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Abstract. Osteoporosis is a skeletal metabolic disease 
characterized by reduced bone mass and a high susceptibility 
to fractures, in which osteoblasts and osteoclasts are highly 
involved in the abnormal bone remodeling processes. 
Recently, low‑magnitude, high‑frequency whole‑body 
vibration has been demonstrated to significantly reduce 
osteopenia experimentally and clinically. However, the 
underlying mechanism regarding how osteoblastic activity 
is altered when bone tissues adapt to mechanical vibration 
remains elusive. The current study systematically investigated 
the effect and potential molecular signaling mechanisms in 
mediating the effects of mechanical vibration (0.5 gn, 45 Hz) 
on primary osteoblasts in vitro. The results of the present 
study demonstrated that low‑level mechanical stimulation 
promoted osteoblastic proliferation and extracellular 
matrix mineralization. In addition, it was also revealed 
that mechanical vibration induced improved cytoskeleton 
arrangement in primary osteoblasts. Furthermore, mechanical 
vibration resulted in significantly increased gene expression 
of alkaline phosphatase, bone morphogenetic protein 2 and 
osteoprotegerin, and suppressed sclerostin gene expression, as 
determined by reverse transcription‑quantitative polymerase 
chain reaction (RT‑qPCR) analyses. Mechanical vibration was 
observed to upregulate gene and protein expression levels of 
osteogenesis‑associated biomarkers, including osteocalcin 
and Runt‑related transcription factor 2. In addition, RT‑qPCR 

and western blotting analysis demonstrated that mechanical 
vibration promoted gene and protein expression of canonical 
Wnt signaling genes, including Wnt3a, low‑density lipoprotein 
receptor‑related protein  6 and β‑catenin. In conclusion, 
the present study demonstrated that mechanical vibration 
stimulates osteoblastic activities and may function through 
a potential canonical Wnt signaling‑associated mechanism. 
These findings provided novel information that improves 
the understanding of the molecular mechanisms involved in 
osteoblastic activities in response to mechanical vibration, 
which may facilitate the scientific application of mechanical 
vibration for the treatment of osteoporosis in the clinic.

Introduction

The skeleton has the capacity to continuously remodeling its 
own mass and architecture in response to external mechanical 
stimuli (1,2). It is well established that increased mechanical 
loading, such as through exercise or resistance training, may 
promote bone formation (1,3), and that loss of weight‑bearing 
activities (prolonged bed rest or microgravity) causes a signifi-
cant decrease in bone mass and bone strength (4). The process 
of mechanical loading that regulates bone quality and bone 
remodeling involves the coordinated action of bone‑resorbing 
osteoclasts and bone‑forming osteoblasts (5). However, the 
mechanisms by which the skeleton and bone cells sense and 
transduce external mechanical stimulation have not yet been 
fully elucidated. Understanding the mechanisms of bone 
mechanotransduction and mechanobiology is significant for 
determining the etiology of osteoporosis, which may poten-
tially lead to improved treatment of clinically‑associated bone 
diseases.

Since the findings by Rubin et al (6) demonstrating the 
enhancement of bone mass in normal and osteoporotic 
animals following low‑intensity, high‑frequency whole‑body 
vibration (WBV) in 2001 (7), numerous studies and increasing 
experimental evidence substantiates that WBV may be able 
to improve bone microarchitecture and regulate bone metabo-
lism (8‑14). In addition, several clinical investigations have 
indicated the positive effect of WBV on promoting bone mass 
in normal and osteoporosis patients (11,14). Compared with 
traditional physical exercise, WBV demonstrates prominent 
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superiority, as it is simple, safe, convenient and noninvasive. 
Despite observing significant inhibitory effects of WBV 
on osteopenia/osteoporosis, no explicit mechanisms have 
yet been established that explain WBV‑induced regulation 
of bone remodeling. It has been speculated that WBV may 
affect bone cells via vibration‑induced direct bone matrix 
strain (15) or interstitial fluid shear stress (16). Despite these 
plausible experimental hypotheses and promising conclusions 
concerning mechanical vibration‑induced bone tissue transfer 
to individual cells, it remains necessary to explore the responses 
of osteoblasts directly subjected to WBV stimulation in vitro. 
This has the potential to increasing the understanding of how 
bone cells respond to mechanical vibration, and may therefore 
provide additional scientific applications of mechanical vibra-
tion for the treatment of osteoporosis in the clinic.

The canonical Wnt signaling pathway, also known as the 
Wnt/β‑catenin pathway, has been implicated in promoting 
osteoblastic differentiation and proliferation, and inhibiting 
osteoblastic apoptosis (17,18). Extracellular Wnt proteins bind 
to the Frizzled and low‑density lipoprotein receptor‑related 
protein (Lrp) 5/6 co‑receptors on the cell membrane, which 
subsequently leads to the stabilization of β‑cateninin the 
cytoplasm, and may promote further Wnt‑targeted gene 
transcription in the cell nucleus. Substantial evidence has 
indicated that activation of the canonical Wnt signaling 
pathway has the capacity of enhancing the expression of 
osteogenesis‑associated cytokines, including bone morphoge-
netic protein 2 (BMP2) and Runt‑related transcription factor 2 
(Runx2) (19,20). Previous studies have demonstrated that Wnt, 
Lrp6 or β‑catenin gene knockout mice exhibit an abnormal 
bone remodeling phenotype  (21‑23). Therefore, accumu-
lating evidence confirms the essential role of the canonical 
Wnt signaling pathway in promoting osteoblastogenesis and 
regulating bone remodeling (21,24‑26). However, it remains 
necessary to investigate the role of the canonical Wnt signaling 
in WBV‑regulated osteogenesis and bone anabolism.

In the present study, the effects of mechanical vibration 
on cell proliferation, mineralization, cytoskeletal micro-
architecture and osteogenesis‑associated gene and protein 
expression in primary newborn rabbit calvarial osteoblasts 
was systematically investigated. In addition, the impact of 
mechanical vibration on the gene and protein expression 
levels of the canonical Wnt signaling in primary osteoblasts 
was examined.

Materials and methods

In  vitro mechanical loading devices. A custom‑designed 
mechanical vibration system was employed in the present 
study to generate low‑intensity and high‑frequency loads to 
primary osteoblasts in vitro (Fig. 1A). For in vitro mechanical 
loading, cell culture plates containing primary osteoblasts were 
placed on the platform (30x30x30 cm). An electromagnetic 
actuator (Shanghai Huixia Instrument Co., Ltd., Shanghai, 
China) controlled by a function generator (Shanghai Huixia 
Instrument Co., Ltd.) was mounted beneath the platform to 
generate the vertical vibratory motion. An accelerometer 
(VIB‑5; Shanghai Xinsheng Detecting Instrument Co., Ltd., 
Shanghai, China) was attached to the vibration platform to 
measure the mechanical signals transmitted to the cells. The 

machine generating systems imposed the vibration loading on 
osteoblasts in vitro at a sinusoidal waveform (0.5 gn, 45 Hz).

Cell culture of primary osteoblasts. All procedures in the 
experiment were approved by the Institutional Animal 
Care and Use Committee of the Fourth Military Medical 
University. A total of five one‑day‑old New Zealand rabbits 
were euthanized with CO2, and primary osteoblasts were 
obtained by digesting the calvarial bone of the rabbits (Animal 
Center of the Fourth Military Medical University, Xi'an, 
China) according to the procedures described previously (27). 
Cells were maintained in α‑minimum essential medium 
(Hyclone; GE Healthcare Life Sciences, Logan, UT, USA) 
containing 10% fetal bovine serum (Hyclone; GE Healthcare 
Life Sciences) and 1% penicillin/streptomycin (Hyclone; GE 
Healthcare Life Sciences) at 37˚C. Primary rabbit osteoblasts 
were identified via Alizarin Red staining for mineralization 
nodules, using methods described previously (28). Cells at 
passage 3‑6 were used in the experiment. Cells were seeded 
onto the 6‑well plate for 12 h at 37˚C. Cells in the mechanical 
vibration group were subjected to 1 h/day mechanical vibra-
tory stimulation for 3 consecutive days at room temperature. 
Cells in the control group were simultaneously placed onto the 
inactivated mechanical loading platform.

In vitro osteoblastic cytoskeletal morphology. Primary rabbit 
osteoblasts were seeded (1 ml) into a 35 mm confocal laser 
dish at a density of 1x105 cells/ml. One dish constituted one 
sample. Following mechanical vibration stimulation, primary 
osteoblastic cells were fixed in 4% formaldehyde solution 
for 5 min and then permeabilized with 0.1% Triton X‑100 
to evaluate osteoblastic cytoskeletal morphology. Cells were 
then stained with 50 mg/ml phalloidin‑fluorescein isothiocya-
nate (FITC) (Sigma‑Aldrich; Merck Millipore, Darmstadt, 
Germany) for 40  min and DAPI (Beyotime Institute of 
Biotechnology, Haimen, China) for 10 min to visualize the 
cytoskeletal microstructure and the cell nuclei. Following 
washing with PBS, cells were visualized using a confocal 
laser scanning microscope (FluoView FV1000; Olympus 
Corporation, Tokyo, Japan). A total of 10 fields of view of 
cells were visualized for each dish.

In  vitro osteoblastic proliferation. For the proliferation 
assay, osteoblast suspensions were seeded into 96‑well 
culture plates at a density of 1x104 cells/ml (200 µl/well) 
and cultured for 12 h to ensure sufficient adhesion to the cell 
culture plate. One well of a culture plate taken as one sample. 
Following mechanical vibration stimulation for 3 days, a Cell 
Counting Kit‑8 (CCK‑8) assay (Nanjing EnoGene Biotech. 
Co., Ltd., Nanjing, China) was used to quantify osteoblastic 
proliferation according to the provided manufacturer's 
instructions. Briefly, each well of the plate was supplemented 
with 20 µl CCK‑8 solution, and incubated at 37˚C for 2 h. The 
cell culture plate was then shaken for 1 min and the optical 
density values were examined with a microplate reader at 
450 nm wavelength (TecanInfinite M200 Pro; Tecan Trading 
AG, Zurich, Switzerland).

In vitro osteoblastic osteogenesis‑associated gene expression. 
Primary rabbit osteoblasts were seeded (2 ml) onto a 6‑well 
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culture plate at a density of 1x105 cells/ml. A single well of 
a 6‑well culture plate constituted one sample. Total RNA 
was isolated from the primary osteoblasts using TRIzol 
(Invitrogen, Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) and quantified with a spectrophotometer (SmartSpec 
Plus; Bio‑Rad Laboratories, Inc., Hercules, CA, USA). RNA 
(2 µg) was reverse‑transcribed into cDNA in a 40 µl system 
with oligo (dT)18 primers using the FastQuant RT kit (Tiangen 
Biotech Co., Ltd., Beijing, China). Reverse transcription‑quan-
titative polymerase chain reaction (RT‑qPCR) was performed 
using 2 µl cDNA in a 20 µl reaction system with Maxima 
SYBR-Green qPCR Master Mix (Thermo Fisher Scientific, 
Inc.) using the Bio‑Rad CFX96 Real‑Time PCR Detection 
system (Bio‑Rad Laboratories, Inc.). The primer sequences 
utilized for RT‑qPCR analyses are shown in Table  I. The 
thermal cycling parameters for RT‑qPCR reactions consisted 
of an initial denaturation step at 95˚C for 10 min followed by 
40 cycles of denaturation at 95˚C for 15 sec, annealing at 55˚C 
for 15 sec and extension at 55˚C for 15 sec. β‑actin was used as 
an internal control for normalization. The relative quantity of 
mRNA was calculated using 2‑∆∆Cq analysis (29). All RT‑qPCR 
reactions were performed in triplicate.

In vitro osteoblastic osteogenesis‑associated protein expres‑
sion. Primary rabbit osteoblasts were seeded (2 ml) into a 
6‑well culture plates at a density of 1x105 cells/ml. A single 
well of a 6‑well culture plate constituted a sample. The 
adherent primary osteoblasts were washed with ice‑cold 
PBS and lysed to obtain total protein using radioimmunopre-
cipitation assay buffer containing 1 mM phenylmethylsulfonyl 

fluoride (Sigma‑Aldrich; Merck Millipore). The cell lysates 
were agitated at 4˚C for 30 min and then centrifuged at 4˚C 
for 20  min at 30,000  x  g. The protein concentration was 
determined using a bicinchoninic assay kit (Pierce; Thermo 
Fisher Scientific, Inc.). The protein extracts (30 µg per sample) 
were separated by 8 or 10% Tris‑glycine SDS‑PAGE and 
then transferred onto PVDF membranes (EMD Millipore, 
Billerica, MA, USA) after mixing with 2X loading buffer. The 
polyvinylidene difluoride membranes were blocked in TBS 
0.5% Tween‑20 (TBST) containing 5% bovine serum albumin 
(BSA) for 1 h at room temperature and incubated overnight at 
4˚C with primary antibodies. The primary antibodies are listed 
as follows: Mouse anti‑rabbit monoclonal osteocalcin (OCN; 
dilution, 1:1,000; cat. no. ab13420; Abcam, Cambridge, MA, 
USA), mouse anti‑rabbit monoclonal Runx2 (dilution, 1:1,000; 
cat. no.  BA3613‑2; Wuhan Boster Biological Technology, 
Ltd., Wuhan, China), rabbit polyclonal anti‑rabbit Wnt3a 
(dilution, 1:300; cat. no. bs‑23278R; Bioss, Beijing, China), 
mouse monoclonal anti‑rabbit Lrp6 (dilution, 1:300; cat. 
no. bs‑2905R; Bioss), rabbit polyclonal anti‑rabbit β‑catenin 
(1:1,000; cat. no. 06‑734; EMD Millipore) and mouse mono-
clonal anti‑rabbit GAPDH (1:3,000, cat. no. MB001; Bioworld 
Technology, Inc., St. Louis Park, MN, USA) antibodies. All 
primary antibodies were diluted in TBST containing 5% BSA. 
The membranes were then incubated with a 1:3,000 dilution of 
horseradish peroxidase‑conjugated secondary antibody (cat. 
no. BA1051; Wuhan Boster Biological Technology, Ltd.) for 
1 h at room temperature, and visualized using an enhanced 
chemiluminescence system (ImageQuant 350; GE Healthcare 
Life Sciences, Chalfont, UK). Semi‑quantitative analysis 

Figure 1. Effects of mechanical vibration on the cytoskeleton and proliferation of primary rabbit osteoblasts. (A) Schematic representation of the mechanical 
vibration generator. For the in vitro experiment, a cell culture dish containing primary osteoblasts was placed on the platform (30x30x30 cm). The vertical 
vibratory motion was generated by an electromagnetic actuator mounted beneath the platform. The system generated a sinusoidal waveform with a vertical 
acceleration of 0.5 g at a frequency of 45 Hz. (B) Representative images of phalloidin‑fluorescein isothiocyanate cytoskeleton staining of primary osteoblasts 
in vitro in the control and mechanical vibration groups (Scale bar, 20 µm). (C) Mechanical vibration for 3 days significantly promoted osteoblastic proliferation, 
as demonstrated using Cell Counting Kit‑8 assay analysis (n=10). Values are expressed as the mean ± standard deviation, *P<0.05 vs. control. OD, optical 
density.
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was performed using the QuantityOne software (version 4.5; 
Bio‑Rad Laboratories, Inc.). GAPDH was used as an internal 
control for normalization.

In vitro osteoblastic mineralization. Primary rabbit osteoblasts 
were seeded (2 ml) onto a 6‑well culture plate at a density of 
1x105 cells/ml. Osteoblastic mineralization was determined 
using a quantitative Alizarin Red‑S staining procedure, as 
previously described (30,31). One well of a 6‑well culture plate 
was used as one sample. Following mechanical vibration stim-
ulation for 14 consecutive days (1 h/day), the plates containing 
primary osteoblasts were fixed with 4% paraformaldehyde 
and then stained with 40 mM Alizarin Red‑S (Sigma‑Aldrich; 
Merck Millipore) for 1 h. Following rinsing with PBS, the 
bound stain was eluted using 0.5 ml of 5% cetylpyridinium 
chloride. The solubilized stain (0.15 ml) was transferred to a 
96‑well plate, and the absorbance values were determined at 
405 nm with a multimode microplate reader (Tecan Infinite 
M200 Pro; Tecan Trading AG).

Statistical analysis. All data presented in this study areex-
pressed as the mean ± standard deviation. Statistical analyses 
were performed using SPSS (version 13.0; SPSS, Inc., Chicago, 
IL, USA). The differences of each parameter between the 
control group and mechanical vibration group were examined 
using a Student's t‑test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

In vitro osteoblastic proliferation and morphology. Primary 
rabbit osteoblasts exhibited a fusiform, triangle or polygonal 
shape, with a round or oval nucleus, and demonstrated posi-
tive staining of mineralization nodules (data not shown). 
Phalliodin‑FITC cytoskeleton staining images (Fig.  1B) 
demonstrated that osteoblasts in the mechanical vibration 
group displayed a well‑developed cytoskeleton with higher 
fluorescence intensity, and increased number of microfila-
ments with directional arrangement, and thicker stress fibers 
compared with the cells in the control group. As presentedin 
Fig. 1C, a significant increase in osteoblastic proliferation 
was observed following mechanical vibration stimulation 
for 3 days via CCK‑8 assay analysis (P=0.0003), whereas no 
obvious increase was observed following 1 day of mechanical 
vibration compared with the control group.

In vitro osteogenesis‑associated gene expression. As indicated 
in Fig. 2, mechanical vibration significantly increased alkaline 
phosphatase (ALP), osteocalcin (OCN), Runx2, BMP2 and 
osteoprotegerin (OPG) mRNA expression compared with the 
control group (P=0.0017, 0.0362, 0.0001, 0.0091 and 0.0017, 
respectively). In addition, mechanical vibration significantly 
decreased sclerostin (SOST) gene expression levels compared 
with the control group (P=0.0001). The gene expression levels 
of canonical Wnt signaling pathway members, including 

Table I. The sequence of primers used in the present study for in  vitro reverse transcription‑quantitative polymerase chain 
reaction.

	 Primer		  Product
Gene	 direction	 Primer sequence (5'‑3')	 length (bp)

ALP	 Forward	 ACGGGGCGTGTATCCTCCAA	 182
	 Reverse	 CCCAAGGAGGCAGGATTGAC
OCN	 Forward	 TTGGTGCACACCTAGCAGAC	 187
	 Reverse	 ACCTTATTGCCCTCCTGCTT
Runx‑2	 Forward	 CAGTCTTACCCCTCTTACC	 130
	 Reverse	 CATCTTTACCTGAAATGCG
BMP2	 Forward	 GGACGACATCCTGAGCGAGT	 117
	 Reverse	 CGGCGGTACAAGTCCAGCAT
SOST	 Forward	 TCTCCCTAGCCCTGTGTCTCCT	 100
	 Reverse	 ACTTCCGTGGCGTCATTCTTGA
Wnt3a	 Forward	 ATGAACCGCCACAACAAC	 190
	 Reverse	 GCTTCTCCACCACCATCT
Lrp6	 Forward	 GCTTGGCACTTGTATGTAAA	 179
	 Reverse	 TGGGCTAAGATCATCAGACT
β‑catenin	 Forward	 GACACGGACCACACGCACAA	 173
	 Reverse	 CCGAGCAGCAGCAAGTCTTCT
OPG	 Forward	 AACGGCGGCATAGTTCACAAGA	 170
	 Reverse	 GCTGCGAAGCTGATCCAAGGT
β‑actin	 Forward	 TACGCCAACACGGTGCTGTC	 187
	 Reverse	 ACATCTGCTGGAAGGTGGAGAG

ALP, alkaline phosphatase; OCN, osteocalcin; Runx2, Runt‑related transcription factor 2; BMP2, bone morphogenetic protein 2; SOST, 
sclerostin; Lrp6, low‑density lipoprotein receptor‑related protein 6; OPG, osteoprotegerin.
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Wnt3a, Lrp6 and β‑catenin were significantly higher in the 
mechanical vibration group compared with the control group 
(P=0.0103, 0.0454 and 0.0372, respectively).

In  vitro osteogenesis‑associated protein expression. As 
demonstrated in Fig. 3, western blotting results revealed that 
mechanical vibration stimulation significantly stimulated the 
protein expression of osteogenesis‑associate factors, including 
OCN and Runx2 (P=0.0034 and 0.0004, respectively). In 

addition, the protein expression levels of members of the 
canonical Wnt signaling pathway, including Wnt3a, Lrp6 and 
β‑catenin, were significantly higher in the mechanical vibra-
tion group compared with the control group (P=0.0051, 0.0008 
and 0.0011, respectively).

Extracellular matrix (ECM) mineralization. As presented in 
Fig. 4, ECM mineralization was determined via Alizarin Red 
staining, which revealed an increased area of mineralization 

Figure 2. Effects of in vitro mechanical vibration stimulation on osteogenesis‑associated gene expression in primary rabbit osteoblasts. Reverse transcrip-
tion‑quantitative polymerase chain reaction analysis of ALP, OCN, Runx2, BMP2, OPG, SOST, Wnt3a, Lrp6 and β‑catenin gene expression levels. Values are 
expressed as the mean ± standard deviation. (n=3). The relative expression level of each gene was normalized to β‑actin, *P<0.05 vs. control. ALP, alkaline 
phosphatase; OCN, osteocalcin; Runx2, Runt‑related transcription factor 2; BMP2, bone morphogenetic protein 2; OPG, osteoprotegerin; SOST, sclerostin; 
Lrp6, low‑density lipoprotein receptor‑related protein 6.

Figure 3. Effects of in vitro mechanical vibration stimulation on osteogenesis‑associated protein expression in primary rabbit osteoblasts. The expression levels 
of OCN, Runx2, Wnt3a, Lrp6 and β‑catenin were examined via western blotting analysis. Values are expressed as the mean ± standard deviation (n=3‑4). The 
relative expression level of each gene was normalized to GAPDH. *P<0.05 vs. control. OCN, osteocalcin; Runx2, Runt‑related transcription factor 2; Lrp6, 
low‑density lipoprotein receptor‑related protein 6.
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in the mechanical vibration group with a higher number of 
stained nodules, compared with the controls. Quantification of 
the solubilized stain demonstrated that ECM mineralization 
was significantly increased following mechanical vibration 
stimulation compared with the control group (P=0.0001).

Discussion

WBV, as a promising, safe and non‑pharmacological therapy, 
has been demonstrated to promote osteogenesis experimen-
tally and clinically  (14,32). However, the exact regulatory 
mechanisms underlying the effect of WBV exposure on 
osteogenesis and bone remodeling remains poorly understood. 
Therefore, to evaluate the mechanism of mechanical vibra-
tion as a potential treatment modality for osteoporosis, it is 
vital to assess its impact on osteoblasts in vitro as a scientific 
reference for subsequent clinically therapeutic applications. 
In the present study, mechanical vibration (45  Hz, 0.5  g) 
was applied for 1 h/day as the stimulation parameter, which 
is consistent with the parameter used by Judex et al (3). The 
results of the current study demonstrated that mechanical 
vibration significantly increased osteoblastic proliferation and 
mineralization, and induced the formation of a well‑arranged 
cytoskeletal structure. Furthermore, these results that the 
expression of osteogenesis‑associated molecules, including 
ALP, OCN, Runx2 and BMP2, was significantly increased 
by mechanical vibration. Notably, mechanical vibration 
significantly enhanced the gene and protein expression levels 
of canonical Wnt/β‑catenin signaling pathway members, indi-
cating that canonical Wnt signaling may be involved in the 
regulation of mechanical vibration‑induced osteoblastogen-
esis. These results provide a novel insight into the application 
of mechanical vibration for promoting osteogenesis. In addi-
tion, these results extend the basic knowledge of the molecular 
mechanisms involved in osteoblastic functions in response to 
external mechanical signals.

As demonstrated in the current study, the activities of 
osteoblasts were significantly stimulated when they were 
subjected to mechanical vibration (45 Hz, 0.5 g) for 1 h/day 
for 3 days. The results of CCK‑8 analysis and quantitative 
Alizarin Red‑S staining revealed that the proliferation and 
mineralization of primary osteoblasts were promoted under 
mechanical vibration. The results are consistent with the 

findings of Chow et al (33). In addition, these results revealed 
obvious cytomorphological alterations to osteoblasts in vitro 
following 3 days of micromechanical vibration stimulation. 
Similarly, these results are consistent with several previous 
findings  (34,35) that observed a higher number of and 
thicker microfilaments in the osteoblastic cytoskeleton with 
directional arrangement following stimulation by mechanical 
vibration (36). Furthermore, the cytoskeleton adjusts its struc-
ture in response to external physical or chemical stimuli and 
intracellular biochemical events (37). It has been demonstrated 
that cytoskeletal deformation is one of the earliest events that 
occurs following exposure of bone cells to external biophys-
ical stimuli, and thus modulates the intracellular biochemical 
response and the subsequent osteogenic activities  (38,39). 
Together, the findings of the present study confirm that 
mechanical vibration may regulate osteoblastic cytoskeletal 
microstructure and enhance osteoblastic proliferation and 
mineralization.

To explore the mechanism by which mechanical vibration 
regulates osteoblastic activities in vitro, the gene and protein 
expression levels of osteogenesis‑associated molecules and 
signaling pathways were investigated. In the current study, the 
results indicated that the gene expression of ALP, a marker of 
the osteoblast phenotype, was upregulated following mechan-
ical vibration, which is consistent with previous findings (40). 
It was identified that vibratory loading increased the gene 
and protein expression levels of OCN, a major osteoblastic 
differentiation and bone formation marker, which was similar 
to results of a previous study by Tanaka et al (40). In addition, 
mechanical vibration was observed to lead to upregulation 
of the gene and protein levels of Runx2, a key transcription 
factor involved in osteoblast differentiation (41). The gene 
expression levels of BMP2 and OPG, two molecules respon-
sible for regulating osteoblast differentiation and inhibiting 
osteoclast activities (42,43), were observed to be upregulated 
following mechanical vibration stimulation in the present 
study. Additionally, a significant downregulation in SOST 
gene expression was identified. The SOST gene encodes the 
sclerostin protein, which was previously hypothesized to be a 
negative regulator of bone formation and exclusively expressed 
by osteocytes (44‑46). It has been demonstrated that sclerostin 
functions as a BMP antagonist and is an inhibitor of the 
canonical Wnt signaling pathway (47).

Figure 4. Effects of mechanical vibration stimulation on extracellular matrix mineralization in primary rabbit osteoblasts via Alizarin Red staining. 
(A) Representative microscope images (magnification, x4) of Alizarin Red‑stained osteoblasts in the control and mechanical vibration groups (Scale bar, 
20 µm). (B) Quantitative comparisons of absorbance values of the solubilized stain in the control and mechanical vibration groups. Values are expressed as the 
mean ± standard deviation, (n=10). *P<0.05 vs. control.
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Accumulating evidence has identified that canonical Wnt 
signaling serves a key role in regulating osteogenesis, and 
ultimately regulates bone mass and bone strength  (48,49). 
Extracellular Wnt proteins initially bind to the Frizzled and 
Lrp5/6 co‑receptors on the cell membrane, which results in 
the stabilization of β‑catenin in the cytoplasm and facilitates 
further Wnt‑targeted gene transcription in the cell nucleus. 
It has been demonstrated that activation of canonical Wnt 
signaling can promote osteoblastogenesis and enhance 
osteoblast activity  (50‑52). Knockout of genes involved in 
the canonical Wnt signaling pathway in mice, including Wnt, 
Lrp6 and β‑catenin exhibited abnormal bone remodeling and 
decreased bone mass (52,53). In addition, it was demonstrated 
that canonical Wnt signaling activates ALP, Runx2 and 
BMP2 expression (19,20,54). The findings of the present study 
indicated that the gene and protein expression levels of genes 
involved in the Wnt signaling pathway were significantly 
enhanced in osteoblasts in vitro following mechanical stimula-
tion. Thus, these results demonstrated that the activation of the 
canonical Wnt signaling pathway may have an essential role in 
mediating mechanical vibration‑induced osteoblastogenesis.

In conclusion, the results of the current study indicated 
that mechanical vibration stimulation (0.5 gn, 45 Hz) positively 
regulated the biological functions of osteoblasts, as character-
ized by changes in cytoskeletal microstructure, enhancement 
of cellular proliferation and augmentation of bone matrix 
mineralization. In addition, these results demonstrated that 
mechanical vibration promoted osteogenesis‑associated gene 
and protein expression and activated canonical Wnt signaling 
pathway. It was revealed that low‑level mechanical vibration 
enhanced osteoblastogenesis through a potential canonical 
Wnt signaling‑associated mechanism. This study increases the 
basic knowledge of the osteogenic activity of WBV, and may 
contribute to a more efficient and scientific clinical application 
of WBV in promoting osteogenesis and inhibiting osteoporosis.
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