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Abstract—We evaluated the activation of mitogen-activated protein kinase (MAPK) activation through reactive
oxygen species (ROS) by application of low-intensity ultrasound (LIPUS) to MC-3 T3 E1 pre-osteoblasts. The cells
were subjected to one LIPUS application for either 10 or 20 min, and the control group was exposed to a sham
transducer. For ROS inhibition, 10 mM diphenylene iodonium (DPI) was added to the cells an hour before LIPUS
application. Samples were collected 1, 3, 6, 12 and 24 h after LIPUS application, and cells were evaluated for ROS
generation, cell viability, gene expression and MAPK activation by immunoblot analyses. LIPUS caused a signif-
icant increase in ROS and cell viability in the non-DPI-treated group. Expression ofRUNX2,OCN andOPNmRNA
was higher in the LIPUS-treated groups at 1 h in both the DPI-treated and non-DPI-treated groups; RUNX2 and
OCN mRNA levels increased at 6 h. ERK1/2 activation was increased in the LIPUS-treated groups. These results
indicate that LIPUS activates MAPK by ROS generation in MC-3 T3 E1 pre-osteoblasts. (E-mail: kaur3@
ualberta.ca) � 2017 World Federation for Ultrasound in Medicine & Biology.
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INTRODUCTION

Osteoblasts are the fundamental bone-forming cells
involved in bone matrix production and mineralization.
These cells are equipped with special receptors that sense
the change in the mechanical properties of the extracel-
lular matrix and convert these signals to intra-cellular
signaling through a mechanotransduction pathway. Integ-
rins, G-protein receptors, stretch ion channels and
mitogen-activated protein kinases (MAPKs) are the spe-
cific cellular components involved in mechanotransduc-
tion (Wang and Thampatty 2006). MAPKs constitute a
primitive multifunctional signaling pathway that is
involved in the regulation of bone mass and differentia-
tion of osteoblasts. It consists of three serine–threonine
kinases—extracellular signal-regulated kinase (ERK1/
2), p38 and c-Jun N-terminal kinase (JNK)—that mediate
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the response to a variety of stimuli. ERK1/2 is preferen-
tially activated in response to growth factors, whereas
p38 and JNK are more responsive to stress stimuli.
Studies in mice with ERK1/2 germline deletion indicated
that reduced bone mineralization (Matsushita et al. 2009)
and p38 deletion lead to osteopenia in long bones
(Beardmore et al. 2005). ERK1/2 and p38 have been
found to exert their osteoblast differentiation effect by
regulating phosphorylation of runt-related transcription
factor 2 (RUNX2), which is a critical transcription factor
for osteoblast differentiation, as well as gene and protein
expression from osteoblast and hypertrophic chondro-
cytes (Greenblatt et al. 2010).

Hydrostatic pressure and cyclic compression are
shear stresses that, as reported in the literature, can be
used to apply mechanical stress in cell culture systems.
One such method is the application of low-intensity
pulsed ultrasound (LIPUS). Ultrasound has been used
effectively in the medical field for more than five decades
as a diagnostic, operative and therapeutic tool. In vitro
studies have revealed increases in cell proliferation,
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differentiation of osteoblasts, gingival fibroblasts, peri-
odontal ligament cells and chondrocytes in response to
LIPUS application (Tanaka et al. 2015). Because of the
proliferative and angiogenic properties of LIPUS, recent
studies have focused on its use for the treatment of oste-
oarthritis and bone regeneration as a supplementary
method to scaffolds. Studies indicate that LIPUS applica-
tion leads to integrin activation (Yang et al. 2005),
calcium channel signaling (Parvizi et al. 2002) and
intra-cellular activation of MAPKs and phosphatidylino-
sitide 3-kinase (PI3K) (Tang et al. 2007). However, the
potential mechanism of action of LIPUS on different cells
is not fully understood.

Reactive oxygen species (ROS) are generated during
aerobic cell metabolism through reduction–oxidation re-
actions. Since their discovery, ROS have been considered
to have deleterious effects in living systems because of
their involvement in aging, cancer metastasis and diabetic
neuropathy (Krause 2007). It is only during the last
decade that their favorable effects have been investigated
in the cellular function as the second messenger in intra-
cellular signaling engaged in proliferation and differenti-
ation (Sauer et al. 2001). Indeed, they are considered
harmful when generated at higher levels and cause oxida-
tion of macromolecules like DNA, proteins and lipids
through oxidative stress. Living tissues have a variety
of enzymes and antioxidants, such as catalase, superoxide
dismutase and glutathione, that keep a check on the levels
of ROS generated. The level of ROS generated is a critical
factor in cellular homeostasis. When generated at lower
levels, ROS act as signaling molecules in cell growth
and differentiation.

Nicotinamide adenine dinucleotide phosphate
(NADPH) oxidases (NOX) are involved in ROS genera-
tion; there are seven subtypes, NOX1–NOX5 and the
dual oxidases (DUOX1 and DUOX2), of which NOX2
and NOX4 are involved in bone homeostasis (Schr€oder
2014). These transmembrane proteins have in common
conserved structural properties that like the carboxyl
(–COOH)-terminal site, NADPH and flavin adenine dinu-
cleotide (FAD) binding sites, six transmembrane
domains, four heme-binding histidines and amine
(–NH2)-terminal transmembrane domains (Bedard and
Krause 2007). ROS modify proteins composed of
cysteine, methionine and selenocysteine. One such
enzyme that is involved in MAPK functioning is protein
tyrosine phosphatase (PTP), which is the target of ROS
activity; hence, ROS are indirectly involved in MAPK
activation (Son et al. 2013).

On the basis of this information, our aim was to
investigate the effect of ROS generation during applica-
tion of LIPUS to activate MAPK. We hypothesized that
LIPUS stimulation increases ROS generation in MC-3
T3 E1 pre-osteoblasts, which in turn leads to MAPK
activation and increases gene expression of osteoblast-
specific markers (RUNX2, OCN and OPN).
METHODS

Reagents
The MC-3 T3 E1 pre-osteoblast cell line was pur-

chased from American Type Culture Collection
(Manassas, VA, USA). Dulbecco’s modified Eagle’s
medium/F12 (DMEM/F12) with L-glutamine and
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(Hepes), fetal bovine serum (FBS), Dulbecco’s
phosphate-buffered saline (DPBS) and Hank’s balanced
salt solution (HBSS) were purchased from Life Technol-
ogies (Grand Island, NY, USA). Penicillin and strepto-
mycin were purchased from Hyclone GE (Logan, UT,
USA). Dihydroethidine (DHE), diphenylene iodonium
(DPI), MTT [(3-(4, 5-dimethylthiazol–2-yl)-2, 5- diphe-
nyltetrazolium bromide)], chloroform, isopropanol,
bovine serum albumin (BSA) and dimethyl sulfoxide
(DMSO) were purchased from Sigma Aldrich (St Louis,
MO, USA). Sodium dodecyl sulfate, polyacrylamide and
nitrocellulose membrane were purchased from Bio-Rad
(Tokyo, Japan). A High-Capacity Reverse Transcription
kit for cDNA preparation was purchased from Applied
Biosystems (Foster City, CA, USA). Antibodies that
were used in immunoblot analysis—anti-ERK1/2,
anti-phospho-ERK1/2, anti-p38, anti-phospho-p38, anti-
JNK, anti-phospho-JNK and horseradish peroxidase-
conjugated anti-IgG—were purchased from Cell
Signaling Technology (Danvers, MA, USA). For protein
estimation, a Pierce BCA protein assay kit was purchased
from Thermo Fisher (Rockford, IL, USA). An enhanced
chemiluminescence (ECL) Western blot reagent kit was
purchased from Amersham GE Health Care (Bucking-
hamshire, UK).
Cell culture
MC 3 T3 E1 mouse pre-osteoblast cells (1.5 3 105/

mL) were cultured in six-well plates (Thermo Fisher) in a
medium containing DMEM/F12, 10% FBS, 50 units/mL
penicillin and 50 mg/mL streptomycin. Cells were incu-
bated at 37�C in a humid chamber with 5% CO2 and
cultured for 24 h until the first LIPUS application. The
cells were washed twice with DPBS and harvested 1, 3,
6, 12 and 24 h after LIPUS application to determine
gene and protein expression. For ROS inhibition, DPI
(10 mM) was added to the cells cultured under similar
cell density and conditions. DPI is a flavoprotein inhibitor
that is best identified for NOX inhibition (Lambert et al.
2008) by extracting an electron from FAD or flavinmono-
nucleotide to form a phenol radical, which reacts back
with flavin to form a covalent phenylated adduct (Li
et al. 2003b; Riganti et al. 2004). Before the addition of
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DPI, cells were starved by removing the medium
containing FBS and replacing it with DMEM/F12 only.
DPI was added to DMEM/F12 at least 1 h before
LIPUS application.

LIPUS application
Cells were exposed to LIPUS for either 10 or

20 min LIPUS; the control group was exposed to a
sham transducer for similar periods. The LIPUS device
was provided by Smile Sonica (Edmonton, AB, Canada)
and was custom made for this experiment. The device
generated 200-ms bursts of 1.5-MHz sine waves with a
pulse repetition frequency of 1 kHz and spatially aver-
aged intensity of 30 mW/cm2 of the transducer’s surface
area. These parameters have been used in our laboratory
in the past (El-Bialy et al. 2006; Kaur et al. 2014, 2017).
The six-well plates were placed on the surface of the
transducer and coupling gel was applied to them for
the transmission of ultrasound waves. Cells were
divided into the following groups depending on LIPUS
application and DPI addition: control DPI(2) with no
LIPUS or DPI; LIPUS 10 min DPI(2) with 10 min of
LIPUS and no DPI; LIPUS 20 min DPI(2) with
20 min of LIPUS and no DPI; control DPI(1) with no
LIPUS, but with DPI; LIPUS 10 min DPI(1) with
10 min of LIPUS along with DPI; and LIPUS 20 min
DPI(1) with 20 min of LIPUS in the presence of DPI.

Measurement of ROS production
The cells were washed with pre-warmed (37�C)

DPBS solution and suspended in either DMEM/F12
(without phenol red) at a concentration of 1 3 105/mL.
The suspended cells were incubated with 25 mM DHE
for 20 min in the incubator before LIPUS application.
Cells were sonicated with LIPUS according to the treat-
ment groups, and 100 mL of cell suspension was collected
from each sample in triplicate at 0, 15, 30, 45, 60, 90 and
120 min and loaded in 96-blackwell plates (Thermo
Fisher).

ROS have a very short half-life and hence it is diffi-
cult to measure them on long-term basis. Therefore, we
measured ROS production at short intervals up to 2 h.
Fluorescence intensity was quantified using a microplate
reader (Tecan Infinite M200, Durham, NC, USA) with
excitation and emission wavelengths of 480 and
570 nm, respectively. To study the effect of ROS inhibi-
tor, 10 mM DPI was added to the cell suspension, and
the procedure was repeated.

Measurement of cell viability
Cells were seeded in a six-well plate (Thermo

Fisher) in the presence and absence of DPI, and readings
were taken 24 h after LIPUS application. The MTTassay
was used as a measure of cell viability. Eight hundred
microliters of MTT solution (dissolved in HBSS using
concentration of 5 mg/mL) was added to each well con-
taining 2 mL of the medium and incubated for 2 h at
37�C. The medium was replaced with 2 mL of DMSO
to dissolve MTT formazan crystals. Optical density was
measured at 570 nm using a microplate reader (Tecan In-
finite M200).

RNA extraction, cDNA synthesis and real-time qPCR
Total RNA was prepared using TRIzol reagent ac-

cording to the manufacturer’s instructions. RNA concen-
tration was measured using the NanoDrop 2000 C
spectrophotometer (Thermo Fisher, Wilmington, DE,
USA). The first strand of cDNA was synthesized from
1 mg total RNA by using the High-Capacity cDNA
Reverse Transcriptase kit according to the instructions
in a reaction volume of 20 mL. After reverse transcription
reaction, 1 of 10 dilutions was made from the template to
be used in real-time qPCR. Ten microliters of real-time
reaction mixture consisting of 3 mL of cDNA, 1 mL
each of forward and reverse primers and 5 mL of the mas-
ter mix containing SYBR green dye was heated at 95�C
for 2 min before undergoing 40 cycles of a denaturation
step (15 s at 95�C) and an annealing step (1 min at
60�C) using the 7500 Real-Time PCR system (Applied
Biosystems), during which the data were collected. Glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as an internal control in each run. Normalized fluo-
rescence was plotted against cycle number (amplification
plot), and the threshold suggested by the software was
used to calculate Ct (cycle at threshold). DDCt analysis
was used to determine differences in gene expression
compared with the control. The samples were collected
from the groups 1, 3, 6, 12 and 24 h after LIPUS applica-
tion. The primers used in the study are listed in Table 1.

Enzyme-linked immunosorbent assay for osteopontin
detection

To determine the amount of OPN released, the su-
pernatants were collected 1, 3, 6, 12 and 24 h after LIPUS
exposure in the presence or absence of DPI. OPN
enzyme-linked immunosorbent assay (ELISA) was per-
formed according to the manufacturer’s instructions.
OPN concentration (pg/mL) was calculated from a stan-
dard curve.

Immunoblotting
For immunoblotting analysis, the pre-osteoblasts

were cultured for 1, 3, 6, 12 and 24 h after a single ultra-
sound exposure. The cells were then washed with cold
PBS twice and were lysed in Nonidet P-40 lysis buffer
(50 mM Tris, pH 8.0, 150 mM NaCl, 1% Nonidet P-40
and freshly added 1026 M protease inhibitor). The lysates
were used as samples after centrifugation. Total protein



Table 1. Primers for real-time quantitative polymerase
chain reaction

Primer Direction Sequence (50 to 30)

1 RUNX2 Forward GGGAACCAAGAAGGCACAGA
Reverse GGATGAGGAATGCGCCCTAA

2 OCN Forward GGCCCAGACCTAGCAGACA
Reverse GGGCTTGGCATCTGTGAGG

3 OPN Forward GCAGCTCAGAGGAGAAGAAGC
Reverse TTCTGTGGCGCAAGGAGATT

4 NOX 2 Forward TCATTCTGGTGTGGTTGGGG
Reverse CAGTGCTGACCCAAGGAGTT

5 NOX 4 Forward ACCTCTGCCTGCTCATTTGG
Reverse TCGCCCAACATTTGGTGAATG

6 GAPDH Forward GGAGAGTGTTTCCTCGTCCC
Reverse CAAATGGCAGCCCTGGTGA
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concentration was determined using the Pierce BCA kit.
Cell lysates were separated on 12% polyacrylamide gels
and blotted onto a nitrocellulose membrane. The mem-
brane was blocked for 1 h at room temperature with 5%
BSA in 1% TBS–Tween. After blocking, blots were
probed with following primary antibodies (1:1000):
phospho-ERK1/2, ERK1/2, phospho-p38, p38,
phospho-JNK, JNK, b-actin in 5% BSA in 1% TBS-
Tween overnight at 4�C. After incubation with HRP-
conjugated anti-rabbit IgG (1:3000) for 1 h at room
temperature, blots were washed and developed with
ECL reagent. Blots were further visualized using the
ChemiDoc MP Gel imaging system (Universal Hood
III, Bio-Rad, Hercules, CA, USA), and the intensity of
bands was quantitatively determined with ImageJ Soft-
ware (National Institutes of Health, Bethesda, MD,
USA). All tests were performed in triplicate.

Statistical analysis
The data are expressed as means 6 standard devia-

tions, where the error bars represent standard deviations.
Two statistical tests were applied: (i) A two-way
repeated-measures analysis of variance (ANOVA) was
followed by a post hoc Bonferroni test using SPSS
Version 21.0 (IBM, Armonk, NY, USA) to determine sig-
nificance for LIPUS applications and detection time. (ii)
To study the effect of DPI at each time point, a one-way
ANOVA followed by a Bonferroni post hoc test was used.
The level of significance was set at p , 0.05.

RESULTS

ROS generation in MC-3 T3 E1 pre-osteoblast after
LIPUS application

To investigate the effect of LIPUS application on
ROS generation, we suspended the MC-3 T3 E1 cells in
DMEM/F12 (phenol red free) at 1 3 105 cells/mL, incu-
bated the cell suspension in 25 mM DHE for 20 min and
then applied LIPUS according to the assigned groups.
Samples were collected for fluorescence intensity mea-
surement 0, 15, 30, 45, 60, 90 and 120 min after LIPUS
(Fig. 1). DHE is superoxide-specific fluorescent dye
that emits red fluorescence because of the formation of
hydroxyethidine when oxidized by superoxide. LIPUS
caused a significant increase in superoxide generation at
all time points except 0 min (i.e., immediately after
LIPUS application) compared with the control group.
LIPUS 10 min resulted in higher superoxide generation
than LIPUS 20 min. For ROS inhibition, 10 mM DPI
was added to the cell suspension, which was then incu-
bated with 25 mM DHE for 20 min followed by LIPUS
stimulation. DPI-treated groups exhibited a significant
decrease in superoxide generation compared with non-
DPI-treated groups. Unlike the non-DPI-treated group,
the LIPUS 20 min group treated with DPI exhibited
higher superoxide levels than the LIPUS 10 min and con-
trol groups.

Cell viability after LIPUS application
To study the effect of LIPUS application and ROS

generation on cell viability, MC-3 T3 E1 cells were
exposed to LIPUS in the presence or absence of DPI. Af-
ter 24 h, cell viability was determined by MTT assay. In
non-DPI-treated groups, there was a significant increase
in MC-3 T3 E1 cell viability in the groups exposed to LI-
PUS compared with the control group. There was no dif-
ference in cell viability between the LIPUS 10 min and
LIPUS 20 min groups. In DPI-treated groups, there was
no statistical difference between the control and LIPUS
groups. DPI treatment caused a significant decrease in
viability of MC 3 T3 E1 pre-osteoblasts (Fig. 2).

Effect of LIPUS application on NOX2 and NOX4 mRNA
expression

To investigate the effect of LIPUS stimulation on
NOX2 and NOX 4 expression, MC-3 T3 E1 pre-
osteoblasts were exposed to LIPUS, and samples were
collected at 1, 3, 6, 12 and 24 h. For ROS inhibition, cells
were first treated with 10 mMDPI and then exposed to LI-
PUS. Expression of both NOX2 and NOX4 mRNA was
significantly higher in DPI-treated groups at 1 h, after
which expression level decreased. In the non-DPI-
treated group, expression of NOX2 and NOX4 mRNA
increased at 6 h. By 12 h, there was no significant differ-
ence in their expression levels (Figs. 3 and 4).

RUNX2, OCN and OPN mRNA expression after LIPUS
application

To explore the effect of LIPUS stimulation and ROS
inhibition, MC-3 T3 E1 cells were treated with LIPUS,
and mRNA expression of osteoblast-specific markers
was determined. In the non-DPI-treated group, RUNX2
expression was significantly increased in LIPUS groups



Fig. 1. Low-intensity pulsed ultrasound (LIPUS) stimulation induced generation of reactive oxygen species (ROS) in
MC-3 T3 E1 pre-osteoblast cells. The cells were incubated with 25 mMdihydroethidine (DHE) and sonicated with LIPUS
according to the designated groups. For ROS inhibition, 10 mM diphenylene iodonium (DPI) was added to Dulbecco’s
modified Eagle’s medium/F12 (phenol red free). Samples were collected 0 (immediately after LIPUS application), 15,
30, 45, 60, 90 and 120 min after LIPUS application. The line graph depicts the time series of DHE fluorescence. LIPUS
groups exhibited a significant increase in ROS generation from 15 min onward, whereas DPI-treated groups exhibited a

significant decrease in ROS generation.
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at 3, 6 and 12 h compared with the control group, whereas
in the DPI-treated group, expression was highest during
the first hour and then decreased at subsequent time
points (Fig. 5).

In the non-DPI-treated group, LIPUS caused a
significant increase in OCN mRNA expression at 1
and 24 h (Fig. 6a, b), whereas OPN caused a signifi-
cant difference only at 1 h (Fig. 6c). In the DPI-
treated group, expression of OCN and OPN mRNA
was similar to that of RUNX2. LIPUS caused a signif-
icant increase in expression at 1 h compared with the
control group. However, OCN expression decreased
at 3, 6 and 12 h (Supplementary Fig. S1a–c, respec-
tively) and OPN expression decreased at 3, 6, 12 and
24 h (Supplementary Fig. S2a–d, respectively;
online only, available at http://dx.doi.org/10.1016/j.
ultrasmedbio.2017.07.002).

Effect of LIPUS on OPN level
Changes in OPN protein levels after LIPUS applica-

tion and ROS inhibition were determined using OPN
ELISA by collecting the supernatants from the treatment
groups at the previously mentioned time points. Contrary
to gene expression, OPN protein level exhibited a
significant increase 1 h after LIPUS application in the
non-DPI-treated group, whereas there was a significant
decrease in the DPI-treated group. Nonetheless, protein
levels were higher in non-DPI-treated groups after LIPUS
application, but the differences were not statistically sig-
nificant (Fig. 7).
MAPK activation after LIPUS application
To examine the effect of LIPUS application and

ROS inhibition on MAPK activation, the cells were
treated with LIPUS in the presence or absence of DPI.
The cells were harvested at the previously mentioned
time points. LIPUS stimulation resulted in a significant
increase in ERK1/2 activation at 6, 12 and 24 h
compared with the control in the non-DPI-treated group
whereas DPI-treated cells exposed to LIPUS exhibited
significant ERK1/2 activation at 1 h (Fig. 8). There
were no significant differences in p38 and JNK activa-
tion levels in LIPUS-stimulated cells compared
with control cells in both the DPI-treated and non-
treated groups at any time points (Supplementary
Figs. S3 and S4, online only, available at http://dx.doi.
org/10.1016/j.ultrasmedbio.2017.07.002).

http://dx.doi.org/10.1016/j.ultrasmedbio.2017.07.002
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Fig. 2. Effect of low-intensity pulsed ultrasound (LIPUS) stim-
ulation on viability of MC-3 T3 E1 pre-osteoblasts as measured
by the MTT absorbance assay. After 24 h of LIPUS application
in the presence and absence of 10 mM diphenylene iodonium
(DPI), the pre-osteoblasts were incubated in MTT solution
(5 mg/mL dissolved in Hanks’ balanced saline solution) for
2 h. The formazan crystals formed were dissolved in dimethyl
sulfoxide, and absorbance was measured. Values in the bar
graph are means 6 standard deviations. LIPUS stimulation
caused a significant increase in cell viability compared with
the control, whereas DPI-treated cells exhibited a significant
decrease in viability. *p , 0.05, yp , 0.05 between the corre-

sponding DPI-treated and non-treated cells.
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DISCUSSION

Low-intensity pulsed ultrasound has been reported
to increase cell proliferation and promote osteogenic dif-
ferentiation of mesenchymal stem cells (Lv et al. 2013;
Mostafa et al. 2009; Nagasaki et al. 2015). It has been
routinely used in the medical field for the treatment of
bone fractures (Busse et al. 2009; Hemery et al. 2011;
Waseem et al. 2010). The mechanism underlying
LIPUS is not completely understood. However, several
attempts have been made to determine the mechanism
underlying the interaction between LIPUS and the cell.
On the basis of previous studies on the potential role of
ROS in MAPK activation (Keshari et al. 2013;
McCubrey et al. 2006; Son et al. 2013), we expected
LIPUS stimulation to enhance the production of ROS
that facilitate MAPK activation in MC-3 T3 E1 pre-
osteoblasts. This would greatly expand our understanding
of the use of LIPUS for fracture healing and, more
recently, its use in tissue engineering and regenerative
medicine.

We initially explored ROS generation in pre-
osteoblasts using DHE. The effects of treatment with a
NOX inhibitor were also studied. DPI prevented the orga-
nization of NOX enzymes employed in ROS formation.
Our study revealed a significant increase in ROS genera-
tion after LIPUS application, which was reduced when
DPI was added to the cell culture. Similar results were ob-
tained by Feril and Kondo (2005). However, our study is
different as we used pulsed waves, while their study
incorporated continuous waveforms. Also, in their study,
the transducer was placed in the water bath to prevent an
increase in temperature, whereas we used coupling gel to
sonicate the cell. DHE is specific for superoxide ion,
which is oxidized to form hydroxyl ion (OH–) and
hydrogen peroxide (H2O2) in the presence of copper
and ferrous ion through the Haber–Weiss reaction.
H2O2 is a stable ROS product that can pass through the
cell membrane and cause toxicity. Because ROS can
harm cells through oxidative stress, MTT cell viability
assay was employed to check for the toxicity of ROS
generated after LIPUS application. Cell viability signifi-
cantly increased in the LIPUS-exposed groups, indicating
that the levels of ROS generated by LIPUS in the pre-
osteoblast culture are not toxic under our experimental
conditions.

Because our study noted an increase in ROS produc-
tion and cell viability, our next step was to determine the
expression of NOX enzymes involved in ROS production
after LIPUS application. Hence, we stimulated MC-3 T3
E1 pre-osteoblasts with LIPUS and collected samples to
determine expression of the NOX2 and NOX4 genes.
We observed a significant increase in expression of both
NOX2 andNOX4 at 6 h in the non-DPI-treated cells; inter-
estingly, the expression of both genes was higher at 1 h in
the DPI-treated cells. This may be attributed to the
compensatory mechanism of the cells to generate higher
gene levels in the case of inhibition.

NOX enzymes require the organization of additional
components for activation: p22phox, p40phox, p47phox and
p60phox. The GTP-binding protein Rac1 is essential for
NOX complex organization and activation (Bedard and
Krause 2007). LIPUS has been reported to increase acti-
vation of Rac1 (Claire et al. 2009). In addition, BMP2, a
potent bone-forming protein, has also been reported to in-
crease ROS generation by activating NOX enzymes, and
ROS inhibitors like N-acetylcysteine and DPI inhibited
BMP2-induced ROS generation (Mandal et al. 2011).
NOX2 and NOX4 play important roles in osteoblast pro-
liferation and differentiation, respectively. Additionally,
NOX4 protein expression was also higher in the osteo-
blast layer in subchondral bone of mandible condyle
(Ambe et al. 2014). Collectively, these studies and our re-
sults indicate the involvement of both NOX2 and NOX4
for ROS production in cells during LIPUS application.

We subsequently investigated gene expression to
explore the effects of ROS generated during LIPUS



Fig. 3. Gene expression of NOX2 quantified by real-time quantitative polymerase chain reaction (RT-qPCR) in MC-3 T3
E1 pre-osteoblasts after application of low-intensity pulsed ultrasound (LIPUS) in the presence or absence of 10 mM di-
phenylene iodonium (DPI). Samples were collected (a) 1 h, (b) 3 h, (c) 6 h, (d) 12 h and (e) 24 h after LIPUS application.
The bar graph reveals a significant increase in NOX2 mRNA expression 1 and 3 h after LIPUS application in the DPI-
treated cells, whereas there was a significant increase at 6 h in the non-DPI-treated cells. *p , 0.05, yp , 0.05 between

the corresponding DPI-treated and non-treated cells.
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Fig. 4. Gene expression of NOX4 quantified by real-time quantitative polymerase chain reaction (RT-qPCR) in MC-3 T3
E1 pre-osteoblasts after application of low-intensity pulsed ultrasound (LIPUS) in the presence or absence of 10 mM di-
phenylene iodonium (DPI). Samples were collected (a) 1 h, (b) 3 h, (c) 6 h, (d) 12 h and (e) 24 h after LIPUS application.
The bar graph reveals a significant increase in NOX4 mRNA expression 1 and 3 h after LIPUS application in the DPI-
treated cells, whereas there was significant increase at 6 h in the non-DPI-treated cells. *p , 0.05, yp , 0.05 between

the corresponding DPI-treated and non-treated cells.
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Fig. 5. RUNX2mRNA expression quantified using real-time quantitative polymerase chain reaction (RT-qPCR) in MC-3 T3
E1 pre-osteoblasts after application of low-intensity pulsed ultrasound (LIPUS) in the presence or absence of 10 mMdipheny-
lene iodonium (DPI). Sampleswere collected (a) 1 h, (b) 3 h, (c) 6 h, (d) 12 h and (e) 24 h after LIPUSapplication. The bar graph
reveals a significant increase inRUNX2mRNA expression at 1 and 3 h in the LIPUS-treated cells comparedwith the control in
the DPI-treated group, whereas the non-DPI-treated groups exhibited a significant increase in RUNX2 expression at 6 and 12 h
between control and LIPUS-treated cells. *p, 0.05, yp, 0.05 between the corresponding DPI-treated and non-treated cells.
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Fig. 6. Effect of low-intensity pulsed ultrasound (LIPUS) effect on expression of OCN and OPN mRNA. (a) The bar
graph reveals a significant increase in OCN mRNA expression at 1 h in the LIPUS treated group compared with control
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*p , 0.05, yp , 0.05 between the corresponding DPI-treated and non-treated groups.
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application on pre-osteoblasts at the molecular level.
RUNX2 is a transcription factor that is essential for oste-
oblast differentiation and expression of osteoblast-
specific genes and, consequently, is important for both
intra-membranous and endochondral bone formation
(Bruderer et al. 2014). OCN and OPN are late differenti-
ation markers of osteoblasts. OCN, a non-collagenous
protein, is secreted exclusively by osteoblasts that un-
dergo carboxylation as a post-translational modification
which helps it to bind to the mineralized bone matrix
(Cooper et al. 2016). OPN, on the other hand, is a highly
phosphorylated glycoprotein secreted by osteoblasts, hy-
pertrophic chondrocytes and odontoblasts (Sodek et al.
2000). Our results indicated a significant increase in
expression of RUNX2 and OCN mRNA in LIPUS-
treated cells compared with the control from 6 h onward
for RUNX2 and at 24 h for OCN. These results are sup-
ported by other studies on LIPUS-treated osteoblasts
(Li et al. 2003a; Wu et al. 2015). In the ROS-inhibited
cells, expression of RUNX2, OCN and OPN mRNAwas
increased at 1 h. Furthermore, the protein level of OPN
increased significantly after LIPUS exposure in non-
DPI-treated cells, whereas the OPN level was signifi-
cantly lower in DPI-treated cells during the first hour
but changed significantly at later time points, reaching
the same level as in the non-DPI-treated group by 24 h.
Because OPN is a phosphorylated glycoprotein, gene
expression was higher under ROS inhibition while the
protein level was significantly lower. It is possible that
ROS affected the phosphorylation of OPN. To the best
of our knowledge, no study has reported the interaction
between OPN and ROS in osteoblasts.

It has been suggested that mechanical stimuli play a
crucial role in MAPK activation in different cell lines. In
osteoblasts, ERK1/2 is involved in OCN and bone sialo-
protein (BSP) expression through RUNX2 activation.
Also, ERK1/2 is involved in post-translational modifica-
tion of cytoskeleton, which helps in cell migration.



Fig. 7. Effect of exposure to low-intensity pulsed ultrasound (LIPUS) on OPN protein expression at (a) 1 h (b) 3 h (c)
6 h (d) 12 h and (e) 24 h was measured by enzyme-linked immunosorbent assay. The supernatants were collected after
LIPUS exposure. In the non-DPI-treated group, LIPUS caused a significant increase in OPN protein expression, whereas
in the DPI-treated group, the level of ROS significantly decreased during the first hour.With the passage of time, the levels
of expression in DPI-treated and non-treated groups became equal. *p, 0.05, yp, 0.05 between the corresponding DPI-

treated and non-treated groups.
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Fig. 8. ERK1/2 activation after low-intensity pulsed ultrasound (LIPUS) application assessed by immunoblot analysis.
MC-3 T3 E1 pre-osteoblasts were treated with LIPUS in the presence or absence of 10 mM diphenylene iodonium (DPI).
Samples were harvested for immunoblot analysis (a) 1 h, (b) 3 h, (c) 6 h, (d) 12 h and (e) 24 h after LIPUS application. The
level of phosphorylation of ERK1/2 relative to total ERK1/2 was determined by quantification of the band intensity using
ImageJ software. LIPUS groups exhibited a significant increase in the phosphorylation level at 6 h, 12 h and 24 in the non-
DPI-treated group, whereas the phosphorylation level significantly increased at 1 h in the DPI-treated group and then
decreased at later time points. *p , 0.05, yp , 0.05 between the corresponding DPI-treated and non-treated groups.
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Similar to ERK, p38 promotes osteoblast differentiation;
however, JNK activation in osteoblasts is not completely
understood An in vitro study of JNK inhibition reduced
the expression of BSP and OCN and blocked late-stage
osteoblast differentiation (Greenblatt et al. 2013). Finally,
we determined if the MAPK signaling pathway is acti-
vated in MC-3 T3 E1 pre-osteoblasts after LIPUS expo-
sure. Our study found increased ERK1/2 activation in
LIPUS-exposed, non-DPI-treated cells from 6 h onward,
whereas ROS inhibition led to early activation of ERK1/2.
Because ERK1/2 is involved in RUNX2 activation, the
results of RUNX2 gene expression followed a trend
similar to that for ERK1/2 activation. These results
strongly suggest that ERK1/2 activation after LIPUS
stimulation is involved in RUNX2 expression.

Our aim in this study was to gain an understanding
of the mechanism underlying LIPUS in MC-3 T3 E1
pre-osteoblasts. Therapeutic ultrasound has been used
extensively for imaging fetuses and crushing calculi in
the urinary tract and in surgical procedures like
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lumpectomies. Its application is based on the intensity
used, ranging from a low of 30 mW/cm2 to a high of
300 W/cm2. Therapeutic ultrasound exerts thermal and
non-thermal effects on the bone. However, the intensity
of 30 mW/cm2 used in LIPUS is considered too low to
generate a thermal effect. In the present study we used
30 mW/cm2 intensity as it has been approved by the
U.S. Food and Drug Administration for bone fracture
healing (Bashardoust et al. 2012; Leung et al. 2004).
It is recommended that future studies use higher
intensities to collect more information on ROS
generation and cell signaling at higher intensities.

The non-thermal effect is further divided into cavita-
tion and acoustic streaming. Cavitation involves the gen-
eration of gas bubbles in tissue fluid, which oscillate with
compression and rarefaction of ultrasound waves and
collapse to generate a small amount of energy (Claes
and Willie 2007), thus causing damage to the cell
(Johns 2002). Like the thermal effect, the intensity of LI-
PUS is too low to generate cavitation in the bone. Another
non-thermal effect by which LIPUS benefits the bone is
the generation of a fluid flow along and around the cell
membrane. These waves cause radiation forces on the
membrane and affect mechanosensitive receptors like in-
tegrins (Padilla et al. 2014), as well as change the micro-
environment around the cell by changing concentration
gradients of ions, stretching ion channels and improving
the distribution of growth factors (Ebisawa et al. 2004).
Mechanical stimulation of LIPUS activates integrins
(Yang et al. 2005) that further trigger phosphorylation
of focal adhesion molecules like focal adhesion kinase
and Src (de Gusm~ao et al. 2009; Zhou et al. 2008),
which are upstream regulators of MAPK signaling.
Recent studies have found that phosphorylation of
MAPK and focal adhesion molecules is controlled by
reversible redox modification. ROS oxidize the thiol
group in the focal adhesion molecule and in PTPs, thus
causing conformational changes by forming disulfide
bonds (Fernandes et al. 2014).

In this study, we tested LIPUS for two durations, 10
and 20 min, to optimize the time for in vitro study. The
20-min LIPUS application is most frequently used in
in vivo studies and is also approved by the U.S. Food
and Drug Administration for fracture healing, whereas
most in vitro studies have found an increased anabolic ef-
fect of LIPUS at 10 min. This could be due to attenuation
of LIPUS during passage through living tissue. On the
other hand, in in vitro studies, there is less attenuation.
Also, we placed the cell culture plates on the transducer
surface using coupling gel as a transfer medium. With
this setup, a temperature increase #3�C for a 20-min
application has been reported by Leskinen and
Hynynen (2012). This temperature increase might have
also caused a difference in LIPUS effects at the molecular
level. Intra-membranous ossification and endochondral
ossification are two processes of bone formation. Previ-
ously, it was believed that hypertrophic chondrocytes un-
dergo apoptosis and die, but recent studies have reported
differentiation of chondrocytes into osteoblasts (Jing
et al. 2015). Gentili et al. (1993) found that chondrocytes,
when cultured in the presence of ascorbic acid (another
ROS scavenger), differentiated into osteoblast-like cells.
In endochondral bone formation, ROS and ERK1/2 are
involved in the differentiation of chondrocytes (Chen
et al. 2015; Morita et al. 2007). At present, we can only
hypothesize ROS to be another factor that can regulate
chondrocyte differentiation.
CONCLUSIONS

Our study indicates that LIPUS regulates the expres-
sion of osteogenic-specific genes and activation of the
ERK1/2 signaling pathway via ROS generation in MC-
3 T3 E1 pre-osteoblast cells. Further studies are needed
to understand the role of ROS in endochondral
ossification.
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