classified into six families ac-
cording to their estimated molecular weights: HSP20, HSP40,
HSP60, HSP70, HSP90, and HSP100. These HSPs play
fundamental roles in many physiologic and pathophysiologic
processes, such as degradation of unstable proteins, control of
regulatory proteins, and import and folding of proteins.19,20

Some HSPs are constitutively active, while others are induced
only after exposure to stimuli, such as the inducible HSP72.21

HSP stimulation and increases in HSP expression have a
cytoprotective role within the cell. HSPs are also being in-
vestigated for their contribution to cell status in basic and
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clinical studies.22–24 Furthermore, HSP induction might ef-
fectively reduce cellular injury, as it was recently demon-
strated that activated HSPs accelerated the recovery of
damaged cells and fatigue.25,26 HSPs are also associated with
bone metabolism. HSP27, a low-molecular-weight HSP, was
reported to regulate the balance between the differentiation
and apoptosis of osteoblasts.27,28 Various physiological
stresses are able to induce HSP27 expression in MC3T3 cells,
an osteoblast-like cell line, although HSP27 expression levels
differ by cell type.29–31 However, the exact mechanism of
HSP27 induction in osteoblasts remains unclear. HSP70 and
HSP90, members of high-molecular-weight HSP families, act
as molecular chaperones, and they are implicated in protein
folding, oligomerization, and translocation.32 They are also
involved in osteogenic signal transduction. These HSPs, as
well as HSP27, are stimulated by heat stress. HSP27 is
induced through the activation of p38 mitogen-activated
protein (MAP) kinase. This is followed by phosphorylation
of intracellular Smads, which are important proteins for
BMP-initiated osteogenesis; this phosphorylation stimulates
HSP27 during osteoblastic differentiation in osteoblast-
like MC3T3 cells. Unlike HSP27, HSP70 and HSP90 are
reported to interfere with glucocorticoid signal transduction
by binding directly to the glucocorticoid receptor.33 There-
fore, HSP70 and HSP90 may be regulated by different sig-
naling pathways, independent of BMP signal transduction, in
MC3T3 cells during osteogenic events like bone fracture
healing.

There are several reports indicating a synergistic inter-
action between ultrasound and heat that leads to induction of
Hsp72, a HSP70 family member. This synergy was reported
in human promyelocytic leukemia HL-60 cells when ex-
posed to ultrasonic waves at 10 MHz for 10 min. However,
there have been no definitive studies on HSPs to link this
synergy to the regulation of osteogenesis. In this study,
calvarial cells (osteoblasts) isolated and cultured from
mouse neonates were exposed to LIPUS in vitro and ex-
amined for osteogenesis and induction of Hsp27, 70, and 90.
The aim of this study is to understand the synergistic rela-
tionship between LIPUS and HSPs during osteogenesis.
This work also suggests that LIPUS may be an effective
therapy for bone healing in conditions where osteogenesis is
compromised, such as perturbations in BMP signaling.

Materials and Methods

The Institutional Animal Care and Use Committee of
Tokyo Medical and Dental University approved the protocol
design and procedures (approval number 0150222A).

Extraction of cells and cell culture

Osteoblasts were extracted from the calvaria by sequen-
tial collagenase digestion of 1-day-old neonatal mice.
Briefly, the cells were cultured in an a-minimum essential
medium (a-MEM; Invitrogen) containing 10% fetal bovine
serum (FBS; Sigma-Aldrich) with 100 U/mL of penicillin
and 100 U/mL streptomycin at 37�C in a humidified atmo-
sphere of 5% CO2:95% air. When semiconfluent, the cells
were trypsinized and reseeded into 35-mm culture dishes at
a concentration of 1 · 105 cells/cm2 in 1.2 mL of a-MEM
containing 10% FBS. After cells were cultured for 72 h,
they were exposed to two different stimuli: Group 1, LIPUS

stimulation and Group 2, heat-shock treatment. The control
group was cultured without LIPUS stimulation or heat-shock
treatment. All groups, including controls, were cultured with
supplemental Noggin (Sigma-Aldrich), a transient inhibitor of
BMP signaling, at a concentration of 1.0 ng/mL, before
stimulation. The experimental time schedule is shown in
Figure 1.

LIPUS stimulation

LIPUS was applied to cultured osteoblasts for 15 min at
room temperature, in a fresh medium without FBS, using an
OSTEOTRON D2 sonicator (Ito Co., Ltd.) through gel on
the bottom of the 35-mm culture dishes. Cells were exposed
at a frequency of 3.0 MHz, and the temporal average in-
tensity was 30 mW/cm2. The cells were placed back into the
incubator for an additional 24 h before analysis.

Heat-shock stimulation

Osteoblasts were placed in a 42�C conditioning incubator
for 20 min. The cells were then placed back into the original
incubator for an additional 24 h before analysis.

Cell proliferation analysis

An osteoblast viability assay was performed using the
PrestoBlue Cell Viability Reagent (Molecular Probes; In-
vitrogen) according to the manufacturer’s protocol. The
cells in suspension were seeded at 1 · 105 cells/well in a 96-
well microtiter plate. After 24 h, the cells were washed and
incubated with the PrestoBlue reagent for 10 min. The
changes in cell viability were detected using absorbance
spectroscopy at a wavelength of 570 nm. For further analysis
of cell viability, another set of the cells was subjected for an
apoptosis test by staining them at 24 h of the culture (LIVE
and DEAD Cell Assay Kit ab115347; Abcam), by which
live cells were detected with green fluorescence and dead
with red through a Biozero BZ-8000 microscope (Keyence),
and the numbers of live/dead cells were quantified.

Alkaline phosphatase (ALP) activity assay

Twenty-four hours after the LIPUS stimulation, the
cells were assayed for the alkaline phosphatase (ALP) ac-
tivity. The cells were washed twice with phosphate-buffered
saline (PBS), sonicated with an OSTEOTRON D2 (Ito
Physiotherapy and Rehabilitation Co., Ltd.), and stored at
-80�C until the assay was performed. The ALP activity
was measured as the release of p-nitrophenol from p-
nitrophenylphosphate, pH 9.8, by optical density analysis at
405 nm using the SenoLyte pNPP Alkaline Phosphatase
Assay Kit (AnaSpec).

ALP-positive cell staining

ALP-positive cells were stained using the ALP Stain kit
(Wako). Cells were washed twice with PBS and fixed in
3.7% formalin for 10 min. Fixed cells were then rinsed with
PBS twice and incubated in 1 mL staining solution at 37�C
for 20 min to identify ALP-positive (blue) cells. Cells were
then washed with PBS to stop the staining reaction. Digital
images were captured using a Biozero BZ-8000 microscope
(Keyence).
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Alizarin red staining

To examine nodule formation, the cells were seeded in 35-
mm dishes at a concentration of 1 · 105 cells/cm2 in an oste-
ogenic medium supplemented with 10-8 M dexamethasone,
10 mM b-glycerophosphate (G-9891; Sigma-Aldrich), and
50 ng/mL ascorbic acid (013-12061; Wako Chemical) in
1.2 mL a-MEM containing 10% FBS. An early simulation
protocol was also used where LIPUS and heat stress were ad-
ministered simultaneously during cell seeding, when the cells
were neither attached nor stable on the dishes. Mineralized
nodules were stained after 10 days of culture. The staining
solution was prepared by dissolving alizarin red S (1%) in
1:100 aluminum hydroxide in water, followed by filtration.
Cells were washed twice with PBS and immersed in methanol
for 10 min. After cells were rinsed in water, they were incu-
bated with 500mL of alizarin red S solution per well for 2 min
until the mineralized nodules had stained red. The reaction was
then terminated by washing the cells with water, to remove
excessive staining precipitate and reagents. Digital images
were captured using a light microscope (Biozero BZ-8000;
Keyence). For quantification of the staining, nodules were
destained using 10% cetylpyridinium chloride (CPC, C0732-
100G; SIGMA-ALDRICH) in 10 mM sodium phosphate, pH
7.0, for 15 min at room temperature. Aliquots of extracts were

diluted 10-fold in 10% CPC solution, and the concentration of
alizarin red S was determined by measuring the absorbance at
562 nm on a multilabel counter (Wallac 1420 Arvo Sx).

Reverse transcription polymerase
chain reaction analysis

Total RNA was isolated with the Trizol� reagent (Life
Technologies, Inc.) and then reverse transcribed using the
SuperScriptTM first-strand synthesis system for reverse tran-
scription polymerase chain reaction (RT-PCR) (Life Tech-
nologies) according to the manufacturer’s instructions. The
osteoblast-related gene expression was determined using real-
time quantitative RT-PCR. Polymerase chain reaction (PCR)
amplification primers are listed in Table 1. SYBR Green-based
real-time PCR analysis was carried out with the ABI Prism
7300 Sequence Detection System (Applied Biosystems). Gene
expression levels were normalized to glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) within the same sample
using formula: target amount = 2-DDCT and then this value was
further divided with the values of the control group.

Western blotting

Western blot analysis was used to investigate the corre-
lation between expression of HSP27, HSP70, HSP90,

FIG. 1. Low-intensity
pulsed ultrasound (LIPUS)
application schedule (A) and
LIPUS exposure system
device (B).
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Smad1, or Smad5 and the LIPUS stimulation (30 mW/cm2

for 15 min) or thermal stress (42�C for 20 min). For the
Smads, cells were lysed by centrifugation and the total lysate
was used for the analysis. The culture medium (1.2 mL) was
collected for HSP analysis. Each sample was dialyzed against
distilled water and lyophilized. Two aliquots per group, each
of which was mixture from three culture wells, were dis-
solved in 20mL running buffer, were denatured at 70�C
for 10 min, fractionated on 4–12% NuPAGE Bis-Tris gels
(Invitrogen), and transferred to PVDF membranes. Following
incubation with polyclonal antibodies and then anti-rabbit
IgG secondary antibodies, the protein complexes were de-
tected with the Chromogenic Western Blot Immunodetection
Kit (WesternBreeze; Invitrogen) according to the manufac-
turer’s instructions. Intensities of the developed bands were
calibrated by image analyzing software (ImageJ 1.42q; NIH)
and expressed in ratios.

Statistical analysis

Statistical analysis was performed using the statistics
software package 14.0 SPSS for Windows (SPSS, Inc.).
Results are expressed as mean – standard deviation. The
differences in the means were analyzed by Student’s t-test
and a p-value <0.05 was considered statistically significant.

Results

Osteoblast viability and ALP activity

As shown in Figure 2A, osteoblasts quickly responded to
the heat shock, significantly increasing cell viability; how-
ever, LIPUS stimulation did not increase cell viability at this
early time point. As predicted, BMP2 signal blockage by
Noggin showed an elevated cell viability, which was ob-
served in all groups. On the other hand, when the ALP
activity was normalized to cell viability, it was dramatically
reduced by both LIPUS and heat shock stimulations (Fig.
2B). These results suggested that cellular metabolism had
shifted to proliferation rather than differentiation after LI-
PUS stimulation or heat shock treatment. Most notably, the
ALP activity detected in the absence of Noggin treatment
demonstrated recovery of ALP activity with LIPUS stimu-

lation and a slight recovery with heat shock treatment. ALP-
positive cells were visualized with nitro blue tetrazolium
chloride. Intense staining was obvious in control osteoblasts,
although this group contained the fewest cells (Fig. 2C).

Mineralized nodule formation

LIPUS stimulation and heat shock treatment showed
stronger alizarin red S staining than the unstimulated con-
trols, suggesting that osteoblasts accumulated more miner-
alized nodules in the test groups (Fig. 3). Furthermore,
nodule formation was enhanced using the early stimulation
protocol, in which LIPUS and heat shock were applied to
the osteoblasts simultaneously with cell seeding at day 0
(Fig. 3). Notably, it was apparent that LIPUS stimulation
drove mineral accumulation even under the Noggin ad-
ministration by the early stimulation protocol (Fig. 3).

Effect of LIPUS on early expression of HSPs
and osteogenesis-related genes

The RT-PCR results showed that HSP27 gene expression
was downregulated in the LIPUS- and heat-stimulated os-
teoblasts (Fig. 4); however, when the culture medium was
supplemented with Noggin to antagonize BMP signaling,
HSP27 mRNA transcription was decreased only by LIPUS
stimulation. In contrast, HSP90 gene expression was upre-
gulated upon LIPUS or heat stimulation, and only LIPUS
stimulation dramatically upregulated HSP90 gene expres-
sion in the presence of Noggin. Conversely, HSP90 gene
expression dropped down by the supply of Noggin on heat
stimulation. On the other hand, HSP70 mRNA levels re-
mained stable throughout the experiment.

Osteogenic gene expression was also examined. Bmp2
was upregulated after LIPUS stimulation or heat shock
treatment. In the presence of Noggin, Bmp2 was decreased
with LIPUS and heat stimulation as expected, but there was
an even further decrease with heat treatment in the presence
of Noggin. Smad1 was also upregulated by both treatments;
however, Smad5 expression was increased only after LIPUS
stimulation, especially in the presence of Noggin. Again,
heat in the presence of Noggin significantly decreased

Table 1. Primer Pairs Used for Real-Time PCR

Gene Forward and reverse primers GenBank� accession number Fragment length (bp)

GAPDH ACCCAGAAGACTGTGGATGG NM_001289726 186
CACATTGGGGGTAGGAACAC

HSP27 CCCAGTGAATCCCCTGTCTA NM_001164708.1 179
CCCCCAGGTTTTGGTTTATT

HSP70 TGCTGATCCAGGTGTACGAG NM_010478.2 204
CGTTGGTGATGGTGATCTTG

HSP90 GGCATCGATGAAGATGAGGT NM_008302.3 196
ACATGAGCAGAGAGCCAGGT

Smad1 TCTTTCTGAAGTGGGCTTTC NM_008539.3 185
CAGCCAGCATACAGTTTCAG

Smad5 TGTGCTCCTTGTGCAGATAA NM_008541.3 221
TGGTGCTCTACGAGACCTTC

OSX CCCACCTAACAGGAGGATTT NM_130458.3 200
CACTGGAATGGAGTGAAACC

Colla1 TGCTGTTCTTGGGGGACTAC NM_001001849.1 192
GCCATAGAGGGGTGTTCTCA

HSP, heat-shock protein; PCR, polymerase chain reaction.
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Smad5 expression. Interestingly, OSX, a marker of osteo-
blast differentiation, showed contrasting gene expression
levels between LIPUS stimulation and heat shock; it was
downregulated by LIPUS stimulation and upregulated by
heat, with or without exposure to Noggin.

HSP27, HSP70, HSP90, Smad1, Smad5,
and BMP2 immunoblot analysis

Western blot analysis was performed for HSP27, HSP70,
HSP90, BMP2, BMPR Type IA, BMPR Type II, Smad1,

FIG. 2. Alkaline phosphatase
(ALP) activity and viability of
osteoblasts. Osteoblasts show
changes in their viabilities in
different stimuli. (A) The
viabilities were determined
numerically by colorimetric
absorbance at a wavelength of
570 nm. (B) Quantitative ALP
activity was normalized to cell
viability in each sample. Data are
expressed as mean – SD (n = 3).
a, versus control without Noggin
(-), and b, versus control with
Noggin (+). a and *: p < 0.05 was
recognized to be significant. (C) A
live/dead assay was performed at
24 h after each stimulation. Live/
dead cells were detected in green/
red fluorescence, respectively.
There were no significant differ-
ences in the live/dead cell numbers
among all conditions.
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phosphorylated Smad1, Smad5, phosphorylated Smad5,
OSX, and GAPDH (Fig. 5). The expression tendencies were
consistent with the mRNA expression results, where the
HSP27 level decreased after LIPUS stimulation and heat
shock treatment; however, only LIPUS stimulation down-
regulated HSP27 protein expression when Noggin was pres-
ent. HSP70 protein was detected under all experimental
conditions, and their expression levels remained stable.
HSP90, undetectable without the stimuli, was stimulated by
LIPUS or heat; however, Noggin not only canceled but also
blocked HSP90 strongly against the heat shock stimulation.
Furthermore, both Smad1 and Smad5 were only weakly de-
tected. It was noteworthy that the phosphorylation of Smad5
was inhibited by Noggin. BMP2 synthesis showed little or
undetectable levels in all treatments. On the other hand, both
BMPRs expressions were maintained in each stimulation, but
inhibited by Noggin. OSX was undetectable by both LIPUS
and heat stimulation, but slightly observed only when the
cultured cells were exposed to the heat with Noggin.

Discussion

LIPUS is used clinically to accelerate fracture healing.3,5,34–37

Azuma et al. demonstrated a LIPUS-mediated enhancement

in fracture repair using an animal model.38,39 Many studies
examining the effects of LIPUS on cultured cells used
similar experimental parameters, such as stimulus power,
duration, and ultrasound frequency.40–44 The focus of this
study was to determine whether LIPUS stimulates the ex-
pression of HSP leading to osteoblast activation and whether
osteoblast stimulation could activate osteogenic signal
transduction, independent of the canonical BMP signaling
pathway. The experimental protocol used in the present
study was based on the precedent manuals, although in this
study, LIPUS exposure was concentrated into a one-time
treatment at 30 mW/cm2 for 15 min. Nevertheless, the ex-
perimental results suggest a mechanism by which LIPUS
may initialize osteogenesis and enhance mineralization after
10 days through heat shock protein syntheses. Although
different exposures such as 45 and 60 mW/cm2 were ex-
amined rather than 30 mW/cm2, those stronger exposures
did not accelerate the differentiation or proliferation of the
cultured cells, and the design used in the current study just
followed similar in vitro studies.40,42,45

Heat alters the induction of HSP27, HSP70, and HSP90 in
osteoblasts.13 HSP70 expression in cultured human bone
marrow cells was increased by the application of mild heat
(39�C). This was also observed in MG-63 cells, not only at a

FIG. 3. Alizarin red S staining.
Mineralized nodule formation.
Calcium nodules (red) were
observed using Alizarin red S
staining. LIPUS-treated cell
culture. Heat-shock-treated cell
culture. Treatment 1 followed
the experimental time schedule
indicated in Figure 1. In treatment
2, the cells received the stimuli at
day 0 when the cells were seeded
on the dishes. Control cells were
cultured in the osteogenic medium
without the stimulations. Quantitative
analysis of Alizarin red S staining
was performed by measuring the
absorbance of destained Alizarin
red S at 562 nm. The results are
expressed as mean – standard
deviation (SD) (n = 3). *, versus A1
and C1. p < 0.05 was recognized
to be significant.
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temperature of 39�C but also at temperatures as low as
33�C. On the other hand, it was reported that simvastatin, a
member of the statin family, rapidly activated p38 MAP
kinase in MC3T3 cells, affecting neither HSP70 nor HSP90,
but increasing HSP27 levels to markedly promote osteoblast
differentiation.46 Furthermore, simvastatin promotes osteo-
blast viability and differentiation through Smad1 phos-
phorylation through the BMP2 signaling pathway,47 which
is required for osteogenesis. Another report showed the
enhancement of mineralization in osteoblast cells after

HSP27 gene transfer when the culture media were supple-
mented with recombinant BMP4.48 These data help formu-
late a hypothesis that directing osteogenesis in osteoblastic
cells may be intimately associated with BMP2 synthesis
through HSP27 expression. Many studies have demonstrated
that LIPUS promotes osteoblast differentiation in vitro. In
this study, LIPUS stimulation was used to induce osteogenic
differentiation of mouse calvaria-derived cells. Therefore,
LIPUS and heat shock, using relatively high heat (42�C),
elevated HSP90 and lowered HSP27 at 24 h, in contrast to

FIG. 4. mRNA expression.
The mRNA levels of (A)
heat-shock proteins (HSP)27,
(B) HSP70, (C) HSP90, (D)
BMP2, (E) Smad1, (F)
Smad5, and (G) OSX were
measured from total RNA
extracted from the osteo-
blasts of 24-h culture. mRNA
expression levels are ex-
pressed as fold difference of
value in the groups to value
in control without Noggin
(-). Data are expressed as
mean – SD (n = 3). a, versus
control without Noggin (-)
and b, versus control with
Noggin (+). a, b, and *:
p < 0.05 was recognized to be
significant.
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simvastatin stimulation. This suggests that mechanical
stress, such as heat or LIPUS, does not induce the low-
molecular-weight HSP27, but it instead activates the high-
molecular weight HSP90 that acts as a molecular chaperone
and protects cells subjected to hazardous conditions.49

Hence, these mechanical stressors may activate not only the
BMP canonical signaling pathway but possibly also another
signal pathway, which might be different from the p38 MAP
kinase-related noncanonical signal pathway, to promote
osteoblastic differentiation.

FIG. 5. Western blot analysis.
Western blotting for the HSP: HSP27,
HSP70, and HSP90; osteogenic
transcription factors: Smad1, Smad5,
phospho-Smad1, phospho-Smad5,
and OSX; and BMP2 and BMPR
Type IA/II were performed using
their respective polyclonal antibodies.
The cultured cells were collected for
Smad1, Smad5, phospho-Smad1,
phospho-Smad5, OSX, and BMPR
Type IA/II detection, and the culture
medium was assayed for the HSPs
and BMP2 secreted from the
osteoblasts 24 h after the stimulation.
Intensities of the developed bands
were semiquantified by image
analyzing software. Color images
available online at www.liebertpub
.com/tea
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Mechanical stresses placed on bone tissue cause osteo-
blasts to respond in various ways,50 like promoting BMP
production. Suzuki et al. showed a significant increase in
BMP2 mRNA levels in rat osteosarcoma cell line, an oste-
oblastic cell line.45 Notably, LIPUS stimulation in this study
enhanced nodule formation in cell culture, as demonstrated in
other reports, which presented stronger Alizarin red S stain-
ing than the heat shock (Fig. 3). Furthermore, the mineral
accumulation was weak, but detected more in the LIPUS
treatment, under the Noggin supplemented condition (Fig. 3).
This stimulated BMP2 mRNA expression as early as 24 h of
culture. LIPUS stimulation led to the highest levels of min-
eralization, although heat shock treatment also enhanced
nodule formation over control levels after 10 days of culture.
However, OSX gene expression was downregulated by
LIPUS, while heat shock slightly increased its expression
after 24 h. Conversely, cell viability quickly responded to the
heat shock stimulus with a concomitant increase as the ALP
activity decreased. This result was also induced by LIPUS
stimulation, suggesting that LIPUS stimulation and heat
shock accelerated cell proliferation. This may have masked
cell differentiation events during the early stages of osteo-
genesis, leading to cellular mineral accumulation afterward.
One report found that phosphorylation of Smad1 was evident
in cultured cells after 30 min of statin treatment, and the
expression of BMP2 might stimulate BMP2 receptors through
autocrine or paracrine signaling.47 In our study, both Smad1
and Smad5 mRNAs were drastically increased by LIPUS
stimulation; on the other hand, the heat shock elevated only
Smad1 gene expression (Fig. 4). Other studies have demon-
strated that p38 MAP-kinase-dependent osteoblast differen-
tiation is important,46,51,52 even though OSX mRNA
expression was only suppressed by LIPUS stimulation at 24 h
in our study. However, the strongest mineral accumulation
was apparent in LIPUS-treated osteoblasts. Therefore, the
subsequent upregulation of BMP2 gene accompanied by both
Smad1 and Smad5 genes, following LIPUS stimulation, may
have activated BMP2-dependent osteoblast differentiation
afterward together by 10 days. The critical time when OSX
expression increases should be examined in a future study
since we have no detailed information about the later gene
expression profiles.

Studies showed that variants of the BMP2 gene and al-
tered BMP2 signal transaction are closely associated with
osteoporosis and osteoporotic fractures.53,54 Therefore, the
blockage of BMP2 signaling by interfering with BMP2 re-
ceptor binding may cause downstream gene activation that
promotes osteoblast differentiation to be dysfunctional. In
the present study, Noggin, a BMP antagonist, inhibited os-
teogenic gene expression. Notably, when the BMP2 signal is
blocked, LIPUS stimulation elevated both Smad1 and
Smad5 gene expression considerably, while heat shock
treatment enhanced only Smad1 with unaltered Smad5 un-
der the signal blockage. OSX mRNA expression showed the
same pattern or downregulation by LIPUS and upregulation
by heat shock during the early 24-h period. However, cell
viability was immediately enhanced in the short term, re-
sulting in a decrease of ALP activity in all test groups,
including controls that were exposed to Noggin. Therefore,
although both types of stimulation promoted osteoblast vi-
ability, cells may become even more proliferative after LI-
PUS stimulation by suppressing OSX mRNA expression.

Theoretically, the levels of BMP2 ligand and its receptors
should not be influenced by Noggin. Surprisingly, our re-
sults show that BMP2 transcription rapidly decreased after
heat shock treatment in the presence of Noggin, whereas
LIPUS accelerated BMP2 mRNA expression under similar
conditions; however, BMP2 protein was not well visualized
by Western blot analysis, assuming one possible reason that
the protein amount might not reach an immunodetectable
level substantially. Remarkably, when the BMP signal
pathway had been inhibited by Noggin, LIPUS stimulation
as well as heat shock maintained the phosphorylation of
Smad1 and inhibited HSP27, but stimulated HSP90 instead,
suggesting that the phosphorylation might be activated in a
different signal pathway from the p38 MAP-kinase-related
noncanonical pathway to induce Smad1 phosphorylation.
On the other hand, these two stimulations demonstrated
Smad5 phosphorylation inhibition with Noggin treatment
(Fig. 5). This hypothesis of another noncanonical trans-
duction is also supported by a result demonstrating abandon
of HSP27 and, instead, encouragement of HSP90, which
was specific to both LIPUS and heat shock (Fig. 5). Inter-
estingly, recovery of HSP27 and significant decrease of
HSP90 were observed only by heat shock under Noggin
treatment, in which heat shock might play a role to com-
pensate for the signal blockage.

The current experiment demonstrated feasibility of LI-
PUS upon avoidance of the Noggin-mediated BMP2 signal
blockage by observing mineralized nodule formation,
mRNA expression, and protein syntheses of interest in the
cell culture. On the other hand, how OSX could become
activated by BMP2 stimulated by LIPUS in an autocrine or
paracrine manner remains unexplored. As Smad1 phos-
phorylation was maintained even under BMP signal block-
age by Noggin in the present study, LIPUS might be a novel
inducer of osteoblastic differentiation under critical condi-
tions in which BMP signals are suppressed congenitally or
posteriorly due to accidental blockage of BMP binding to its
receptors. Our results strongly suggested that LIPUS ini-
tially stimulated high-molecular-weight HSP90 and BMP2
gene expressions without the elevation of OSX expression at
24 h. This might not be enough to understand the mecha-
nism by which LIPUS accelerated osteogenesis through a
noncanonical pathway accompanied by downregulation of
low-molecular-weight HSP27. However, we speculated that
LIPUS might contribute to quick propagation of osteoblasts
by HSP90 elevation rather than differentiation at the early
time point. Furthermore, increased Smad1, Smad5, and
BMP2 gene expressions may signal preparation for miner-
alized nodule formation observed after 10 days. We addi-
tionally administered early stimulation of both the LIPUS
and heat shock to the osteoblasts during cell seeding at day
0, which showed an increased mineralization. This suggests
that the timing of stimulus application is important. In
conclusion, LIPUS stimulation enhanced cell viability and
proliferation as early as 24 h after treatment, and HSP90 was
upregulated, leading to dense mineralization in the osteo-
blast cell culture after 10 days.
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