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Low-intensity pulsed ultrasound (LIPUS) has positive effects on osteogenic differentiation.
However, the effect of LIPUS on osteogenic differentiation of human adipose-derived stem
cells (hASCs) is unclear. In the present study, we investigated whether LIPUS could pro-
mote the proliferation and osteogenic differentiation of hASCs. hASCs were isolated and
osteogenically induced with LIPUS stimulation at 20 and 30 mW cm−2 for 30 min day−1. Cell
proliferation and osteogenic differentiation potential of hASCs were respectively analyzed
by cell counting kit-8 assay, Alizarin Red S staining, real-time polymerase chain reaction,
and Western blotting. The results indicated that LIPUS stimulation did not significantly af-
fect the proliferation of hASCs, but significantly increased their alkaline phosphatase activity
on day 6 of culture and markedly promoted the formation of mineralized nodules on day 21
of culture. The mRNA expression levels of runt-related transcription factor, osteopontin, and
osteocalcin were significantly up-regulated by LIPUS stimulation. LIPUS stimulation did not
affect the expression of heat shock protein (HSP) 27, HSP40, bone morphogenetic protein
(BMP)-6 and BMP-9, but significantly up-regulated the protein levels of HSP70, HSP90,
BMP-2, and BMP-7 in the hASCs. Further studies found that LIPUS increased the mRNA
levels of Smad 1 and Smad 5, elevated the phosphorylation of Smad 1/5, and suppressed
the expression of BMP antagonist Noggin. These findings indicated that LIPUS stimulation
enhanced osteogenic differentiation of hASCs possibly through the up-regulation of HSP70
and HSP90 expression and activation of BMP signaling pathway. Therefore, LIPUS might
have the potential to promote the repair of bone defect.

Introduction
Many studies have confirmed that mesenchymal stem cells (MSCs) have a strong potential to differenti-
ate into different lineages, such as adipocytes, chondrocytes, osteoblasts, and other nonmesoderm types
[1-3]. Traditionally, human MSCs have been isolated from bone marrow, but they can also be isolated
from other tissues, such as adipose tissue, fetal liver, umbilical cord blood, and amniotic fluid [4,5]. Re-
cently, as a source of MSCs, human adipose-derived stem cells (hASCs) are a highly attractive source in
bone tissue engineering and regenerative medicine because adipose tissue can be easily obtained with less

c© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

1

mailto:zhangwjwenjun@sina.com


Bioscience Reports (2018) 38 BSR20180087
https://doi.org/10.1042/BSR20180087

invasive procedures. Furthermore, hASCs display a very high capability for cell proliferation and differentiation [6].
Some studies have indicated that the osteoblast differentiation process of hASCs can be induced by various factors,

including soluble molecules, biophysical or chemical signals, and microenvironment [7-9]. Biophysical signals have
been actively studied for clinical applications. As a form of mechanical energy, ultrasound stimulation belongs to a
biophysical signal that can be conducted into a human body, and results in biochemical events at the cellular level [10].
Low-intensity pulsed ultrasound (LIPUS) has generally been recognized that the micromechanical strains generated
by high-frequency acoustic pressure waves evoke biochemical events that can regulate fracture healing [11]. Many
studies have demonstrated that LIPUS stimulation produces significant multifunctional effects on bone formation
and resorption [12,13]. It has been reported that LIPUS can stimulate fracture healing and has been used to treat
bone defects in clinical therapy [14,15], and also accelerates bone maturation in distraction osteogenesis cases in
animal models [16].

These previous studies of ultrasound and bone tissue have indicated that LIPUS stimulation has the potential to
increase the activity of osteoblasts and to induce the osteogenic differentiation of stem and progenitor cells [17,18].
Although experimental and clinical studies demonstrated the enhancing effects of LIPUS on bone regeneration, to
our knowledge, there have been no reports of the effects of LIPUS on the osteogenic differentiation of hASCs and
its associated mechanisms. Therefore, the aim of the present study was to investigate the in vitro effects of LIPUS
on the proliferation and osteogenic differentiation potential of hASCs and preliminarily explored the underlying
mechanisms.

Materials and methods
Isolation and culture of hASCs
Human subcutaneous adipose tissue samples were taken from three healthy donors during reconstructive surgery.
The informed consent was signed by each donor. All procedures were reviewed and approved by the Human Research
and Ethical Committee of Hubei University of Medicine. hASCs were isolated as previously described [19]. In brief,
subcutaneous adipose tissue was digested with 0.15% collagenase type I (Invitrogen, Grand Island, NY) for 1 h at 37◦C.
The solution was then filtered through a 70-μm filter to remove undissociated tissues, followed by neutralization by
20% fetal bovine serum (FBS), and centrifuged for 5 min. The stromal cell pellet was resuspended in Dulbecco’s
modified Eagle medium (DMEM) containing 10% FBS, 100 U ml−1 penicillin, and 0.1 mg ml−1 streptomycin, and
cultured in a 37◦C incubator with 5% CO2. After 3 days of culture, the medium was replaced with fresh medium. The
adherent cells were maintained in culture and reached confluence, followed by passage to obtain sufficient cells for
analysis.

For characterization of the isolated hASCs, the expression of different stem cell markers was analyzed by flow cy-
tometry. The hASCs at passage 3 were incubated with the following primary antibodies: CD13, CD90, CD44, CD105,
CD29, CD106, CD31, CD34, CD45, and CD14 (Becton Dickinson, San Jose, CA) for 45 min in the dark, and washed
twice with PBS and fixed for 10 min in ice-cold 2% formaldehyde. Flow cytometry was then performed on a FACScan
argon laser cytometry (Becton Dickinson) to detect the specific cell surface markers.

Ultrasound treatment
hASCs were seeded into six-well and 96-well plates at an indicated cell density, and cultured in osteogenic medium
consisting of DMEM supplemented with 10% FBS, 10 mM β-glycerophosphate disodium, 50 μg ml−1 ascorbic acid,
and 0.1 μM dexamethasone. After 12-h incubation, the cells were exposed to LIPUS with some modifications, as re-
ported previously [20,21]. Briefly, an ultrasound apparatus (Siemens, Germany) with a resonant frequency of 2.0 MHz
was used in the following sonication experiments (Figure 1). The transducer with 35 mm diameter is connected with
an ultrasonic generator which works in a continuously adjustable frequency. The transducer surface is circle, and the
ultrasound intensity near the transducer surface is roughly constant throughout its cross-sectional area, as reported
previously [22]. The transducer was submerged in degassed water, and the culture plates were placed 30 mm above
the surface of an array of six transducers with a thin layer of coupling gel. The cells were exposed to ultrasound irra-
diation following the exposure conditions: a frequency of 2.0 MHz, 200-μs burst width sine wave, a pulse repetition
frequency of 1.0 kHz, a pulse duty cycle of 1: 4 (2 ms “on” and 8 ms “off”), a spatial-average temporal-average inten-
sity of 20 and 30 mW cm−2 and an exposure time of 30 min daily. The calculated intensity was regarded as spatial
averaged and temporal averaged since it measures overall acoustic power without providing spatial and temporal
pressure levels [23]. The transfer of proper LIPUS intensity through the water layer to the bottom of each well in the
water tank could be confirmed by using the hydrophone and ultrasound power meter before experiment starts. The
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Figure 1. Schematic illustration of ultrasound device

The low-intensity pulsed ultrasound device was immersed in a 37◦C water bath. The transducer with diameter of 35 mm was

positioned using a liner positioning systems, and the level of water was adjusted to ensure an unrestricted acoustic path to the

well. A cell culture plate with six wells (diameter = 34.8 mm) was placed on the ultrasound transducer array with a thin layer of

ultrasonic coupling gel (1.0 mm). The distance between the transducer and cells was 32.2 mm. The thickness of each well bottom

of culture plate was 1.2 mm.

polystyrene culture plate wells are physically thin (1.2 mm) and are assumed to have a small effect on sound transmis-
sion. Ultrasound attenuation within a polystyrene well having thickness (1.22 mm) was reported to be less than 0.3
dB or 4% over the frequency range from 1 to 3 MHz [24]. Additionally, water is a low attenuation medium [24], and
ultrasound attenuation through 30 mm degassed water is negligible in the present study. As previously described [25]
in a published article, our study can be considered as level 2, based on the nature and quality of ultrasound exposure
data. The controls were handled in the same way using separate culture plates without LIPUS treatment. During ultra-
sound treatment, the temperature in the water bath and culture plates was monitored by a thermocouple as previously
described [26], and the temperature in the medium increased from 37 to 40◦C during 30 min ultrasound exposure.

Cell proliferation assay
Cell proliferation was performed as previously described [27], with some modifications. Briefly, hASCs at passage 3
were seeded in 96-well microplates at a density of 1 × 103 cells/well and cultured with or without transient LIPUS
stimulation for up to 14 days. The culture medium was replaced with fresh medium every 2 days. On day 0, 2, 4,
6, 8, 10, 12, and 14, a solution of cell counting kit-8 (10 μl) (CCK-8; Genomeditech, Shanghai, China) was added
and incubated for 1 h at 37◦C. The absorbance values of reaction products were then measured at 570 nm with a
microplate reader (ThermoFisher Scientific, Rockford, IL). The relative cell concentration was calculated from the
relative absorbance values on the basis of a standard curve.

Alkaline phosphatase activity assay
Alkaline phosphatase (ALP) activity was determined as previously described [28], with some modifications. In brief,
hASCs at passage 4 were seeded in six-well plates at a density of 5 × 104 cells/well, and incubated in osteogenic
medium containing DMEM supplemented with 10% FBS, 10 mMβ-glycerophosphate disodium, 50μg ml−1 ascorbic
acid, and 0.1 μM dexamethasone in the presence or absence of daily LIPUS stimulation for up to 14 days. On day 0, 2,
4, 6, 8, 10, 12 and 14, the cells were lysed with 300 μl solution of a commercial cell lysis kit (ThermoFisher Scientific,
Rockford, IL) following the instructions of manufacturer. Twenty microliters of cell lysate was then added into each
well of 96-well microplate, followed by addition of 180 μl solution of ALP activity assay kit and 1 mM p-nitrophenyl
phosphate. The absorbance value of each sample was determined with a microplate reader at 405 nm. The protein
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content of each sample was measured with a BCA protein assay kit (Beyotime Biotechnology, Haimen, China). The
activity of ALP was presented in units per μg protein.

Real-time polymerase chain reaction (PCR)
hASCs at passage 4 were plated in six-well plates and cultured in osteogenic medium containing DMEM
supplemented with 10% FBS, 10 mM β-glycerophosphate disodium, 50 μg ml−1 ascorbic acid, and 0.1 μM
dexamethasone for 14 days with or without daily LIPUS stimulation. Total RNA was extracted from each
sample on day 14 using Trizol reagent (Invitrogen, Carlsbad, USA) following the manufacturer’s instruc-
tions, and cDNA synthesis was conducted using a cDNA reverse transcription kit (Applied Biosystems,
Foster city, CA). Real-time PCR was performed using SYBR Green I dye (Sigma-Aldrich, U.S.A.) with the
following program: 95◦C for 5 min; 35 cycles of 95◦C for 15 s, and 60◦C for 1 min. The sequences of spe-
cific primers used in the presence study were as follows: runt-related transcription factor (Runx2), forward:
5′-GCGTCAACACCATCATTCTG-3′, reverse: 5′-CAGACCAGCAGCACTCCATC-3′; osteopontin (OPN),
forward: 5′-GTGGTGATCTAGTGGTGCCAAGAGT-3′, reverse: 5′-AGGCACCGGCCATGTGGCTAT-3′; os-
teocalcin (OCN), forward: 5′-CATGAGAGCCCTCACACTC-3′, reverse: 5′-AGAGCGACACCTAGACCG-3′;
Smad 1, forward: 5′-CCAATCTACGAAGGGAGAGTGC-3′, reverse: 5′-AGGGCTTTGGCGGTTGAGTA-3′;
Smad 5, forward: 5′-ATAAGAGTTCACCCCGATGC-3′, reverse: 5′-CCAACGTAATCCGTAGTAAGGACA-3′;
Noggin, forward: 5′-CCTGAAACAGAAGCGTGGGA-3′, reverse: 5′-ACGCACGAATGGGCTGGT-3′; glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH), forward: 5′-CAGCGACACCCACTCCTC-3′, reverse:
5′-TGAGGTCCACCACCCTGT-3′. The expression of Runx2, OPN, OCN, and GAPDH was quantified by
��CT methods [29], and their expression levels were normalized to GAPDH mRNA levels.

Alizarin calcium nodule staining
hASCs at passage 4 were placed into six-well culture plates at a density of 1 × 104 cells/well, and cultured in osteogenic
medium containing DMEM supplemented with 10% FBS, 10 mMβ-glycerophosphate disodium, 50μg ml−1 ascorbic
acid, and 0.1 μM dexamethasone in the presence or absence of daily LIPUS stimulation for up to 21 days, followed
by fixation in 70% ethanol for 30 min, and stained with 2% Alizarin Red S (Shanghai Haoran company, Shanghai,
China) at pH 4.0 for 5 min. After washing with PBS twice, the cells and calcium nodule formation were checked and
captured under phase contrast microscopy with a digital camera (Nikon, Tokyo, Japan).

Western blot analysis
hASCs at passage 4 were seeded into six-well microplates at a density of 5 × 104 cells/well, and cultured in osteogenic
medium containing DMEM supplemented with 10% FBS, 10 mM β-glycerophosphate disodium, 50 μg ml−1 ascor-
bic acid, and 0.1 μM dexamethasone for indicated time points in the presence or absence of LIPUS stimulation, and
the cells were lysed in the lysis buffer containing a protease inhibitors mixture. After determination of protein con-
centrations with a Bradford assay (Bio-Rad, Hercules, CA), equal amounts of total protein (10 μg each sample) were
loaded onto 10% Tris-glycine gels, and electrophoresis was performed for 40 min. Then, the separated proteins were
transferred to polyvinylidene difluoride membranes, followed by block with TBST (10 mmol l−1 Tris-HCl pH 7.5, 150
mmol ml−1 NaCl, and 0.1% Tween-20) buffer containing 5% nonfat milk for 1 h before incubation with primary an-
tibodies against bone morphogenetic protein (BMP)-2, BMP-6, BMP-7, BMP-9, heat shock protein (HSP)27, HSP40,
HSP70, HSP90, Runx2, OPN, OCN, p-Smad 1/5, Smad 5, Noggin, and β-actin (Cell Signal Technology, Beverly, MA,
USA) for overnight at 4◦C, followed by the addition of biotin-conjugated secondary antibodies. The membranes were
washed with TBST buffer, followed by incubation with horseradish peroxidase-conjugated streptavidin, and then the
immunoreactive proteins were detected with an enhanced chemiluminescence analysis system (Amersham Life Sci-
ence, Arlington Heights, IL).

Statistical analysis
All data were presented as the mean +− standard deviation (SD). Significant differences were performed by one-way
ANOVA followed by Tukey’s multiple comparisons post-test using SPSS statistical software package (version 12.0). A
value of P<0.05 was considered statistically significant.
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Figure 2. Morphology and immunophenotype of hASCs

(A) The isolated hASCs at passage 2 displayed fibroblast-like shape attached on culture flasks. (B) The mean percentage of posi-

tively stained cells as detected by flow cytometry.

Results
Characterization of hASCs
Human primary ASCs at passage 2 from subcutaneous adipose tissues exhibited typical fibroblast-like morphology
and attached on the flasks (Figure 2A). The results of flow cytometry showed that these hASCs at passage 3 expressed
high levels of cell surface antigens of CD29 (92.61%), CD90 (94.23%), CD44 (90.05%), CD105 (84.25%), and CD29
(86.74%), but with low levels of CD106 (6.43%), CD31 (4.85%), CD34 (3.91%), CD45 (4.26%), and CD14 (4.51%)
(Figure 2B), consistent with the mesenchymal stem cells obtained from bone marrow.

Effect of LIPUS stimulation on ASCs proliferation
The proliferation of hASCs was measured in the presence or absence of transient LIPUS stimulation for up to 14
days of culture. As shown in Figure 3, exposure to ultrasound stimulation at 20 and 30 mW cm−2 did not produce a
significant impact on cell proliferation compared with the control cells (P>0.05).

Effect of LIPUS stimulation on alkaline phosphatase activity
The activity of ALP was detected in the ASCs stimulated with LIPUS at 20 and 30 mW cm−2 for 30 min daily. The
results indicated that ALP activity gradually increased through 10 days of culture regardless of LIPUS stimulation,
and it slightly decreased on day 12 and 14. Further analyses demonstrated that ALP activity increased by 15% and
20% on day 6, 17% and 24% on day 8, 14% and 26% on day 10, 13% and 25% on day 12, 12% and 24% on day 14 when
the cells were respectively treated with LIPUS at 20 and 30 mW cm−2, as compared with the corresponding control.
Therefore, ALP activity was significantly higher in the LIPUS-stimulated cells than that in the control cells on day 6,
8, 10, 12, and 14 of culture (Figure 4).

Osteogenesis-related gene expression
The effect of LIPUS stimulation on osteogenesis-related gene expression such as Runx2, OPN, and OCN was evaluated
by real-time PCR and Western blot analysis. The results demonstrated that the mRNA expression levels of Runx2,
OPN, and OCN increased by 6.8 +− 0.9 and 11.5 +− 1.5 fold, 8.5 +− 1.6 and 14.6 +− 1.9 fold, 5.2 +− 1.3 and 8.9 +− 1.8
fold, respectively, in comparison with the control after 14 days of culture with LIPUS stimulation at 20 and 30 mW
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Figure 3. Effect of LIPUS stimulation on cell proliferation

hASCs were cultured with or without transient LIPUS stimulation and the cell numbers were determined on day 2, 4, 6, 8, 10, 12,

and 14 of culture. The data are shown as the mean +− SD of three separate experiments.
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Figure 4. Effect of LIPUS stimulation on alkaline phosphatase activity

hASCs were daily exposed to LIPUS stimulation at 20 and 30 mW cm−2 for 30 min, and the activity of ALP was determined on day

2, 4, 6, 8, 10, 12, and 14 of culture. The data represented as mean +− SD (n=3); *P<0.05 and **P<0.01 versus control; #P < 0.05

versus LIPUS, 20 mW cm−2.

cm−2 for 30 min daily (Figure 5A). Additionally, the protein levels of Runx2, OPN, and OCN were all significantly
up-regulated, and showed a consistent increase trend with their mRNA levels (Figure 5B,C). Furthermore, LIPUS
intensity at 30 mW cm−2 resulted in stronger effect on the expression of Runx2, OPN, and OCN.

Mineralized nodule formation
Mineralized nodule formation was evaluated on day 21 of culture with or without LIPUS exposure at 20 and 30 mW
cm−2 for 30 min daily. As shown in Figure 6, the result exhibited that ultrasound treatment increased the formation
of mineralized nodules, as displayed more intense Alizarin Red S staining in LIPUS-treated cells than in control cells.
These data suggest that ultrasound stimulation enhanced the osteogenic differentiation of hASCs.

Effects of LIPUS on the expression of HSPs and BMPs
Previous studies have suggested that there is a synergistic interaction between heat and ultrasound [26], and LIPUS
stimulation can up-regulate HSP90 expression in mouse calvaria-derived osteoblasts [20]. Therefore, we decided to
detect the protein levels of HSP27, HSP40, HSP70, and HSP90 using Western blot analysis. The results demonstrated
that LIPUS stimulation did not markedly affect the levels of HSP27 and HSP40, but HSP70 and HSP90 were found
to significantly increase by 211% and 506%, 52% and 113% for the cells treated with 20 and 30 mW cm−2 for 30 min
day−1 for 14 days, respectively, as compared with the untreated cells (Figure 7).
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Figure 5. Expression levels of Runx2, OPN, and OCN during ASCs osteogenic differentiation

hASCs were treated with LIPUS at 20 and 30 mW cm−2 for 30 min daily, and the expression of Runx2, OPN, and OCN was

analyzed on day 14. (A) The mRNA levels of Runx2, OPN and OCN were determined by real-time PCR, and normalized to GAPDH,

and presented as fold increase relative to the controls (value set at 1). (B) Representative images of Western blotting. (C) The protein

levels of Runx2, OPN, and OCN were quantified by normalization to β-actin. Data are presented as mean +− SD (n=3); *P<0.05 and

**P<0.01 versus control; #P<0.05 versus LIPUS, 20 mW cm−2.
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Figure 6. Effect of LIPUS stimulation on mineralized nodule formation

hASCs were stimulated with LIPUS at 20 and 30 mW cm−2 for 30 min day−1 for 21 days, and the formation of calcium nodule was

evaluated by staining with Alizarin Red S.

Figure 7. Analyses of HSP27, HSP40, HSP70, and HSP90

hASCs were treated with LIPUS at and 30 mW cm−2 for 30 min, and the temperature in the culture medium increased from 37 to

40◦C during 30 min ultrasound exposure. Cell lysates were then extracted and subject to SDS/PAGE analysis. (A) Representative

Western blot bands that exhibited the protein expression of HSP27, HSP40, HSP70, and HSP90. (B) The protein levels of HSP27,

HSP40, HSP70, and HSP90 relative to β-actin that was used as a loading control. Data are presented as mean +− SD (n=3); *P<0.05

and **P<0.01 versus control; #P<0.05 versus LIPUS, 20 mW cm−2.

8 c© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).



Bioscience Reports (2018) 38 BSR20180087
https://doi.org/10.1042/BSR20180087

Figure 8. Effect of LIPUS stimulation on BMPs

hASCs were treated by LIPUS at 20 and 30 mW cm−2 for 30 min daily, and the protein levels of BMP-2, BMP-6, BMP-7, and BMP-9

were detected using Western blot analysis. (A) Representative Western blot bands that displayed the protein expression of BMP-2,

BMP-6, BMP-7, and BMP-9. (B) The protein levels of BMP-2, BMP-6, BMP-7, and BMP-9 relative to β-actin used as a loading

control. Data are presented as mean +− SD (n=3); *P<0.05 and **P<0.01 versus control; #P<0.05 versus LIPUS, 20 mW cm−2.

On the other hand, BMPs have been shown to be an important mediator in the ultrasound-mediated osteoblast
differentiation [30]. Accordingly, the protein levels of BMP-2, BMP-6, BMP-7, and BMP-9 were analyzed after expo-
sure to LIPUS at 20 and 30 mW cm−2 for 30 min day−1 for 14 days. As shown in Figure 8, no significant differences
in the expression levels of BMP-6 and BMP-9 proteins were found between ultrasound-treated and untreated cells.
However, the protein levels of BMP-2 and BMP-7 were observed to be up-regulated by 18% and 30%, 20% and 56%
for the cells treated with LIPUS stimulation at 20 and 30 mW cm−2 for 30 min day−1 for 14 days, respectively, as
compared with the untreated cells.

Evaluation of BMP signaling
The regulation of BMP signaling has been found to be important in osteoblast differentiation and adult skeletogenesis
[31]. Therefore, we determined the expression levels of BMP antagonist Noggin and BMP downstream genes Smad
1 and Smad 5. The results of qRT-PCR analysis demonstrated that the mRNA levels of Smad 1 and Smad 5 increased
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Figure 9. Evaluation of BMP signaling and Noggin expression

hASCs were treated with LIPUS at 20 and 30 mW cm−2 for 30 min daily, and on day 14, the expression of BMP downstream genes

Smad and antagonist Noggin was evaluated. (A) Real-time PCR was used to determine the mRNA levels of Smad 1, Smad 5, and

Noggin. (B) Representative images of Western blotting. (C) The protein levels of p-Smad 1/5, Smad5, and Noggin were determined

by normalization to β-actin. Data are presented as mean +− SD (n=3); *P<0.05 and **P<0.01 versus control; #P<0.05 versus LIPUS,

20 mW cm−2.

by 16% and 22%, 5% and 14% for the cells treated with LIPUS at 20 and 30 mW cm−2, respectively, when compared
with the untreated cells, but Noggin expression was down-regulated by 25% and 42% (Figure 9A). The results of
Western blot analysis showed that LIPUS stimulation induced a detectable increase in phosphor-Smad 1/5 (p-Smad
1/5) relative to the control cells when the cells treated with 20 and 30 mW cm−2. Total Smad 5 protein level was not

10 c© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).



Bioscience Reports (2018) 38 BSR20180087
https://doi.org/10.1042/BSR20180087

found to exhibit any considerable change (Figure 9B). The protein level of Noggin showed a similar trend with its
mRNA level. Further analysis indicated that its protein level decreased by 30% and 51%, respectively, as compared
with the controls when the cells were treated for 30 min day−1 for 14 days with 20 and 30 mW cm−2 (Figure 9C).

Discussion
LIPUS has been widely used as an efficient and safe therapeutic approach in bone regeneration [32], and it is a form
of mechanical energy which is transmitted into body tissues as an acoustic pressure wave, producing biochemical
events at the cellular level [33]. Some previous studies demonstrated that the osteoinductive response in vitro and
the acceleration of bone regeneration in vivo induced by LIPUS were through its nonthermal effects [34,35]. However,
the exact use of ultrasound stimulators is still controversial because of side effects, and its biophysical mechanisms
involved in the fracture healing process need to be further studied. In the present study, our data indicated LIPUS
stimulation at the intensity of 20 or 30 mW cm−2 for 30 min day−1 resulted in a significant increase in ALP activity
and the formation of mineralized nodules in the hASCs. The up-regulated mRNA and protein expression levels of
Runx2, OPN, and OCN were observed in the hASCs after LIPUS treatment. These data indicate that LIPUS stimu-
lation enhanced the osteogenic differentiation of hASCs in vitro, and also suggest that LIPUS might have a positive
application in the clinical treatment of bone fracture through bone regeneration. It has demonstrated that the stim-
ulation of bone healing was a result of an increase in LIPUS-induced intracellular Ca2+ that occurs within seconds
after LIPUS stimulation [36].

hASCs is a promising autologous cell source for bone tissue engineering and regenerative medicine, mainly due
to its wide availability and easy access [37]. The acceleration of cell differentiation can be marked by increased ALP
activity, which is an early marker of osteoblast maturation and differentiation [22]. ALP is a hydrolase enzyme which
not only hydrolyzes substances suppressing calcification, but is also necessary for producing the increased phosphate
concentration required for hydroxyapatite crystallization [38]. Therefore, ALP plays an important role in the calcifi-
cation of bone. In the present study, a significant increase in ALP activity in the hASCs was observed after 6 days of
stimulation by LIPUS at 20 and 30 mW cm−2 for 30 min daily. These findings are similar with previous reports that the
ALP activity in osteoblasts or osteoblast-like cells began to increase from day 5 after daily transient LIPUS treatment,
indicative of enhanced osteogenesis [39]. In addition, ALP activity reached a peak on day 10 with LIPUS stimulation,
followed by a slight drop until day 14, when late-stage osteogenic differentiation of hASCs perhaps occurred, suggest-
ing that the cells had gone past the stage where ALP was expressed maximally. These findings indicate that transient
LIPUS treatment may enhance mineralization and stimulate differentiation of hASCs into the osteogenic lineage by
increasing ALP activity.

To further confirm LIPUS-induced osteogenic differentiation of hASCs, the expression of osteogenesis-related
markers such as Runx2, OPN, and OCN was evaluated by real-time PCR and Western blot analysis. We found that
LIPUS treatment resulted in a significant up-regulation in the mRNA and protein expression levels of Runx2, OPN,
and OCN in hASCs, as compared with nontreated cells. Other studies have confirmed the influence of LIPUS on
the expression of Runx2, OPN, and OCN [40,41]. Runx2 is a master regulatory transcription factor for osteogenesis,
and it is essential for osteoblastic differentiation and early up-regulation in the osteoblast differentiation process [42].
Activation of Runx2 activation increases osteocalcin and collagen ι gene expression [43], and Runx2 is considered
to be the target of a mechanical signal by which physical stimulation dictates the cellular and metabolic activities
of osteoblasts [44]. Additionally, OPN is a highly acidic secreted phosphoprotein, and can induce differentiation of
osteoblasts and promote bone tissue remodeling [45]. Osteocalcin is also thought to play a role in bone-building
and bone mineralization, and it is often used as a late-stage marker of osteogenic differentiation and bone formation
process [46], which is in agreement with our findings that the mineralized nodule formation upon LIPUS stimulation
increased in hASCs. Taken together, our findings provide molecular evidence to explain LIPUS-promoted osteogenic
differentiation of hASCs.

HSPs are ubiquitous and highly conserved proteins in all organisms under various stress conditions, and their
synthesis can be initiated not only by heat shock, but also by many physical and chemical stimuli, such as heavy
metals, oxidative stress, amino acid analogues, UV, and ionizing irradiation [47]. HSPs play fundamental roles in
many pathophysiologic and physiologic processes, such as degradation of unstable proteins, control of regulatory
proteins, and import and folding of proteins [48]. HSPs are also associated with bone metabolism. It was reported
that HSP27 regulated the balance between the differentiation and apoptosis of osteoblasts [49]. HSP90 expression was
up-regulated by LIPUS stimulation in mouse calvaria-derived osteoblasts [20]. In the present study, we found that
the protein levels of HSP70 and HSP90 were significantly up-regulated by LIPUS treatment, although HSP27 and
HSP40 expression was not changed in the hASCs. Previous studies showed that although acute ultrasound exposure
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did not induce HSP70 [50], a series of four exposures did result in increased production of HSP70 [51]. Additionally,
mechanical stress, such as heat or LIPUS, probably does not induce the low-molecular weight HSP27 and HSP40, but
it instead activates the high-molecular weight HSP90 that acts as a molecular chaperone or protects cells subjected to
hazardous conditions [20]. However, it remains to be confirmed in future investigation whether HSPs induction is a
beneficial or detrimental response during exposure to LIPUS stimulation. Evidence of embryonic stress induced by
pulsed ultrasound combined with a modest temperature increase is shown by retarded development and heat shock
protein synthesis in rat embryos [52]. Therefore, insight into the exact role of HSPs may have important clinical im-
plications in administration of LIPUS because HSPs induction might be adjusted in LIPUS duration or intensity to
minimize or maximize HSPs expression. Additionally, a temperature rise from 37 to 40◦C was observed during 30 min
ultrasound exposure in the present study. Temperature elevation is able to induce HSPs expression, which suggests
temperature increase by 3◦C can be detected by the cells and results in reactions at the subcellular level. Tempera-
ture rise probably resulted from ultrasound absorption and conduction from the transducer. As previous reported,
the amount of ultrasound-induced temperature increase occurring during an ultrasonic exposure depends on the
properties of both the ultrasound field parameters and the biological tissue involving ultrasound absorption, thermal
conduction, and blood perfusion [52]. Previous studies have indicated that BMPs have been shown to be important
mediators for regulating osteoblast differentiation [53], and LIPUS treatment enhances BMP-7-induced osteogenic
activity of nonunion tissue-derived cells [54]. In the present studies, we found that the expression levels of BMP-2 and
BMP-7 were significantly increased by LIPUS treatment on hASCs, although BMP-6 and BMP-9 expression was not
significantly changed. BMP-2 was found to induce an increase in ALP activity in MC3T3-E1 osteoblastic cells, and
significantly stimulated collagen synthesis [55]. LIPUS enhanced recombinant human BMP-2-induced ectopic bone
formation in a rat model [56], and increased BMP-2 mRNA expression in rat osteoblasts [21]. Additionally, BMP-7 is
a strong stimulator of osteogenic differentiation, and its induction on osteogenic activity of nonunion tissue-derived
cells is increased by LIPUS [54]. On the basis of our findings, it seems possible that LIPUS stimulation combined with
application of recombinant human BMP-2 and BMP-7 may accelerate fracture healing.

BMPs exert their activity by binding to their receptors on the cell surface, and transduce signals by activating their
downstream Smad proteins [57]. Noggin, a BMP antagonist acts by directly binding to the BMP and preventing BMPs
from binding to their receptors [58]. In the present study, we found that LIPUS significantly down-regulated Noggin
expression at the end of 14 daily treatment. The intensity of 30 mW cm−2 showed a stronger inhibitory role on Noggin
expression than another treatment group (20 mW cm−2). Therefore, these findings suggest that Noggin inhibition
contributes to LIPUS-mediated osteogenic differentiation of hASCs. Furthermore, our results showed that 30 mW
cm−2 intensity produced better effect on osteogenic differentiation of hASCs than 20 mW cm−2. Previous studies have
indicated that Noggin suppression can enhance in vitro osteogenesis of ASCs and accelerate in vivo bone formation
[59,60]. Additionally, we analyzed the transcription of Smad 1 and Smad 5 by qRT-PCR. Relative to untreated ASCs,
the transcription levels of Smad 1 and Smad 5 showed an increase at the end of 14 daily LIPUS treatment, but no
change was observed in total Smad 5 protein level, which demonstrated that Noggin reduction up-regulated mRNA
levels of these BMP signaling Smad intermediates [59]. A significant increase in phosphor-Smad 1/5 was observed
relative to control cells. These findings indicate that LIPUS stimulation enhances the signaling activity of BMPs, as
reflected by the decrease in Noggin expression and the increase in phosphorylated Smad intermediates.

In conclusions, our findings demonstrated that LIPUS stimulation increased ALP activity in hASCs, and promoted
mineralized nodule formation, and up-regulated the expression of Runx2, OPN, and OCN. These findings suggest
that LIPUS treatment enhances the osteogenic differentiation of hASCs, and the LIPUS-mediated mechanism of
osteogenic differentiation may be achieved via the up-regulation of HSP70 and HSP90 expression and activation
of BMP signaling pathway in the hASCs. Our results provide significant evidence for the potential usefulness of
the clinical application of LIPUS to accelerate fracture healing. It is likely that LIPUS has an important influence
on key functions activities of ASCs in bone regeneration. It should be noted that these in vitro findings cannot be
extrapolated to in vivo conditions directly, and further studies in an animal model are needed to elucidate the roles
of LIPUS stimulation on osteogenic differentiation of hASCs.

Acknowledgments
We would like to thank Dr Liu Juan for helpful suggestions, and we also thank Dr Wang Tao for the generous gift of Trizol reagent.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

12 c© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).



Bioscience Reports (2018) 38 BSR20180087
https://doi.org/10.1042/BSR20180087

Author Contribution
W.J.Z. conceived and designed the experiments. Z.Z. performed most of experiments. Data were analyzed by Y.L.M. and S.W.G.
Y.H., and G.B. contributed to some experiments and discussions. W.J.Z. and Z.Z. wrote the manuscript, and all authors approved
final manuscript.

Funding
The authors declare that there are no sources of funding to be acknowledged.

Abbreviations
ALP, alkaline phosphatase; BMP, bone morphogenetic protein; DMEM, Dulbecco’s modified Eagle medium; FBS, fetal bovine
serum; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; hASC, human adipose-derived stem cell; HSP, heat shock pro-
tein; LIPUS, low-intensity pulsed ultrasound; MSC, mesenchymal stem cell; OCN, osteocalcin; OPN, osteopontin; PBS, phos-
phate buffer saline; Runx2, runt-related transcription factor.

References
1 Kagami, H., Agata, H., Inoue, M., Asahina, I., Tojo, A., Yamashita, N. et al. (2014) The use of bone marrow stromal cells (bone marrow-derived

multipotent mesenchymal stromal cells) for alveolar bone tissue engineering: basic science to clinical translation. Tissue Eng. Part B Rev. 20, 229–232,
https://doi.org/10.1089/ten.teb.2013.0578

2 Kagami, H., Agata, H. and Tojo, A. (2011) Bone marrow stromal cells (bone marrow-derived multipotent mesenchymal stromal cells) for bone tissue
engineering: basic science to clinical translation. Int. J. Biochem. Cell Biol. 43, 286–289, https://doi.org/10.1016/j.biocel.2010.12.006

3 Kim, J., Lee, K.Y. and Lee, C.M. (2016) Selenium nanoparticles formed by modulation of carrageenan enhance osteogenic differentiation of
mesenchymal stem cells. J. Nanosci. Nanotechnol. 16, 2482–2487, https://doi.org/10.1166/jnn.2016.10764

4 Igura, K., Zhang, X., Takahashi, K., Mitsuru, A., Yamaguchi, S. and Takashi, T.A. (2004) Isolation and characterization of mesenchymal progenitor cells
from chorionic villi of human placenta. Cytotherapy 6, 543–553, https://doi.org/10.1080/14653240410005366-1

5 Tsai, M.S., Lee, J.L., Chang, Y.J. and Hwang, S.M. (2004) Isolation of human multipotent mesenchymal stem cells from second-trimester amniotic fluid
using a novel two-stage culture protocol. Hum. Reprod. 19, 1450–1456, https://doi.org/10.1093/humrep/deh279

6 Calabrese, G., Giuffrida, R., Fabbi, C., Figallo, E., Lo Furno, D., Gulino, R. et al. (2016) Collagen-hydroxyapatite scaffolds induce human adipose derived
stem cells osteogenic differentiation in vitro. PLoS One 11, e0151181, https://doi.org/10.1371/journal.pone.0151181

7 Guilak, F., Cohen, D.M., Estes, B.T., Gimble, J.M., Liedtke, W. and Chen, C.S. (2009) Control of stem cell fate by physical interactions with the
extracellular matrix. Cell Stem Cell 5, 17–26, https://doi.org/10.1016/j.stem.2009.06.016

8 Tapp, H., Hanley, Jr, E.N., Patt, J.C. and Gruber, H.E. (2009) Adipose-derived stem cells: characterization and current application in orthopaedic tissue
repair. Exp. Biol. Med. 234, 1–9, https://doi.org/10.3181/0805-MR-170

9 Zhang, W., Zhu, C., Wu, Y., Ye, D., Wang, S., Zou, D. et al. (2014) VEGF and BMP-2 promote bone regeneration by facilitating bone marrow stem cell
homing and differentiation. Eur. Cell Mater. 27, 1–11, https://doi.org/10.22203/eCM.v027a01

10 Binderman, I., Zor, U., Kaye, A.M., Shimshoni, Z., Harell, A. and Sömjen, D. (1988) The transduction of mechanical force into biochemical events in bone
cells may involve activation of phospholipase A2. Calcif. Tissue Int. 42, 261–266, https://doi.org/10.1007/BF02553753

11 Claes, L. and Willie, B. (2007) The enhancement of bone regeneration by ultrasound. Prog. Biophys. Mol. Biol. 93, 384–398,
https://doi.org/10.1016/j.pbiomolbio.2006.07.021

12 Chartier, L.B., Bosco, L., Lapointe-Shaw, L. and Chenkin, J. (2017) Use of point-of-care ultrasound in long bone fractures: a systematic review and
meta-analysis. Can. J. Emerg. Med. 19, 131–142, https://doi.org/10.1017/cem.2016.397

13 Moghaddam, A., Yildirim, T.M., Westhauser, F., Danner, W., Swing, T., Bruckner, T. et al. (2016) Low intensity pulsed ultrasound in the treatment of long
bone nonunions: evaluation of cytokine expression as a tool for objectifying nonunion therapy. J. Orthop. 13, 306–312,
https://doi.org/10.1016/j.jor.2016.06.028

14 Iwai, T., Harada, Y., Imura, K., Iwabuchi, S., Murai, J., Hiramatsu, K. et al. (2007) Low-intensity pulsed ultrasound increases bone ingrowth into porous
hydroxyapatite ceramic. J. Bone Miner. Metab. 25, 392–399, https://doi.org/10.1007/s00774-007-0777-5

15 Walsh, W.R., Langdown, A.J., Auld, J.W., Stephens, P., Yu, Y., Vizesi, F. et al. (2008) Effect of low intensity pulsed ultrasound on healing of an ulna defect
filled with a bone graft substitute. J. Biomed. Mater. Res. B Appl. Biomater. 86, 74–81, https://doi.org/10.1002/jbm.b.30989

16 Shimazaki, A., Inui, K., Azuma, Y., Nishimura, N. and Yamano, Y. (2000) Low-intensity pulsed ultrasound accelerates bone maturation in distraction
osteogenesis in rabbits. J. Bone. Joint Surg. Br. 82, 1077–1082, https://doi.org/10.1302/0301-620X.82B7.9948

17 Kumagai, K., Takeuchi, R., Ishikawa, H., Yamaguchi, Y., Fujisawa, T., Kuniya, T. et al. (2012) Low-intensity pulsed ultrasound accelerates fracture
healing by stimulation of recruitment of both local and circulating osteogenic progenitors. J. Orthop. Res. 30, 1516–1521,
https://doi.org/10.1002/jor.22103

18 Takayama, T., Suzuki, N., Ikeda, K., Shimada, T., Suzuki, A., Maeno, M. et al. (2007) Low-intensity pulsed ultrasound stimulates osteogenic
differentiation in ROS 17/2.8 cells. Life Sci. 80, 965–971, https://doi.org/10.1016/j.lfs.2006.11.037

19 Tomita, K., Madura, T., Sakai, Y., Yano, K., Terenghi, G. and Hosokawa, K. (2013) Glial differentiation of human adipose-derived stem cells: implications
for cell-based transplantation therapy. Neuroscience 236, 55–65, https://doi.org/10.1016/j.neuroscience.2012.12.066

c© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

13

https://doi.org/10.1089/ten.teb.2013.0578
https://doi.org/10.1016/j.biocel.2010.12.006
https://doi.org/10.1166/jnn.2016.10764
https://doi.org/10.1080/14653240410005366-1
https://doi.org/10.1093/humrep/deh279
https://doi.org/10.1371/journal.pone.0151181
https://doi.org/10.1016/j.stem.2009.06.016
https://doi.org/10.3181/0805-MR-170
https://doi.org/10.22203/eCM.v027a01
https://doi.org/10.1007/BF02553753
https://doi.org/10.1016/j.pbiomolbio.2006.07.021
https://doi.org/10.1017/cem.2016.397
https://doi.org/10.1016/j.jor.2016.06.028
https://doi.org/10.1007/s00774-007-0777-5
https://doi.org/10.1002/jbm.b.30989
https://doi.org/10.1302/0301-620X.82B7.9948
https://doi.org/10.1002/jor.22103
https://doi.org/10.1016/j.lfs.2006.11.037
https://doi.org/10.1016/j.neuroscience.2012.12.066


Bioscience Reports (2018) 38 BSR20180087
https://doi.org/10.1042/BSR20180087

20 Miyasaka, M., Nakata, H., Hao, J., Kim, Y.K., Kasugai, S. and Kuroda, S. (2015) Low-intensity pulsed ultrasound stimulation enhances heat-shock
protein 90 and mineralized nodule formation in mouse calvaria-derived osteoblasts. Tissue Eng. Part A 21, 2829–2839,
https://doi.org/10.1089/ten.tea.2015.0234

21 Suzuki, A., Takayama, T., Suzuki, N., Sato, M., Fukuda, T. and Ito, K. (2009) Daily low-intensity pulsed ultrasound-mediated osteogenic differentiation in
rat osteoblasts. Acta Biochim. Biophys. Sin. 41, 108–115, https://doi.org/10.1093/abbs/gmn012

22 Angle, S.R., Sena, K., Sumner, D.R. and Virdi, A.S. (2011) Osteogenic differentiation of rat bone marrow stromal cells by various intensities of
low-intensity pulsed ultrasound. Ultrasonics 51, 281–288, https://doi.org/10.1016/j.ultras.2010.09.004

23 Jang, K.W., Ding, L., Seol, D., Lim, T.H., Buckwalter, J.A. and Martin, J.A. (2014) Low-intensity pulsed ultrasound promotes chondrogenic progenitor cell
migration via focal adhesion kinase pathway. Ultrasound Med. Biol. 40, 1177–1186, https://doi.org/10.1016/j.ultrasmedbio.2013.12.007

24 Leskinen, J.J. and Hynynen, K. (2012) Study of factors affecting the magnitude and nature of ultrasound exposure with in vitro set-ups. Ultrasound
Med. Biol. 38, 777–794, https://doi.org/10.1016/j.ultrasmedbio.2012.01.019

25 ter Haar, G., Shaw, A., Pye, S., Ward, B., Bottomley, F., Nolan, R. et al. (2011) Guidance on reporting ultrasound exposure conditions for bio-effects
studies. Ultrasound Med. Biol. 37, 177–183, https://doi.org/10.1016/j.ultrasmedbio.2010.10.021

26 Sontag, W. and Kruglikov, I.L. (2009) Expression of heat shock proteins after ultrasound exposure in HL-60 cells. Ultrasound Med. Biol. 35, 1032–1041,
https://doi.org/10.1016/j.ultrasmedbio.2008.12.011

27 Suzuki, A., Takayama, T., Suzuki, N., Kojima, T., Ota, N., Asano, S. et al. (2009) Daily low-intensity pulsed ultrasound stimulates production of bone
morphogenetic protein in ROS 17/2.8 cells. J. Oral Sci. 51, 29–36, https://doi.org/10.2334/josnusd.51.29

28 Fung, C.H., Cheung, W.H., Pounder, N.M., Harrison, A. and Leung, K.S. (2014) Osteocytes exposed to far field of therapeutic ultrasound promotes
osteogenic cellular activities in pre-osteoblasts through soluble factors. Ultrasonics 54, 1358–1365, https://doi.org/10.1016/j.ultras.2014.02.003

29 Iwabuchi, S., Ito, M., Hata, J., Chikanishi, T., Azuma, Y. and Haro, H. (2005) In vitro evaluation of low-intensity pulsed ultrasound in herniated disc
resorption. Biomaterials 26, 7104–7114, https://doi.org/10.1016/j.biomaterials.2005.05.004

30 Yang, Z., Ren, L., Deng, F., Wang, Z. and Song, J. (2014) Low-intensity pulsed ultrasound induces osteogenic differentiation of human periodontal
ligament cells through activation of bone morphogenetic protein-smad signaling. J. Ultrasound Med. 33, 865–873,
https://doi.org/10.7863/ultra.33.5.865

31 Javed, A., Bae, J.S., Afzal, F., Gutierrez, S., Pratap, J., Zaidi, S.K. et al. (2008) Structural coupling of Smad and Runx2 for execution of the BMP2
osteogenic signal. J. Biol. Chem. 283, 8412–8422, https://doi.org/10.1074/jbc.M705578200

32 Romano, C.L., Romano, D. and Logoluso, N. (2009) Low-intensity pulsed ultrasound for the treatment of bone delayed union or nonunion: a review.
Ultrasound Med. Biol. 35, 529–536, https://doi.org/10.1016/j.ultrasmedbio.2008.09.029

33 Hu, B., Zhang, Y., Zhou, J., Li, J., Deng, F., Wang, Z. et al. (2014) Low-intensity pulsed ultrasound stimulation facilitates osteogenic differentiation of
human periodontal ligament cells. PLoS One 9, e95168, https://doi.org/10.1371/journal.pone.0095168

34 Shiraishi, R., Masaki, C., Toshinaga, A., Okinaga, T., Nishihara, T., Yamanaka, N. et al. (2011) The effects of low-intensity pulsed ultrasound exposure on
gingival cells. J. Periodontol. 82, 1498–1503, https://doi.org/10.1902/jop.2011.100627

35 Xue, H., Zheng, J., Cui, Z., Bai, X., Li, G., Zhang, C. et al. (2013) Low-intensity pulsed ultrasound accelerates tooth movement via activation of the
BMP-2 signaling pathway. PLoS One 8, e68926, https://doi.org/10.1371/journal.pone.0068926

36 Parvizi, J., Parpura, V., Greenleaf, J.F. and Bolander, M.E. (2002) Calcium signaling is required for ultrasound-stimulated aggrecan synthesis by rat
chondrocytes. J. Orthop. Res. 20, 51–57, https://doi.org/10.1016/S0736-0266(01)00069-9

37 Seong, J.M., Kim, B.C., Park, J.H., Kwon, I.K., Mantalaris, A. and Hwang, Y.S. (2010) Stem cells in bone tissue engineering. Biomed. Mater. 5, 062001,
https://doi.org/10.1088/1748-6041/5/6/062001

38 Anderson, H.C. (1989) Mechanism of mineral formation in bone. Lab. Invest. 60, 320–330
39 Inubushi, T., Tanaka, E., Rego, E.B., Kitagawa, M., Kawazoe, A., Ohta, A. et al. (2008) Effects of ultrasound on the proliferation and differentiation of

cementoblast lineage cells. J. Periodontol. 79, 1984–1990, https://doi.org/10.1902/jop.2008.080081
40 Imai, Y., Hasegawa, T., Takeda, D., Akashi, M., Lee, S.Y., Niikura, T. et al. (2014) The osteogenic activity of human mandibular fracture

haematoma-derived cells is stimulated by low-intensity pulsed ultrasound in vitro. Int. J. Oral Maxillofac. Surg. 43, 367–372,
https://doi.org/10.1016/j.ijom.2013.07.746

41 Rutten, S., Nolte, P.A., Korstjens, C.M. and Klein-Nulend, J. (2009) Low-intensity pulsed ultrasound affects RUNX2 immunopositive osteogenic cells in
delayed clinical fracture healing. Bone 45, 862–869, https://doi.org/10.1016/j.bone.2009.07.012

42 Zhang, X., Yang, M., Lin, L., Chen, P., Ma, K.T., Zhou, C.Y. et al. (2006) Runx2 overexpression enhances osteoblastic differentiation and mineralization in
adipose-derived stem cells in vitro and in vivo. Calcif. Tissue Int. 79, 169–178, https://doi.org/10.1007/s00223-006-0083-6

43 Prince, M., Banerjee, C., Javed, A., Green, J., Lian, J.B., Stein, G.S. et al. (2001) Expression and regulation of Runx2/Cbfa1 and osteoblast phenotypic
markers during the growth and differentiation of human osteoblasts. J. Cell. Biochem. 80, 424–440,
https://doi.org/10.1002/1097-4644(20010301)80:3%3c424::AID-JCB160%3e3.0.CO;2-6

44 Ziros, P.G., Gil, A.P., Georgakopoulos, T., Habeos, I., Kletsas, D., Basdra, E.K. et al. (2002) The bone-specific transcriptional regulator Cbfa1 is a target of
mechanical signals in osteoblastic cells. J. Biol. Chem. 277, 23934–23941, https://doi.org/10.1074/jbc.M109881200

45 Sena, K., Leven, R.M., Mazhar, K., Sumner, D.R. and Virdi, A.S. (2005) Early gene response to low-intensity pulsed ultrasound in rat osteoblastic cells.
Ultrasound Med. Biol. 31, 703–708, https://doi.org/10.1016/j.ultrasmedbio.2005.01.013

46 Bharadwaj, S., Naidu, A.G., Betageri, G.V., Prasadarao, N.V. and Naidu, A.S. (2006) Milk ribonuclease-enriched lactoferrin induces positive effects on
bone turnover markers inpostmenopausal women. Osteoporos. Int. 20, 1603–1611, https://doi.org/10.1007/s00198-009-0839-8

47 Liu, G.J., Moriyasu, F., Hirokawa, T., Rexiati, M., Yamada, M. and Imai, Y. (2010) Expression of heat shock protein 70 in rabbit liver after
contrast-enhanced ultrasound and radiofrequency ablation. Ultrasound Med. Biol. 36, 78–85, https://doi.org/10.1016/j.ultrasmedbio.2009.08.001

14 c© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

https://doi.org/10.1089/ten.tea.2015.0234
https://doi.org/10.1093/abbs/gmn012
https://doi.org/10.1016/j.ultras.2010.09.004
https://doi.org/10.1016/j.ultrasmedbio.2013.12.007
https://doi.org/10.1016/j.ultrasmedbio.2012.01.019
https://doi.org/10.1016/j.ultrasmedbio.2010.10.021
https://doi.org/10.1016/j.ultrasmedbio.2008.12.011
https://doi.org/10.2334/josnusd.51.29
https://doi.org/10.1016/j.ultras.2014.02.003
https://doi.org/10.1016/j.biomaterials.2005.05.004
https://doi.org/10.7863/ultra.33.5.865
https://doi.org/10.1074/jbc.M705578200
https://doi.org/10.1016/j.ultrasmedbio.2008.09.029
https://doi.org/10.1371/journal.pone.0095168
https://doi.org/10.1902/jop.2011.100627
https://doi.org/10.1371/journal.pone.0068926
https://doi.org/10.1016/S0736-0266(01)00069-9
https://doi.org/10.1088/1748-6041/5/6/062001
https://doi.org/10.1902/jop.2008.080081
https://doi.org/10.1016/j.ijom.2013.07.746
https://doi.org/10.1016/j.bone.2009.07.012
https://doi.org/10.1007/s00223-006-0083-6
https://doi.org/10.1002/1097-4644(20010301)80:3%3c424::AID-JCB160%3e3.0.CO;2-6
https://doi.org/10.1074/jbc.M109881200
https://doi.org/10.1016/j.ultrasmedbio.2005.01.013
https://doi.org/10.1007/s00198-009-0839-8
https://doi.org/10.1016/j.ultrasmedbio.2009.08.001


Bioscience Reports (2018) 38 BSR20180087
https://doi.org/10.1042/BSR20180087

48 Ménoret, A., Chaillot, D., Callahan, M. and Jacquin, C. (2002) Hsp70, an immunological actor playing with the intracellular self under oxidative stress.
Int. J. Hyperthermia 18, 490–505, https://doi.org/10.1080/02656730210146926

49 Leonardi, R., Barbato, E., Paganelli, C. and Lo Muzio, L. (2004) Immunolocalization of heat shock protein 27 in developing jaw bones and tooth germs
of human fetuses. Calcif. Tissue Int. 75, 509–516, https://doi.org/10.1007/s00223-004-0077-1

50 Locke, M. and Nussbaum, E. (2001) Continuous and pulsed ultrasound do not increase heat shock protein 72 content. Ultrasound Med. Biol. 27,
1413–1419, https://doi.org/10.1016/S0301-5629(01)00439-2

51 Nussbaum, E.L. and Locke, M. (2007) Heat shock protein expression in rat skeletal muscle after repeated applications of pulsed and continuous
ultrasound. Arch. Phys. Med. Rehabil. 88, 785–790, https://doi.org/10.1016/j.apmr.2007.03.020

52 Barnett, S.B., Rott, H.D., ter Haar, G.R., Ziskin, M.C. and Maeda, K. (1997) The sensitivity of biological tissue to ultrasound. Ultrasound Med. Biol. 23,
805–812, https://doi.org/10.1016/S0301-5629(97)00027-6

53 Hata, A., Seoane, J., Lagna, G., Montalvo, E., Hemmati-Brivanlou, A. and Massagué, J. (2000) OAZ uses distinct DNA- and protein-binding zinc fingers
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