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Abstract
Objectives: To study the effect of mechanical overload stimulation on proliferation, differentiation and
mineralization of osteoblast and the underlying mechanisms.

Methods: MC3T3-E1 cells were divided into overload group and control group. Four-point bending loading
device was used to exert mechanical overload stimulation on MC3T3-E1 cells for a certain time. The
proliferation of osteoblasts was detected by MTT colorimetric assay. Real-time PCR and Western Blot
were used to detect the transcription and expression of osteoblast marker genes and proteins. The
speci�c �uorescent dyes were used to label the actin �lament and the nucleus, and the changes of
cytoskeleton were observed under laser scanning confocal microscope. The mineralization of osteoblasts
was evaluated by the number of calcium nodules formed by alizarin red staining.

Results: Compared with the control group, the mechanical overload group signi�cantly inhibited the
proliferation of osteoblasts (p <0.05). Real-time PCR and Western Blot showed that the expression of
osteoblast differentiation marker gene and protein was inhibited by mechanical overload stimulation.
Under laser confocal microscopy, the overload group cell shrinkage deformation was observed, also the
micro�lament arrangement disorder, the skeleton arrangement loose, the direction difference and the
skeleton breakage, but the nucleus does not have obvious change. Alizarin red staining showed that
mechanical overload inhibited the formation of calcium nodules in osteoblasts. The expression of β-
catenin protein in Wnt signaling pathway was inhibited by overload mechanical stimulation under
immuno�uorescence microscopy.

Conclusion: Mechanical overload stimulation reduces the expression of Runx 2 by affecting the classical
Wnt/β-catenin signaling pathway, thus it was inhibited osteoblast proliferation, differentiation and
mineralization.

1. Introduction
Human bone tissue cells are mainly composed of osteoblasts, osteocytes and osteoclasts. Bone tissue
maintains its homeostasis through a delicate dynamic balance between the bone-forming of osteoblasts
(bone formation) and the bone-eroding of osteoclasts (bone resorption) [1]. This dynamic balance is often
affected by mechanical load, nutrition, hormone levels and other factors [2, 3]. In particular, mechanical
loading plays an important role in bone tissue homeostasis. Frost’s [4] stress theory of bone stress, bone
tissue physiological strain level 200-2500 με, but the bone can withstand 10000 ~ 30000 με, of which
3000 ~ 5000 με is physiological overload strain, mechanical stress is greater than 5000 με stressor
physiological long-term cyclic loading at overload strain levels, which is fatigue loading. In many cases,
the bone tissue is in a mechanically overloaded environment, such as weight-bearing soldiers, high-
intensity training athletes and porter, etc [5-7]. They tend to bone pain, bone in�ammation and other
symptoms of fatigue bone damage. Therefore, the mechanical overload caused by fatigue of bone injury
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has become a threat to soldiers weight training and heavy physical activity of the normal medical
problems.

It is well known that the Wnt signaling pathway plays a critical role in the regulation of bone formation. In
recent years, many studies have con�rmed that Wnt signaling pathway involved in the regulation of
osteoblast biological response [8]. Considering the important role of Wnt signaling pathway in the process
of osteoblast proliferation, differentiation and mineralization, we hypothesized that mechanical overload
could regulate the proliferation, differentiation and mineralization of osteoblasts through in�uencing Wnt
signaling pathway.

In this study, overload damage models were constructed by four-point bending mechanics. The effects of
overload on osteoblasts and Wnt signaling pathway were detected by Western blot, immuno�uorescence
and laser confocal microscopy.

2. Results
2.1 Mechanical overload on the proliferation of osteoblasts

Mechanical strain is important for cell proliferative activity. The in�uence of mechanical overload strain
on the proliferative activity of MC3T3-E1 cells was tested by MTT assay. MC3T3-E1 cells were applied
loading with 5000 με, which is above physiological range, applied once a day for 0.5 h over 3 consecutive
days. As shown in Fig 1, compared with the blank control group, the mechanical overload group
signi�cantly inhibited cell proliferation.

2.2 Mechanical overload on the differentiation of osteoblasts

COL I and OCN are differentiation marker for the osteoblast. To see if mechanical overload strain
modulates osteoblasts differentiation, MC3T3-E1 cells were subjected to mechanical overload strain. As
shown in Fig 2A, the overloaded mechanical environment markedly down-regulated the mRNA expression
of osteoblast differentiation marker gene, which was signi�cantly different from the blank control group
(p<0.05), and bone matrix protein expression of COL I and OCN (Fig 2B) were also reduced by overload
mechanical. Moreover, the effect was mediated partially via Wnt/β-catenin signaling since the β-catenin
and Runx 2 activation by overload mechanical was reduced (Fig 2).

2.3 Mechanical overload on the impact of osteoblast skeleton

Cytoskeleton plays a key role in maintaining cell movement and morphology, and is closely related to
biological activities such as cell energy conversion, substance transport and mechanical signal
transduction. In this study, cytoskeleton protein staining showed without any processing factors of
osteoblast morphology typical triangular distribution; and the mechanical overload group cell shrinkage
deformation, micro�lament skeleton disorder, loose arrangement, poor direction and skeleton disruption
(Fig 3). 
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2.4 Effect of mechanical overload on osteoblast mineralization

The effect of mechanical overload on MC3T3-E1 cells mineralization was tested. MC3T3-E1 cells were
exposed to overload with mechanical 5000 με, 0.5 Hz, 0.5 h/day for 3 days respectively. Osteoblasts were
stained with Alizarinred S at 14 days for the identi�cation of mineralized nodules. As shown in Fig 4,
There was a large amount of calcium nodules in the control group. Compared with the blank control
group, the mechanical overload environment was obvious inhibited the formation of osteoblast calcium
nodules.

2.5 The effect of mechanical overload on β-catenin expression and nuclear translocation in Wnt signaling
pathway

After MC3T3-E1 cells were stretched, the protein expression of β-catenin was detected by
immuno�uorescence. It was found that mechanical overload environment signi�cantly inhibited the
expression of core factor β-catenin protein in Wnt signaling pathway and inhibited its transfer to nucleus
(Fig 5), which was signi�cantly different from the blank control group (p<0.01).

3. Discussion
As we all know, bone tissue is the main organ of the human body to bear the mechanical load
stimulation, it has the support, movement and protection function, and also plays an important role in the
balance of mineral metabolism. A large number of studies have con�rmed that the biological effects of
bone cells (osteoblastic bone formation and osteoclastic bone resorption) through the reaction to adapt
to different mechanical load environment [11, 12]. Bone remodeling can maintain the stability of bone
biomechanical properties, which is of great signi�cance to improve bone strength [13]. Mechanical
stimulation is one of the important factors that in�uence and control bone remodeling. Under
physiological conditions, the bone is in the best mechanical environment. Bone formation and bone
resorption are in a dynamic balance. At this time, the bone tissue is still in the stationary phase. When the
mechanical microenvironment changes, the previous equilibrium state is broken, the osteoblastic bone
formation and the osteoclastic bone resorption are adjusted accordingly, and �nally a new balance is
reached in the new mechanical environment. Osteoblasts are an important effector cell for bone
remodeling, growth and repair, and are sensitive to changes in the surrounding mechanical load. It can
feel the mechanical stimulation is converted into biological signals, thus regulating the bone tissue
environment stability. In vivo, osteoblasts attached to the bone matrix in which the stress stimulation is
extremely complex, subject to a variety of factors, so in vivo cell experiments are di�cult to accurately
re�ect the mechanical load on the impact of osteoblasts. Therefore, in vitro experiments of osteoblasts in
vitro loaded cells can effectively eliminate other interfering factors in the body, can accurately re�ect the
impact of overload mechanical stimulation on osteoblasts, which is helpful to further explore the effect
of mechanical overload on bone tissue and its mechanism, and provide theoretical support for the
prevention and treatment of bone tissue injury in extreme mechanical environment.
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In this study, osteoblasts were subjected to overload mechanical stimulation by four-point bending
mechanical loading device to study the effect of overload mechanical environment on osteoblast
proliferation, differentiation and mineralization, and to investigate the response mechanism of
osteoblasts to overload mechanical signals. In this study, the proliferation of osteoblasts was examined
by MTT colorimetric assay. The results showed that compared with the blank control group, mechanical
overload stimulation signi�cantly inhibited the proliferation of osteoblasts (p<0.05). COL I is an important
biomarker of early osteoblastic differentiation and bone formation,while OCN and calcium nodules are
important biomarkers of late osteoblastic differentiation and maturation [14, 15]. The results of real-time
PCR showed that mechanical overload inhibited the expression of COL I and OCN osteoblast
differentiation marker genes.Real-time PCR results were con�rmed by Western Blot. The Western Blot
results showed that overloading mechanical environment inhibited the expression of osteoblast
differentiation marker protein. Alizarin red staining showed that it was di�cult to �nd calcium nodule
formation in the entire �eld of view of mechanical overload group. Cytoskeleton is a protein �ber network
structure, which plays a key role in the maintenance of cell motility and morphology, and is closely related
to biological activities such as cell energy conversion, substance transport and mechanical signal
transduction [16]. In this study, cytoskeleton protein staining, the confocal microscope to observe the
impact of mechanical overload on the cytoskeleton, the results showed that the osteoblasts of the blank
group displayed typical triangular morphological distribution; and mechanical overload group cell wrinkle
shrinkage deformation, disarrangement of micro�lament arrangement, loose arrangement of skeleton,
bad orientation and skeleton breakage.

The classical Wnt/β-catenin signaling pathway plays a critical role in the development of bone and bone
formation [17]. β-catenin protein is the core component of Wnt signaling pathway and plays an important
role in osteoblast proliferation, differentiation and mineralization [18]. TCF/LEF, β-catenin and Smad4
polymerize to form complexes, which promote Smad4 into nucleus and mediate the transcription of Wnt
target gene [19]. Therefore, the concentration of β-catenin in the cytoplasm determines Wnt signaling
pathway closure and activation. When the Wnt signaling pathway was shut down, β-catenin was
phosphorylated by GSK-3β to degrade β-catenin through the ubiquitin pathway, so that the concentration
of β-catenin in the cytoplasm was maintained at a lower level. When the Wnt signaling pathway was
activated, the Wnt protein speci�cally binds to the Frizzled receptor on the cell membrane surface,
activating the protein DSH (Disheveled). The activated DSH can inhibited the degradation of β-catenin by
GSK-3β, leading to β -catenin accumulates in the cytoplasm, thereby entering the nucleus and activating
the TCF/LEF transcription factor, initiating transcription of the target gene [20]. In this study, Western Blot
and immuno�uorescence techniques were used to evaluate the protein content of β-catenin in the
cytoplasm of osteoblasts. The results showed that the concentration of β-catenin in osteoblasts was
maintained at low level after overload mechanical stimulation. Runx 2 is a kind of transcription factor
protein, which can directly stimulates transcriptional expression of bone matrix protein genes such as
COL I, OCN, and OPN in the process of osteoblast differentiation [21]. Thus, Runx 2 is also known as a
promoter that integrates a variety of signals in turn affecting osteoblast differentiation [22]. In this study,
real-time PCR and Blot Western were used to evaluate the gene transcription level and protein expression
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of Runx 2. The results showed that the expression of Runx 2 was down-regulated by mechanical
overload.

4. Conclusions
In summary, the experimental results showed overload mechanical stimulation reduced the expression of
Runx 2 by acting on the classical Wnt/β-catenin signaling pathway, thus inhibited osteoblasts
proliferation, differentiation and mineralization. The study of the effect of overload mechanical
stimulation on osteoblasts can further reveal the mechanism of overloaded bone injury and has
important practical signi�cance for the future prevention and treatment of fatigue bone injury in extreme
overloaded mechanical environment.

5. Materials And Methods
5.1 Cell culture

MC3T3-E1 cells were purchased from the Institute of Basic Medical Sciences, Peking Union Medical
College. The cells were maintained in alpha minimal essential medium (Gibco, USA) supplemented with
10% fetal bovine serum(Gibco, USA) and 1% penicillin-streptomycin (Solarbio, China). The cells were
cultured at 37℃ and 5% CO2. After reaching 90% con�uence, the cells were detached by treatment with

10% trypsin-EDTA (Solarbio, China) and were seeded at the density of 2×104/cm2 in the cell culture
dishes. 

5.2. Application of overload mechanical loading to cultured cells

The stretching device was generated by a specially designed four-point bending device described
previously [9]. The well-grown MC3T3-E1 cells were inoculated into the cell culture medium at a density of
2 × 104 / cm2. After the cells were cultured for 24 h, MC3T3-E1 cells were subjected to overload tensile
mechanics stimulation with four-point bending mechanical loading device. The cell cultures were
subjected to mechanical strain of 5000 με at 0.5 Hz for 0.5 h with this method of loading for three
consecutive days.

5.3. MTT assay cell proliferation

The MTT assay was performed to determine the effects of Icariin on MC3T3-E1 cell viability. MC3T3-E1
cells will be continually cultured for 24 h after mechanical stimulation, and then the proliferation was
detected. After 24 h culture, cells were washed with phosphate-buffered saline (PBS, Solarbio,
China), then 1 ml of MTT  solution (Sigma, USA; 5 mg/ml, diluted by PBS) was added to each well and
incubated for 4 h at 37℃. After 4 h, the supernatant was removed, then 2 ml of Dimethyl sulfoxide
(Sigma, USA) was added to all wells and mixed thoroughly to dissolve the dark blue crystals. After 10 min
at room temperature to ensure that all crystals were totally dissolved, the absorbance was measured at
490 nm by a microplate reader (Tecan, Switzerland).
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5.4. The cytoskeleton of the laser confocal microscopy

MC3T3-E1 cells will be continually cultured for 24 h after mechanical stimulation, and then the changes
of cytoskeleton were observed under confocal microscope. After incubation for 24 h, the cells were
washed with 4% paraformaldehyde (Solarbio, China) for 10 min and then with 0.5% Triton-100 solution
for 5 min. The TRITC-labeled phalloidin working solution (Sigma, USA) was incubated in the dark at room
temperature for 30 min. Finally, a certain amount of DAPI solution (Solarbio, China) was added for 1 min.
After treatment, the cells were observed under a laser scanning confocal microscope (Nikon, Japan).

5.5. RNA isolation and real-time RT-PCR

The real-time PCR was performed with the real-time quantitative analyzer (Bio-rad IQ5, USA). The mRNA
expression of osteoblast differentiation related gene COL I, OCN, Runx 2, and β-catenin were detected by
real-time PCR. The primer sequences are shown in Table 1. The operating conditions were as follows: pre-
denaturation at 95°C for 3 min, denaturation at 95 °C for 15 s, annealing at 60°C for 1 min, cycling at 40
cycles and cooling at 4°C. Each sample was repeated 3 times for assay analysis.

Table 1. Osteoblastic differentiation marker gene primer sequences

Gene (mouse) Forward Reverse

OCN CCATCTTTCTGCTCACTCT ACTACCTTATTGCCCTCCT

COL  CAGTGGCGGTTATGACTT CTGCGGATGTTCTCAATCT

Runx 2 GCAGCACTCCATATCTCTAC GCGTCAACACCATCATTCT

β-catenin GCCATCTGTGCTCTTCGTCA TGGTGGGTGCAGGAGTTA

GAPDH CAGCAACTCCCACTCTTC TGTAGCCGTATTCATTGTC

5.6. Western blot

Each culture was rinsed with PBS twice and solubilized with radio immunoprecipitation assay buffer
(Beyotime, China ). Protein concentration was determined with the Micro BCA Protein Assay Reagent Kit
(Solarbio, China). Approximately 35μg proteins were subjected to sodium dodecyl sulfate polyacrylamide
gelelectrophoresis (Solarbio, China) to determine CoL I, OCN, Runx 2 and β-catenin. Subsequently, the
proteins were transferred onto PVDF membrane (Solarbio, China). The blots were blocked by incubation
in 5% milk with TBST(Beyotime, China) for 1 h and probed overnight at 4℃ with rabbit anti-CoL I, rabbit
anti-Runx 2, rabbit anti-OCN and rabbit anti-β-catenin (Beyotime, China), respectively. After washing, the
membranes were incubation with HRP-conjugated appropriate secondary antibody (Beyotime, China
1:5000 in 5% milk) for 60 min at room temperature. The immunoreactive bands were visualized using
enhanced chemiluminescence detection kit (Beyotime, China). Optical density of the protein bands was
determined with Gel Doc 2000 (Bio-Rad, CA, USA). The expression of GAPDH (Beyotime, China) was used
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as a loading control and data were normalized against those of corresponding GAPDH. Results were
expressed as relative to control.

5.7. Mineralization Assay

The cultures were stained as described by Majors et al [10]. MC3T3-E1 cells will be continually cultured for
14 d after mechanical stimulation, and then the proliferation was detected. After 24 h cultured, cells were
washed with PBS and �xed with 4% paraformaldehyde for 15 min at room temperature. Then use
the deionized water or PBS to wash the plate three times. After washing, alizarin red S (Solarbio, China)
was used to incubate room temperature with mild shaking for 30 min (the time may be adjusted by the
cells) to stain the calcium nodes. The plate was washed with PBS three times and each time 5 min, then
cells were visualized under light microscope (Japan, Nikon).

5.8. Statistical analysis

All experiments were performed in triplicate and repeated at least three times. Data were presented as
mean ± standard deviation (Mean±SD). Group differences were assessed by one-way analysis of
variance (ANOVA) followed by Scheffe's test. Statistical analysis was performed using SPSS 19.0
software. Avalue of p <0.05 was considered to be signi�cant.
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Figure 1

Effect of mechanical overload on osteoblastsproliferation. The proliferation was evaluated by MTT assay
under mechanical overload strains of 5000 με at 0.5 Hz , once a day for 0.5 h over 3 consecutive days.
The results are expressed as Mean±SD of three independent experiments. *p<0.05, **p<0.01, Vs. the
control group.
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Figure 2

Effect of mechanical overload on the expression of osteoblasts differentiation related genes and
proteins. A) The mRNA expressions of CoL I, OCN, β-catenin and Runx 2 in MC3T3-E1 cells were
determined by real-time PCR under mechanical overload strains of 5000 με at 0.5 Hz, once a day for 0.5 h
over 3 consecutive days. B) The protein expressions of COL I, OCN, β-catenin and Runx 2 in MC3T3-E1
cells were determined by Western-blot under mechanical overload strains of 5000 με at 0.5 Hz, once a
day for 0.5 h over 3 consecutive days. GAPDH was used as an internal control. All data represent the
Mean ± SD of at least three biological replicates, *p<0.05, **p<0.01, Vs. the control group.
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Figure 3

Effects of mechanical overload on the cytoskeleton of osteoblasts. The MC3T3-E1 were exposed
mechanical overload strains of 5000 με at 0.5 Hz, once a day for 0.5 h over 3 consecutive days, followed
by the immuno�uorescence for actin �lament (red) using speci�c �uorescent dyes. The nuclei were
stained with DAPI (blue), and the changes of cytoskeleton were observed under laser scanning confocal
microscope, scale bar, 100 µm. The �gure is representative data from three to �ve independent
experiments.

Figure 4

Effects of mechanical overload on the mineralization of osteoblasts. Mineralization of MC3T3-E1 cells
was determined by Alizarinred S staining. MC3T3-E1 cells were �rstly cultured in osteogenic
differentiation medium for 7 days, and then under mechanical overload strains of 5000 με at 0.5 Hz, once
a day for 0.5 h over 3 consecutive days. MC3T3-E1cells were stained with Alizarinred S at 14 days for the
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identi�cation of mineralized nodules, Scale bar, 40 µm. The �gure is representative data from three to �ve
independent experiments.

Figure 5

Effect of mechanical overload on the Wnt/β-catenin signalingpathway inMC3T3-E1cells. The MC3T3-E1
were exposed mechanical overload strains of 5000 με at 0.5 Hz, once a day for 0.5 h over 3 consecutive
days, followed by the immuno�uorescence for β-catenin (green) using anti-β-catenin. The nuclei were
stained with DAPI (blue), scale bar, 100 µm. The results are expressed as the mean± SD of three
independent experiments. *p<0.05, **p<0.01, Vs. the control group.


