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Abstract
Purpose  Low-intensity pulsed ultrasound (LIPUS) is effective in promoting bone healing, and a myostatin deficiency also 
has a positive effect on bone formation. In this study, we evaluated the effects of LIPUS on bone healing in rats in vivo and 
investigated the mechanisms in vitro, aiming to explore whether LIPUS promotes bone healing through inhibition of the 
myostatin signaling pathway.
Methods  Rats with both drill-hole defects and MC3T3-E1 cells were randomly assigned to a LIPUS group and a control 
group. The LIPUS group received LIPUS treatment (1.5 MHz, 30 mW/cm2) for 20 min/day.
Results  After 21 days, the myostatin expression in quadriceps was significantly inhibited in the LIPUS group, and remodeling 
of the newly formed bone in the drill-hole site was significantly better in the LIPUS group than that in the control group, 
which was confirmed by micro-CT analysis. After 3 days, LIPUS significantly promoted osteoblast proliferation; inhibited 
the expression of AcvrIIB (the myostatin receptor), Smad3, p-Smad3, and GSK-3β; and increased Wnt1 and β-catenin expres-
sion. Moreover, translocation of β-catenin from the cytolemma to the nucleus was observed in the LIPUS group. However, 
these effects were blocked by treatment with myostatin recombinant protein.
Conclusions  The results indicate that LIPUS may promote bone healing through inhibition of the myostatin signal pathway.
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Introduction

Millions of fractures occur annually worldwide; a signifi-
cant percentage of fractured bones experience delayed 
healing and in some cases result in a non-union. Bone 
formation and regeneration is a complex physiological 
process that sequentially involves chemotaxis, cell prolif-
eration, cell differentiation, and the synthesis of extracel-
lular matrix as a result of interactions among biochemi-
cal, biomechanical, cellular, and hormonal signals [1]. 
Ultrasound is not only used for diagnosis [2, 3] but also 
for treatment. Low-intensity pulsed ultrasound (LIPUS) 
has been reported to promote the healing of fresh frac-
tures, non-union, and delayed union in animal models 
and clinical treatment [4-7]. LIPUS stimulation is a clini-
cally established, widely used treatment for accelerating 
bone fracture healing that has been approved by the U.S. 
Food and Drug Administration (FDA) [8]. As a very mild 
mechanical stimulation, LIPUS produces pressure waves 
that are transmitted into the tissues as high-frequency 
acoustic pressure waves that cause biochemical events 
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at the cellular level. LIPUS promotes cell proliferation, 
pre-conditions cells to orient their differentiation during 
culture [9-11], and transfects cells [12]. Bone cells are 
sensitive to strain, as reported previously [13, 14]. The 
micro-mechanical stress produced by LIPUS causes bone 
mechanoreceptors to convert biophysical stimuli into bio-
chemical responses that alter gene expression and cellular 
adaptation [15]. However, the specific underlying cellular 
and molecular mechanisms of LIPUS on bone healing are 
still unclear.

Myostatin, a member of the transforming growth factor 
(TGF)-β super-family, is a highly conserved protein secreted 
primarily from skeletal muscle that can potently suppress 
skeletal muscle growth [16]. Myostatin mutations in animals 
or humans result in a dramatic increase in skeletal muscle 
mass and strength [17, 18]. Although myostatin is expressed 
in skeletal muscle, it can also circulate as an endocrine factor 
[19]. Myostatin is one of the key factors linking muscle and 
bone. The physiological effects of myostatin deletion are not 
restricted to strengthened skeletal muscle, but also include 
enhanced bone formation. Myostatin-knockout mice showed 
increased bone mineral density (BMD) compared to their 
wild-type counterparts [20]. Increased whole-body BMD 
and bone mineral content (BMC) were found to persist into 
old age in myostatin-knockout mice [21-23]. Serum levels 
of myostatin-immunoreactive protein have been observed 
to increase with age [24], suggesting that altered myostatin 
signaling may play a role in the loss of muscle and bone 
mass that accompanies aging in musculoskeletal tissues. Our 
previous study also showed that blocking myostatin using a 
prepared polyclonal antibody prevented bone loss in diet-
induced obese rats [25].

Although osteoblasts do not express and secrete myosta-
tin, a myostatin receptor, the activin type IIB recep-
tor (AcvrIIB), is expressed in osteoblasts in the tibiae of 
neonatal rats [26]. Hamrick et al. identified that signaling 
through AcvrIIB may alter the mechanosensitivity of bone 
marrow stromal cells and is involved in bone modeling [27]. 
The Wnt/β-catenin signaling pathway has been reported to 
regulate osteoblast activities and control bone mass, and 
β-catenin is a key molecule of the canonical Wnt/β-catenin 
signaling pathway [28-30]. Glycogen synthase kinase-3β 
(GSK3-β) phosphorylated β-catenin, triggering its desta-
bilization and degradation to maintain a very low level of 
β-catenin in the cytosol/nucleus [31]. Recombinant mouse 
myostatin was reported to specifically induce Smad3 phos-
phorylation and stabilize β-catenin during the differentia-
tion programs of bone marrow-derived mesenchymal stem 
cells and brown adipocytes [32, 33]. Taken together, the 
downstream signaling molecules of myostatin, including 
AcvrIIB and Smad3, play an important role in the regulation 
of bone formation and are directly involved in the enhance-
ment of β-catenin levels. Therefore, it is hypothesized that 

LIPUS might promote bone healing through inhibition of 
the myostatin signal pathway.

In the present study, the effect of LIPUS on bone healing 
in rats in vivo was verified by observing new bone formation 
in the drill-hole site of femurs using micro-CT. Furthermore, 
its mechanisms were investigated by assessing the myostatin 
expression in muscle and the effects of LIPUS and myostatin 
recombinant protein on the proliferation of MC3T3-E1 cells, 
and analyzing the related gene and protein expressions of 
Wnt and myostatin signal pathway in osteoblasts in vitro.

Materials and methods

Animals and surgery

Sixteen healthy female Sprague–Dawley rats weighing 
200–250 g were purchased from the Laboratory Animal 
Breeding and Research Center of Xi’an Jiao tong University 
(Xi’an, China). The rats were housed in a controlled room 
(22 ± 2 °C, 60 ± 5% humidity, and 12-h light/dark cycle) and 
fed a standard laboratory diet and water. In this study, after 
general anesthesia was established with sodium pentobarbi-
tal (30 mg/kg intraperitoneally), the surgical area was shaved 
and the skin was washed with 70% ethanol. A skin incision 
was made on the lateral side of the right femur. The quadri-
ceps femoris was bluntly cut to expose the femoral diaphysis. 
A 1-mm-diameter drill was then used to produce a 1-mm-
diameter perforation through the anterior cortices. The hole 
was rinsed by an injection of saline to remove bone frag-
ments from the cavity. The muscles were subsequently repo-
sitioned, and the skin was closed with suture. Animals were 
randomly allocated to two groups (8 in each group): control 
group (sham-treated group) and LIPUS group. Within the 
first 72 h, the animals did not receive any treatment. Ani-
mal care and experimental procedures were approved by the 
Animal Ethical Committee of Shaanxi Normal University, 
and carried out in accordance with the National Institutes of 
Health Guide for the Care and Use of Laboratory Animals 
(NIH Publications No. 8023, revised in 1978).

Cell culture

Mouse calvarial osteoblast cell line MC3T3-E1 cells were 
obtained from Xi’an Jiaotong University (Xi’an, China). The 
cells were cultured in a growth medium consisting of Dul-
becco’s modified Eagle’s medium (DMEM; HyClone, USA) 
containing 10% (v/v) fetal bovine serum (FBS; HyClone, 
USA) and 1% (v/v) penicillin–streptomycin solution (50 U/
mL penicillin and 50 μg/mL streptomycin; HyClone, USA) 
at 37 °C in a humidified atmosphere with 5% CO2. The 
medium was changed every 3 days. When 80% confluence 
was reached, the attached cells were digested with 0.25% 
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trypsin/EDTA (HyClone, USA) and replated for further 
expansion.

LIPUS treatment

The LIPUS device (Department of Electronic Engineer-
ing, Fudan University) produced a 200-μs burst of 1.5 MHz 
acoustic sine waves with a spatial-averaged temporal-aver-
aged intensity (ISATA​) of 30 mW/cm2 repeating at 1000 Hz. 
A kind of plane circular transducer, 25 mm in diameter, was 
used for this experiment, and the intensity was calibrated by 
a high-resolution (1 mW) ultrasound power meter (UPM-
DT-1000PA; Ohmic Instruments, MO, USA). The ultra-
sound power meter is designed to measure the ultrasound 
power output of medical ultrasonic transducers using the 
radiation force balance method, which is the most reliable 
and repeatable means of measuring ultrasound power. In 
detail, the intensity of a transducer is determined by measur-
ing the total power output and dividing by the active cross-
sectional area of the transducer. In the LIPUS group, the 
culture plates were placed on the ultrasound transducers with 
a thin layer of ultrasonic coupling gel between them and 
exposed to ultrasound for 20 min/day for 3 days. Three days 
after drilling, the right femurs of the rats in the LIPUS group 
were exposed to LIPUS for 20 min/day for 3 weeks. In both 
in vitro and in vivo experiments, the control group received 
sham ultrasound stimulation.

Micro‑CT analysis

The 3D image and bone volume over total volume (BV/TV) 
of mineralized bone formation in the drill-hole site were 
evaluated using micro-CT (ZKKS-MCT-Sharp; Beijing, 
China). The scanning system was set to 50 kV and 50 W. 
The scanning resolution was 35 μm/slice. Scanned images 
were reconstructed and analyzed using 3D Med analysis 
software version 4.5 (Key Laboratory of Molecular Imag-
ing, Chinese Academy of Sciences, Beijing, China).

Immunohistochemistry analysis

Serial sections (thickness 8–10 μm) of muscle tissues were 
frozen sections transferred to impregnated slides and fixed 
for 10 min by acetone. The sections were incubated with 3% 
H2O2 diluted in methanol for 20 min, blocking buffer (3% 
BSA in PBS) for 30 min, and purified anti-myostatin mono-
clonal antibody (1:50) for 1 h in turn. The washed sections 
were then incubated with an HRP-coupled IgG (1:150; Santa 
Cruz, CA, USA) for 30 min, followed by a DAB/peroxidase 
reaction (0.006% H2O2, 0.05 mg/mL DAB) until the color 
was detected. PBS replaced the primary antibody as a nega-
tive control. Quantitative analysis of immunohistochemistry 
was performed with Image-pro plus 6.0 using the standard 

acquisition camera mode (20× objective) (Thermo Scien-
tific, USA).

Cell counting kit‑8 assays

The cell viability was evaluated using the Cell Counting 
Kit-8 reagents (Dojindo Laboratories, Japan). Briefly, 10 μL 
of Cell Counting Kit-8 solution were added to each well con-
taining 100 μL medium, and then the cells were incubated 
for 2 h at 37 °C in the dark. The absorbency was measured at 
450 nm using a microplate reader (BIO-RAD Laboratories, 
Hercules, CA, USA). The cell survival rate was then calcu-
lated according to the instructions. There were six wells per 
group and the experiment was repeated three times.

Quantitative RT‑PCR

Total cellular RNA was isolated by Trizol reagent (Invitro-
gen, Carlsbad, CA, USA) according to the manufacturer’s 
instructions and then reverse-transcribed using a Prime-
Script™ II 1st Strand cDNA Synthesis Kit (Takara Shuzo, 
Shiga, Japan). RNA was denatured at 65 °C for 5 min, fol-
lowed by cDNA synthesis at 42 °C for 1 h. The reaction 
was stopped at 95 °C for 5 min. The expression of genes 
was analyzed by the CFX96 Real-Time PCR Detection 
System (BIO-RAD Laboratories). All real-time PCR reac-
tions were performed in triplicate, and the gene expression 
levels were normalized by dividing the calculated values 
for the mRNA samples by that of glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) mRNA at each time point. 
The relative change in gene expression was analyzed by 
the 2−△△CT method. The primers used were as follows: 
TGG​TGA​CAG​GGA​AGA​CAT​CA (forward) and CCA​CAA​
CAG​GCA​GTC​CAT​AA (reverse) for β-catenin, AGG​AGA​
AGT​GGT​GCG​AGA​G (forward) and GTG​ACC​TGG​GGA​
TGG​TAA​TG (reverse) for Smad3, GAT​TAT​CAC​GCT​ACC 
ACG (forward) and ATT​CAG​CCC​ATC​TTC​TCC​ (reverse) 
for Myostatin, and TTT​GAG​GGT​GCA​GCG​AAC​TT (for-
ward) and ACA​GCA​ACA​GGG​TGG​TGG​AC (reverse) for 
GAPDH.

Western blot analysis

Cultured cells were washed three times with ice-cold 
phosphate buffered saline (PBS) containing 1 mM sodium 
orthovanadate and harvested in ice-cold RIPA buffer 
containing a protease inhibitor and phosphatase inhibi-
tor cocktail (Beijing Dingguo Changsheng Biotech, Bei-
jing, China). Protein concentrations were measured with 
a BCA protein assay kit (Beijing Dingguo Changsheng 
Biotech). The immunoblots were incubated with primary 
antibodies overnight at 4 °C, followed by incubation with 
the corresponding secondary horseradish peroxidase 
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(HRP)-conjugated goat anti-mouse or anti-rabbit IgG 
(diluted 1:5000) (Cell Signaling Technology, Boston, 
USA) at room temperature for 1 h. The blots were visual-
ized with ECL-plus reagent and the results were quanti-
fied by Lab Image version 2.7.1. The following primary 
antibodies were used: myostatin (EPR4567(2), ab124721), 
ActRIIB (EPR10739, ab180185), and Wnt1 (ab15251) 
from Abcam, and Smad2/3 (5678S), β-Catenin (8480S), 
GSK-3β (59558S), phospho-Smad2/3 (8828S), and phos-
pho-Smad3 (9520S) from Cell Signaling Technology.

Inhibitor treatment

MC3T3-E1 cells were seeded in 96-well plates and 6-well 
plates at a density of 2 × 104 cells/well and 1 × 106 cells /well, 
respectively, and then maintained in DMEM containing 10% 
FBS for 24 h until they were adherent. The medium was then 
changed to DMEM supplemented with or without myostatin 
recombinant protein (50 ng/mL) (Recombinant Mouse GDF 
8/Myostatin, Catalog No. 788-G8; R&D Systems, Minne-
apolis, MN, USA). Cells were randomly divided into the 
following groups: control group (cultured with DMEM for 
72 h), LIPUS group (cultured with DMEM for 72 h and 
treated with LIPUS for 20 min/day), and LIPUS + myostatin 
group (cultured with DMEM supplemented with myosta-
tin recombinant protein for 72 h and treated with LIPUS 
for 20 min/day). After the treatment, the cell proliferation 
was analyzed using Cell Counting Kit-8 reagents (Dojindo 
Laboratories, Japan), and the RNA and protein of MC3T3-
E1 cells were extracted to detect the expression of related 
molecules.

Immunofluorescence analyses

The cells, grown on circular glass coverslips in 24-well 
plates, were washed in PBS and fixed with 4% paraform-
aldehyde in PBS for 15 min. The plasma membranes were 
permeabilized in PBS containing 0.5% Triton X-100 for 
20 min. Coverslips were incubated in a blocking buffer (1% 
BSA in PBS) before leaving them overnight at 4 °C with the 
primary antibody, anti-β-catenin. After washing with PBS, 
the cells were incubated with goat anti-rabbit FITC (1:100; 
Boster Biological Technology, Pleasanton, CA, USA) for 
1 h in the dark at 37 °C. Nuclei were counterstained with 
Hoechst 33,258 (1:3000) (Sigma-Aldrich, St. Louis, MO, 
USA) for 20 min. The results were observed with a fluores-
cence microscope (Nikon Eclipse 55i; Nikon, Tokyo, Japan). 
Quantitative analysis of immunofluorescence was performed 
with a Cellomics® Arrayscan VTI HCS Reader using the 
standard acquisition camera mode (20× objective) (Thermo 
Scientific, Waltham, MA, USA).

Statistical analysis

All statistical analyses were performed using SPSS 17.0 soft-
ware (SPSS, Chicago, IL, USA). The data were expressed as 
the mean ± standard deviation (SD) and were analyzed using 
one-way ANOVA and Tukey’s multiple comparisons seek-
ing to identify statistically significant differences between 
every two groups. A p value < 0.05 was considered statisti-
cally significant.

Results

Micro‑CT analysis for bone healing in vivo

The positive effects of the LIPUS treatment on bone regen-
eration in the drill-hole site of rat femurs were supported by 
3D micro-CT, as shown in Fig. 1. In both the control and 
LIPUS groups, modestly mineralized calluses appeared at 
the defect region 7 days after the drill-hole surgery. At day 
14, the extent of callus mineralization was increased, and the 
defect region was partially bridged. At day 21, the mineral-
ized callus within the defect region was completely bridged. 
The remodeling of newly formed bone at the cortical bone 
gap was significantly greater in the LIPUS group than in the 
control group from day 14 to day 21 (Fig. 1a, b). Compared 
with the control group, the BV/TV in the drill-hole site was 
significantly higher in the LIPUS group at day 14 (p < 0.05) 
and day 21 (p < 0.01) (Fig. 1c).

The effect of LIPUS on myostatin expression 
in quadriceps

To investigate the effect of LIPUS on myostatin, an impor-
tant link between muscle and bone, the myostatin expression 
in quadriceps was detected (Fig. 2). The gene (p < 0.05) and 
protein (p < 0.05) expressions of myostatin were significantly 
down-regulated in the LIPUS group compared with the con-
trol group. Immunohistochemistry analysis results showed 
that 3 weeks of LIPUS treatment significantly reduced the 
integrated optical density (IOD) of myostatin compared with 
the sham-treated rats (p < 0.05).

The effect of LIPUS on related protein expressions 
of Wnt and myostatin signal pathway in MC3T3‑E1 
cells

The protein expressions of AcvrIIB, Smad2/3, pSmad2/3, 
Wnt1, GSK-3β, and β-catenin in MC3T3-E1 cells were 
measured by western blotting. As shown in Fig. 3, after 
LIPUS stimuli for 3 days, the protein expressions of β-catenin 
(p < 0.05) and Wnt1 (p < 0.05) were significantly higher than 
in the control group. The protein expressions of AcvrIIB 
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(p < 0.01), Smad3 (p < 0.05), pSmad3 (p < 0.05), and GSK-3β 
(p < 0.01) were all significantly decreased in the LIPUS group 
compared with the control group, whereas the protein expres-
sions of Smad2 and pSmad2 were not significantly different 
between the two groups.

The effect of LIPUS on β‑catenin translocation 
to the nucleus in MC3T3‑E1 cells

β-catenin, which is an inducible transcription factor, 
localizes to the cytolemma as a compound. It regulates 

Fig. 1   3D reconstruction and 
BV/TV of mineralized bone 
formation in the drill-hole 
site of rat femurs at days 7, 14 
and 21. a Pictures of whole 
bones with drilled hole. b 3D 
reconstruction of new bone in 
the drill-hole site. c BV/TV of 
mineralized bone formation in 
the drill-hole site. &p < 0.01 
vs. control group, *p < 0.05 vs. 
control group
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osteoblast proliferation when it transfers to the nucleus. 
The translocation of β-catenin from the cytolemma to 
the nucleus was observed after 3 days of LIPUS stimula-
tion (Fig. 4). Qualitatively, the LIPUS group had more 
extensive nuclear and perinuclear signals of β-catenin in 
MC3T3-E1 cells. Quantitative measurements indicated 
that the LIPUS group had a significantly higher positive 
average intensity (p < 0.05) and area fraction (p < 0.05) of 
cells exhibiting nuclear or perinuclear β-catenin staining 
than that of the control group, as shown in Fig. 4d.

The effect of myostatin recombinant protein 
on proliferation of MC3T3‑E1 cells treated 
with LIPUS

To clarify the role of the myostatin signal pathway in the 
promotion of osteoblast proliferation induced by LIPUS, 
we examined the effect of LIPUS on the proliferation of 
MC3T3-E1 cells in the presence of myostatin recombi-
nant protein. As shown in Fig. 5, LIPUS significantly pro-
moted the proliferation of MC3T3-E1 cells compared with 
the control group (p < 0.01). However, compared with the 
LIPUS group, the OD values of the LIPUS + myostatin 
group were significantly down-regulated (p < 0.05).

The effect of myostatin recombinant protein 
on Smad3 and β‑catenin expressions in MC3T3‑E1 
cells treated with LIPUS

To further determine the downstream molecules of the myosta-
tin signal pathway in LIPUS-induced osteoblast proliferation, 
we detected β-catenin and Smad3 expression response to 
LIPUS in the presence of myostatin recombinant protein. As 
shown in Fig. 6a, b, the gene (p < 0.05) and protein (− 14%, 
p = 0.067) expressions of β-catenin were all decreased in the 
LIPUS + myostatin group compared with the LIPUS group. 
The gene expression (p < 0.05) and protein phosphorylation 
(p < 0.05) of Smad3 were all significantly increased in the 
LIPUS + myostatin group compared with the LIPUS group 
(Fig. 6c, d). It demonstrated that LIPUS promoted the osteo-
blast proliferation by modulation of Smad3-induced β-catenin 
stabilization and that Smad3 is a key molecule in LIPUS pro-
moting osteoblast proliferation through inhibiting the myosta-
tin signal pathway.

Fig. 2   The effect of LIPUS on myostatin expression in quadriceps. a The protein expression of myostatin b the gene expression of myostatin, 
and c statistical results for immunohistochemistry analysis. The data are expressed as the mean ± SD. *p < 0.05 vs. control group. Bar is 100 μm
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Fig. 3   The effect of LIPUS 
on related protein expression 
of Wnt and the myostatin 
signal pathway in MC3T3-E1 
cells. a β-catenin, b AcvrIIB, 
c Smad2/3, d phosphorylated 
Smad2/3 (pSmad2/3), e Wnt1, f 
GSK-3β. The blots were quanti-
fied using Image J. Data are 
mean ± SD (n = 6 per group). 
&p < 0.01 vs. control group, 
*p < 0.05 vs. control group
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Discussion

Millions of fractures occur annually worldwide; approxi-
mately 5–10% of all fractures experience delayed healing, 
and some even result in a non-union [1]. LIPUS was found 
to play a positive role in enhancing fracture healing in vari-
ous in vivo and in vitro studies [4-7]. On the other hand, 
there is growing evidence that myostatin inhibition plays 
an important role in increasing BMD and bone formation 
[20, 21]. Whether LIPUS promotes bone healing through the 

inhibition of the myostatin signal pathway has been poorly 
studied. Our results demonstrated that LIPUS may promote 
bone healing through decreasing the myostatin expression 
in muscle and inhibiting the myostatin signal pathway in 
osteoblasts including down regulating AcvrIIB and Smad3, 
and activing β-catenin.

As a new high-resolution digital imaging technique, 
micro-CT is considered a useful and reliable method for 
evaluating bone healing [34]. Defective bone microstruc-
ture parameters could be improved by LIPUS, as reported 

Fig. 4   The translocation of 
β-catenin in MC3T3-E1 cells 
after LIPUS treatments (×200). 
Cells were treated with 20 min/
day for 3 days and stained with 
fluorescent antibodies against 
a β-catenin (green) b DAPI 
(blue), and c combination of 
β-catenin and DAPI. d The 
β-catenin average intensity 
and area fraction. *p < 0.05 vs. 
control group
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previously [35, 36]. Sakurakichi et al. found larger callus 
formation, higher BMD, and a correspondingly higher bio-
mechanical stiffness and strength in a LIPUS group [37, 
38]. Similarly, Tis et al. reported that the BMD, BMC, and 

bone strength index were significantly increased within the 
period of bone remodeling in a LIPUS group [39]. Further-
more, Heckman et al. demonstrated a 38% reduction in the 
healing time of tibia fractures using LIPUS [4]. Similarly, 
Kristiansen et al. found a 30% acceleration in fractures of 
the distal radius using LIPUS [5]. In the present study, con-
sistent with these findings, our results also demonstrated 
that LIPUS could accelerate bone healing in a rat femoral 
osteotomy model, as confirmed by micro-CT analysis. After 
3 weeks of LIPUS treatment, the extent of callus mineraliza-
tion and the volume of mineralized callus were higher in the 
LIPUS group than in the control group. The positive effects 
of LIPUS treatment on bone regeneration were further sup-
ported by 3D Micro-CT images. The Micro-CT scan results 
confirmed that LIPUS was an effective modality for accel-
erating bone regeneration and shortening the healing time.

Myostatin, a key negative regulator of muscle, is 
expressed in skeletal muscle, but it can also circulate to 
target organs as an endocrine factor [19]. Among the tar-
get organs, bone is the most important organ modulated 
by myostatin. As a key factor linking muscle and bone, 
myostatin deficiency has a positive effect on bone forma-
tion [20-23]. Our previous experiments also showed that the 
ladder climbing exercise did not only reduce the myostatin 
expression in muscle but also decreased the concentration 
of myostatin in serum in obese rats, and then reversed obe-
sity-induced bone loss [40, 41], suggesting that the content 
of myostatin in serum was positively correlated with the 
expression of myostatin in skeletal muscle. Our previous 

Fig. 5   The effect of myostatin recombinant protein on the prolifera-
tion of osteoblasts treated with LIPUS. Effect of LIPUS and myosta-
tin on the proliferation of osteoblasts. The data are expressed as the 
mean ± SD. &p < 0.01 vs. control group, #p < 0.05 vs. LIPUS group

Fig. 6   The effect of myostatin 
recombinant protein on Smad3 
and β-catenin expressions in 
MC3T3-E1 cells treated with 
LIPUS. a The gene expres-
sion of β-catenin b the protein 
expression of β-catenin c the 
gene expression of Smad3, 
and d the protein expression of 
Smad3. The data are expressed 
as the mean ± SD. *p < 0.05, 
&p < 0.01, #p < 0.05
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studies demonstrated that LIPUS could promote exercise-
induced muscle hypertrophy and prevent muscle atrophy 
induced by type 1 diabetes through inhibiting the expression 
of myostatin [42, 43]. Like the previous study, in the present 
study, LIPUS treatment significantly down-regulated the 
expression of myostatin in quadriceps, so it can be inferred 
that the content of myostatin in serum must be decreased. 
Therefore, inhibiting myostatin by LIPUS in muscle may be 
involved in promoting the process of bone healing.

Since the amount of osteoblasts in bone tissue is very 
small (even smaller at the defect site), it is difficult to 
determine the downstream molecules of the myostatin sig-
nal pathway involved in LIPUS accelerating bone healing 
in vivo. Thus, in this study, the ME3T3-E1 osteoblastic cell 
line was selected to further investigate the mechanisms by 
which LIPUS promotes bone healing in vitro. Osteoblasts 
play an important role in the process of bone formation. 
Recently, many researchers have focused on a more com-
prehensive understanding of the cellular and molecular 
mechanisms of LIPUS on osteoblasts. The proliferation of 
osteoblasts was increased when ultrasound stimulation was 
performed with a low-pulse repetition frequency and short 
exposure time, as reported previously [44, 45]. Zhou et al. 
attributed LIPUS-induced cell proliferation to the activa-
tion of integrin receptors [46]. Tis et al. [39] reported that 
the osteoblast cell counts were significantly increased after 
LIPUS treatment. Similar positive effects of LIPUS were 
observed by Lim [47]. In accordance with these findings, 
our results also demonstrated that LIPUS stimulation sig-
nificantly enhanced the proliferation of ME3T3-E1 cells. 
Furthermore, the Wnt/β-catenin signaling pathway, which 
plays an important role in the differentiation and prolifera-
tion of osteoblasts, has been identified as one of the cel-
lular reactions activated by the mechanical stimulation 
[48]. Fung et al. depicted β-catenin nuclear translocation 
in LIPUS-stimulated osteocytes [49]. In accordance with 
the previous findings, the immunofluorescence results of 
the present study also showed that LIPUS could promote 
the translocation of β-catenin into the nuclei of ME3T3-
E1 cells. Moreover, the expression of β-catenin and Wnt1 
was significantly up-regulated, and the GSK-3β expression 
was down-regulated after the LIPUS treatment. However, 
the positive effects of LIPUS on both the proliferation of 
osteoblasts and the translocation of β-catenin were blocked 
by myostatin recombinant protein. Taken together, these 
results indicated that acceleration of osteoblast proliferation 
through the Wnt/β-catenin signaling pathway was involved 
in LIPUS promoting bone healing, which may be regulated 
by myostatin signal pathways.

As the myostatin receptor, the type IIB activin recep-
tor (AcvrIIB) is expressed in osteoblasts [26], although 
osteoblasts do not express myostatin. Hamrick et  al. 
identified that signaling through AcvrIIB might alter the 

mechanosensitivity of bone marrow stromal cells and was 
involved in bone modeling [27]. It was reported that the 
binding of myostatin to AcvrIIB resulted in phosphorylation 
of smad2/3 [50]. Egerman et al. also reported that myosta-
tin could induce Smad2/3 phosphorylation [51], leading to 
inhibition of the expression of Runx2 as a critical activator 
of osteogenesis [52, 53]. As the downstream signaling mol-
ecules of myostatin, AcvrIIB, Smad2, and Smad3 were all 
reported to play an important role in the regulation of bone 
formation and be directly involved in the enhancement of 
β-catenin levels [54, 55]. Moreover, Lei et al. demonstrated 
that LIPUS was associated with downregulation of the pro-
tein expression of phospho-Smad2/3 and Smad2/3 in penile 
tissue [56]. Therefore, we speculated that LIPUS might 
promote osteoblast proliferation at bone defects by inhibit-
ing the downstream molecules of myostatin. In this study, 
our results showed that the expressions of AcvrIIB, Smad3, 
and pSmad3 were dramatically down-regulated in MC3T3-
E1 cells after LIPUS treatment. However, when myostatin 
recombinant protein was added, the inhibition of pSmad3 
induced by LIPUS was totally negated, while the osteoblast 
proliferation promoted by LIPUS was significantly inhib-
ited. The results indicated that Smad3 was a key molecule 
in LIPUS promoting osteoblast proliferation by inhibiting 
the myostatin signal pathway.

Conclusions

The present study is the first report demonstrating that 
LIPUS may promote bone healing by decreasing the 
myostatin expression in muscle and inhibiting the myosta-
tin signal pathway in osteoblasts. The finding in this study 
provides a theoretical basis for the application of LIPUS 
in medical practice and additional evidence for the direct 
effect of myostatin on bone formation.
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