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Abstract. during orthodontic treatment, mechanical force is 
applied to the teeth, and following a series of complex metabo-
lism changes, the position of the teeth in the alveolar bone 
change. This process is closely associated with primitive bone 
mesenchymal stem cells (BMScs), which may differentiate 
into osteoblasts precursor cell. a hypoxic microenvironment 
may be caused by orthodontic mechanical forces between 
the alveolar bone and the root. Hypoxia-inducible factor 1α 
(HiF-1α) is a specific receptor that adapts to a hypoxic 
environment. The present study was designed to investigate 
whether HiF-1α was involved in the osteoblastic differentia-
tion of BMScs induced by cyclic tensile stress. during this 
process, HiF-1α mrna and protein expression were detected 
using a reverse transcription-quantitative polymerase chain 
reaction and western blotting. it was revealed that alkaline 
phosphatase activity increased in a time-dependent manner 
in three different stretching strength groups, which indicates 
that cyclic stretch promotes the osteogenic differentiation 
of BMScs. The optimal force stage of osteogenesis was an 
unexpected discovery, which will provide theoretical guid-
ance for selecting the most suitable orthodontic force for tooth 
movement in clinical orthodontic treatment. Most importantly, 
all experiments revealed that HiF-1α mrna and protein 
were significantly increased following stretching treatment 
in BMScs. it was therefore concluded that HiF-1α may be 
involved in BMScs modulating osteogenic metabolism during 
exposure to cyclic stretch and a hypoxic microenvironment, 
which may prove useful for the reconstruction of a jaw during 
orthodontic treatment.

Introduction

classical histological change of tooth movement during 
orthodontic treatment is that the external force generates two 
different strains in the periodontal ligament; compression and 
tension (1). at the compression site, the periodontal ligament 
space narrows, the blood flow slows, collagen fibers and matrix 
degrade and absorb, osteoclastogenesis occurs and alveolar 
bone tissue is lost. at the tension site, the periodontal ligament 
space widens, the blood flow increases, collagen fibers and 
matrix proliferate, osteogenesis occurs and novel alveolar bone 
tissue is formed (2). Mechanical stress serves a vital function 
in bone metabolism during orthodontic tooth movement via 
the osteoblast and osteoclast processes. This type of tooth 
movement is considered a biological response to the physi-
ologic equilibrium, when the dentofacial complex is interfered 
with by an externally applied force (3). osteoblast activity 
serves a central function in the regulation of the bone remod-
eling process and orthodontic tooth movement (4). notably, 
the formation of alveolar bone includes two aspects; first, that 
primitive bone mesenchymal stem cells (BMScs) differentiate 
into osteoblast precursor cells, followed by the maturation of 
osteoblasts, including matrix formation and mineralization (5). 
However, the function of orthodontic force in the osteogenic 
differentiation of BMScs still requires further study. in order 
to elucidate the association between orthodontic tooth move-
ment and orthodontic-periodontal-bone tissue reconstruction, 
it is necessary to investigate the mechanism and regulation of 
osteogenic differentiation in BMScs.

it is well recognized that the cellular microenvironment 
is necessary for regulating the phenotypic differentiation of 
BMScs. Previous research has suggested that the differen-
tiation of cells is regulated by complex interactions between 
genetic and biochemical factors (6,7). Subsequent studies have 
focused on biomechanical signals, which may serve a comple-
mentary or coordinating function to cytokines (8). cells may 
develop corresponding biological changes in response to 
multifarious physiological stresses. unfortunately, due to the 
complexity of the environment in vivo, revealing the impact 
of mechanical factors separately is often challenging. it is 
difficult to distinguish the effect of a single factor from the 
combined effect, particularly when studying the biological 
behavior of cells. Therefore, the effect on the cell stimulation 
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system mainly depends on the in vitro methods (9). among 
the various mechanical stimulations, tensile stretch is a major 
factor in determining the strain and function of a cell (10). 
under different tensile stress, the overall framework of the 
cytoskeleton is rearranged, resulting in the deformation of 
cells. changing of the cell shape may initiate a signal, which 
in turn may be transmitted into the cell nucleus and produce 
various effects (11). notably, the tension that is applied to 
in vitro culture cells may provide a greater physiological 
stimulation that better recapitulates the growth state of cells 
in vivo (12). in previous years, more studies have begun to focus 
on the osteogenic differentiation induced by tensile stress, as 
accumulating evidence suggests that tensile stress serves an 
important function in bone remodeling during orthodontic 
tooth movement (13,14).

a hypoxic microenvironment may be caused by orth-
odontic mechanical forces between the alveolar bone and the 
root, and a local hypoxic microenvironment is one of the main 
factors initiating bone remodeling (15). interestingly, bone 
marrow was also demonstrated to have a hypoxic environment 
in nature (1-7% o2), from which BMScs are isolated (16). 
Hypoxia-inducible factor 1α (HiF-1α) is a specific regulator 
of hypoxia responses in all cells, and is also the common 
pathway of information transmission under hypoxia-inducible 
conditions (17), which has a vital influence in the adaption to 
hypoxia. However, it is unknown how HiF-1α regulates osteo-
genic differentiation induced by cycling stretch. one existing 
study demonstrates that regarding HiF-1α in osteogenic 
differentiation, being subjected to cycling stretch is still far 
from adequate, but it is helpful for clinical orthodontists using 
different methods to induce or regulate bone remodeling (18). 
as a consequence, elucidating the mechanism of osteogenic 
differentiation, particularly when mechanical stretch-induced, 
is essential to further understand the mechanism of bone 
remodeling during orthodontic tooth movement.

To investigate whether HiF-1α affects the osteogenic differ-
entiation of BMScs, a model of cyclic tensile stress loading on 
cells in vitro was established. Furthermore, different cycling 
stretch forces were used to determine the ideal condition and 
to investigate the association amongst force, HiF-1α expres-
sion and BMSc osteogenic differentiation. The present study 
demonstrated the necessity of mechanical forces in the osteo-
genic differentiation of BMScs and investigated the potential 
intrinsic molecular mechanism of the expression of HiF-1α. 
Furthermore, the present study provided theoretical guidance 
for orthodontists applying different means and methods to 
induce or regulate bone remodeling during orthodontic tooth 
movement.

Materials and methods

Isolating and culture of BMSCs. BMSc primary cell 
culturing was performed with minor modifications, as previ-
ously described (19). in brief, the tibias and femurs were 
isolated from 10 4-week old male Sprague-dawley rats 
(140±10 g). Rats were housed at 18‑26˚C with ~55% humidity 
under a 12:12-h light:dark cycle with access to food and water 
ad libitum. The study design was submitted to and ethically 
approved by the animal ethical committee of Shandong 
university (approval no. ecaeSduSM2013066; Shandong, 

china). under aseptic circumstances, the bone marrow was 
flushed out and mixed with complete α-minimal essential 
medium (α-MeM; Hyclone; Ge Healthcare life Sciences, 
logan, uT, uSa) supplemented with 15% fetal bovine serum 
(FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, 
uSa), 100 u/ml penicillin and 100 µg/ml streptomycin. 
The harvests were plated into a culture flask and incubated 
for 3 days to allow for the attachment of adherent cells, in 
a humidified atmosphere containing 5% CO2 at 37˚C. The 
culturing medium was changed every 3 days to remove the 
non-adherent cells and to provide the nutrition that the cells 
required.

MTT assay. BMScs at third passage were cultured in α-MeM 
supplement with 10% FBS. Once 80% confluence had been 
reached, cells were seeded in 96-well plates at a density of 
1x103 cells/well and the culture medium was added up to 
100 µl/well. The proliferation of cells was evaluated using a 
MTT assay. cells were cultured for 1 week, and 6 wells/day 
were measured. Briefly, the culture medium was replaced with 
200 µl MTT (5 mg/ml; amresco, llc, Solon, oH, uSa) and 
the plates were incubated for 4 h at 37˚C. The supernatant 
was then removed and 150 µl of dMSo was added to each 
well. The absorbance at 490 nm was measured in a multiwall 
spectrophotometer (Bio-rad laboratories, inc., Hercules, ca, 
uSa).

Osteogenic dif ferentiation and alkaline phosphatase 
(ALP) assay. cells on the 3rd passage were cultured in the 
growth medium for 24 h prior to testing the characteristics 
of osteogenic differentiation. The osteogenic differentiation 
medium included α-MeM containing 10% FBS, 10 mM 
β-glycerophosphate, 10 nM dexamethasone and 100 µM 
Vitamin c (all from Sigma-aldrich; Merck KGaa, darmstadt, 
Germany). osteogenesis analysis was performed at 1-week 
(alP) and 4-week (arS and calcium concentrations) time 
points. The extent of mineralization of in vitro-cultured 
BMScs on different substrates was evaluated by using alizarin 
red S (arS) staining and an alP activity assay.

For ARS, the samples were fixed in 70% ice‑cold ethanol 
for 1 h at 4˚C, washed, and then were stained with 2% Alizarin 
red solution (pH 4.2; Sigma-aldrich; Merck KGaa) for 10 min 
at room temperature and finally rewashed with distilled water. 

after staining with alizarin red, calcium was dissolved in 
1 ml of 10% w/v cetylpyridinium chloride by gentle rocking for 
30 min. The calcium concentration in the eluate (the solution 
was diluted at 1:10) was spectrophotometrically determined 
at 562 nm at 1-, 2-, 3- and 4-week time points. all values were 
normalized against the cultivation area. 

alP activity of each sample (n=3) was assayed using an 
alP assay kit (Sigma-aldrich; Merck KGaa). after incubation 
for 24 h, the medium was changed to mineralization medium 
for 7 days. Then, the BMScs were rinsed twice with PBS, 
fixed with 10% formaldehyde for 30 min at room temperature, 
stained with 1 ml sodium nitrate, 1 ml FrV alkaline and 1 ml 
napthol as-Bi alK in 45 ml deuterium-depleted water (ddw) 
for 30 min at room temperature in the dark, and then washed 
with ddw and imaged using an optical microscope (magnifica-
tion, x10). red staining indicated an alP activity positive rate 
of 80-90%.
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Colony‑forming ability of BMSCs. cells that had been passaged 
3 times were seeded in 6-well culture plate at a gradient density 
of 0.01-1x105 cells/ml, in a humidified atmosphere containing 
5% co2 at 37˚C. Culturing medium was changed every 3 days 
as described above. When formed, the colony was fixed using 
alcohol for 10 min at room temperature and washed using 
phosphate buffered saline. Then, 0.1% crystal violet dye was 
added into the plate for 5 min at room temperature and then 
washed away. Subsequent to being air-dried, the plate was 
observed using an optical microscope (magnifications, x10 
and x100), and the colony forming units‑fibroblastic (CFU‑F) 

enrichment index was counted (one colony-forming unit was 
counted as >50 cells).

Surface antigen analysis of BMSCs. Flow cytometry was used 
to analyze the surface antigens of BMScs. Following diges-
tion for three times at room temperature and centrifugation at 
150 x g for 3 min at room temperature, the density of the cells 
in the 3rd generation were adjusted to 1x106 ml. cell-surface 
antigens were detected using FiTc-conjugated [cluster of 
differentiation cd44 (1:100; cat. no. 203906), cd90 (1:100; 
cat. no. 206106)] or phycoerythrin-conjugated [cd45 (1:100; 

Table i. oligodeoxynucleotide primers used for the reverse transcription-quantitative polymerase chain reaction.

 GenBank  annealing cycle length
Gene accession number Primer sequence (˚C) (sec) (base pairs)

GaPdH nM 017008 F: 5'-aGGTcGGTGTGaacGGaTTTG-3' 60 40 123
 8 r: 5'-TGTaGaccaTGTaGTTGaGGTca-3' 
Hypoxia-inducible nM 024359 F: 5'aaGTcaGcaacGTGGaaGGT-3'
factor-1α   r: 5'-aTcaGcaccaaGcacGTcaT-3 55 35 116

F, forward; r, reverse.

Figure 1. Culture and proliferation of BMSCs. (A) BMSCs were separately cultured for 3 and 7 days, and optical images revealed that the cells were confluent. 
Magnification, x100. (B) An MTT assay revealed that the cell proliferation of BMSCs increased steadily during one week. BMSC, bone mesenchymal stem 
cell; od, optical density.
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cat. no. 202207)] antibodies (Biolegend, inc.), and the results 
were analyzed using FlowJo 7.6 (FlowJo llc).

Application of cyclic tensile strain. cells were plated at a 
density of 1x105 cells/ml in 2 ml serum-free medium on 6-well 
flexible silicone rubber BioFlex™ plates which were coated 
with rat tail collagen type i (Flexcell international corp., 
Hillsborough, nc, uSa). When the cells reached 80-90% 
confluence, the growth medium was replaced and mechanical 
strain was applied. The cyclic mechanical strain with a 1 HZ 
and sinusoidal curve set at 1, 5 and 15% elongation were 
applied for each treatment group, using a FX‑5000T™ Flexcell 
Tension Plus™ unit (Flexcell International Corp.). The culture 
environment was the same as aforementioned. The BMScs 
were collected after 0.5, 2, 6, 8 and 12 h of stretch stimulation.

Alkaline phosphatase (ALP) activity assay. The alP activity 
of each sample (n=3) was assayed using an alP assay kit 
(Sigma-aldrich; Merck KGaa). once the absorbance was 
measured at 405 nm, the optical density values were normal-
ized to the amount of total proteins in each sample lysate.

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). Total rna was isolated using rnaiso Plus 
(Takara Bio, inc., otsu, Japan). The concentration of the isolated 
rna was determined at 260 nm using Gene Quant pro (Ge 
Healthcare, chicago, il, uSa) and reverse transcription was 
performed with the Prime Script® rT reagent kit with gdna 
eraser (Takara Bio, inc.). rT-qPcr was performed using 
SYBr® Premix ex TaqTM (Takara Bio, inc.). The thermocy-
cling conditions of the qPcr were as follows: denaturation 
at 95˚C for 30 sec; 40 cycles at 95˚C for 50 sec and 60˚C for 

20 sec; and a final dissociation stage (65˚C for 15 sec) was 
added at the end of the amplification procedure. GAPDH was 
used as an internal control. each experiment for each sample 
was performed three times. The data were analyzed using the 
comparative quantitation cycle (2‑∆∆Cq) method and expressed 
as a fold change respective to the control (20). The primer 
sequences are listed in Table i.

Western blotting. cell-aggregate lysates were extracted by 
lysing the cells in a western & immunoprecipitation protein 
extraction reagent (Beyotime institute of Biotechnology, 
Haimen, china) with a protease inhibitor cocktail 
(Sigma-aldrich; Merck KGaa) for 5 min on ice, and then 
the concentration of the total protein was determined using 
a Bca protein assay (nanjing Keygen Biotech co., ltd., 
nanjing, china). Subsequent to being heated for 5 min 
at 100˚C in a loading buffer, 20 µg of each detected protein 
sample was separated by 10% SdS-PaGe and then was 
electro‑transferred into polyvinylidenedifluoride membranes 
(PVdF; eMd Millipore, Billerica, Ma, uSa). Then, the 
PVdF membranes were blocked for 0.5 h at room temperature 
with Tris-buffered saline (TBS) containing 5% nonfat dry 
milk powder and 0.05% Tween 20, and then incubated over-
night at 4˚C with primary antibodies against HIF‑1α (1:1,000; 
cat. no. ab216842) and GaPdH (1:5,000; cat. no. ab9485; both 
abcam, cambridge, Ma, uSa). The membranes were washed 
3 times for 10 min each with TBS containing 0.05% Tween 
20. Bound primary antibodies were detected by incubating for 
1 h with horseradish peroxidase-conjugated goat anti-mouse 
(1:5,000; cat. no cW0102S) or anti-rabbit immunoglobulin 
G secondary antibodies (1:5,000; cat. no cW0103S; both 
coWin Biosciences co., ltd., Beijing, china). The membranes 

Figure 2. BMSC colony formation and phenotypes. (A) Colony formation was observed with using magnifications of x10 and x100. (B) In order to investigate 
the characterization of the BMSCs, the expression of the antigens on the cell surface were detected using flow cytometry. Results demonstrated that the 
harvested cells were positive for mesenchymal progenitor cell-like markers cd44 and cd90, but were negative for the hematopoietic marker cd45. BMSc, 
bone mesenchymal stem cell; CD, cluster of differentiation; PE, phycoerythrin; FITC, fluorescein isothiocyanate.



Molecular Medicine rePorTS  20:  4489-4498,  2019 4493

were washed and developed using an ecl reagent (eMd 
Millipore) according to the manufacturer's protocol, and were 
quantified using ImageQuant software (TL 8.1; GE Healthcare 
life Sciences).

Statistical analysis. all data were presented as the mean ± the 
standard deviation of at least three independent experiments 
performed in duplicate. Statistical significance was evaluated 
using a one-way analysis of variance followed by multiple 
comparisons performed using a post-hoc Bonferroni's test 
using SPSS22.0 software (iBM corp., armonk, nY, uSa). 
P≤0.05 was considered to indicate a statistically significant 
difference.

Results

Culture of BMSCs. in the primary culture, the suspension of 
monocytes were round in shape. The suspension also contained 
other types of cells, including blood cells and other cells with 
the characteristics of adherent growth. BMScs were isolated 
following adherence for 24-36 h. on the 3rd day, BMScs 
grew at a rapid rate and other suspended cells were gradually 
discarded by exchanging the medium. elongated spindle and 
polygon-shaped cells were observed via light microscopy, and 
cell clusters appeared (Fig. 1a). on the 7th day, cells were in 
typical spindle-shape and cell cluster was fused. Subsequent 
to the primary culture, the cells were passaged at a 1:2 
ratio at 7 days when the 90% of the area of the bottom was 
covered by cells, suggesting the cells were in a good condition 
(Fig. 1a). as the cells in the 3rd generation still had decent cell 
viability, it suggested that the BMScs possessed the capability 

to passage stably and may be used for further experimental 
study.

Proliferation capability of BMSCs. To assess the cell prolif-
eration capability, an MTT test kit was used to detect the 
proliferative rates. The cell proliferation curve presented a 
slower rate initially (within the first 2 days), and followed by 
a logarithmic growth during days 3 to 6, which was similar to 
an S-shape curve. Subsequent to 7 days, the proliferation of the 
BMScs entered a relative stable phase (Fig. 1B).

Clonal characterization of BMSCs. BMScs were originally 
isolated from other cells via their ability to adhere to culture 
plastic and then form density-independent colonies termed 
cFu-F. To assess the clone formation characteristics of 
BMScs, a limited dilution method was used by adding crystal 
violet dye into the plate. Following one week, it was observed 
through a light microscope that there was substantial purple 
colony formation, and a cFu-F was formed (Fig. 2a).

Flow cytometry. The 3rd passage of the BMScs was used to 
investigate its phenotypes. The result revealed that 99.7% of 
the cells expressed cd44 and cd90. in contrast, expression of 
cd45, a pan-hematopoietic marker, was observed in a distinct 
population of 0.3% of the cells (Fig. 2B). The results indicated 
that the cells obtained through isolated culture were bone 
marrow stromal cells.

Osteogenic differentiation. Four weeks subsequent to the 
BMScs being placed in osteogenic medium, mineralization 
nodules were observed following arS staining. as presented 

Figure 3. Mineral induction of BMScs and evaluation of differentiation to an osteoblast phenotype. (a) alizarin red S staining revealed a time-dependent 
increase in the color intensity of osteogenic induction. (B) Quantification of the calcification was performed using Ca2+ measurement. (c) differentiation of 
BMScs to an osteoblast phenotype was evaluated using alP staining. alP staining for the mineral-induced BMScs displayed substantially more red-colored 
staining compared with that of the control without the mineral induction. BMSc, bone mesenchymal stem cell; alP, alkaline phosphatase.
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in Fig. 3a, with increased culture time, the proportion of 
mineralized nodules was increased. Following staining, the 
concentration of calcium ions was increased, which also 
exhibited a similar trend to arS staining, reaching a peak 
at 4 weeks (Fig. 3B). in addition, alP staining was used to 
detect the activity of alP. The positive rate was as high as 
80-90%, which indicates that the activity of alP was elevated 
notably (Fig. 3c). The aforementioned results demonstrate 
that when in osteogenic medium, BMScs may be induced to 
differentiate into osteoblasts in vitro.

Optimal force by ALP activity detection. in the present study, 
cycling stretch stimulation at 1 HZ was applied to BMScs 
and whether the process of osteogenesis was switched on was 
assessed. The progression of osteogenesis was assessed using 
the presence of the osteoblast differentiation marker alP. The 
results indicated that alP activity increased with increasing 
culture time for all assessed groups (Fig. 4a). additionally, 
the alP activity of the medium force group (5%) was substan-
tially higher compared with that of the weak force group (1%) 
and the strong force group (15%). Furthermore, at 6 h, the 
alP activity of cells was substantially higher compared with 
any other time, which indicated that 6 h at 5% 1 HZ stretch is 
the ideal condition to stimulate osteogenic differentiation of 
BMScs.

Effect of different cyclic stretch strengths on the expression of 
HIF‑1α in BMSCs. To investigate whether HiF-1α participates 
in the stretch-induced osteogenic differentiation of BMScs, 
the expression of HiF-1α at the mrna and protein levels was 
determined. in the present study, the cells were exposed to 
different strengths of loading mechanical stimulation: a weak 

force group (1%), a medium force group (5%) and a strong 
force group (15%). each group was stretched for 0, 0.5, 2, 
6, 8 and 12 h, at 1 HZ. according to rT-qPcr analysis, it 
was revealed that there was a time-dependent increase in the 
expression of HiF-1α at the mrna level, when BMScs were 
exposed to 1 and 15% cycling stretch. notably in 5% group, 
the HiF-1α mRNA level was slightly increased during the first 
8 h, and peaked at 12 h, but then decreased a little (Fig. 4B). 
in accordance with the changes in mrna levels, the protein 
expression of HiF-1α increased with increased stretch time in 
BMScs, and reached a maximum at 12 h (Fig.4c). The above 
results suggest that mechanical stretch energized the activa-
tion of HiF-1α. Their changes were consistent with BMSc 
osteogenic differentiation. all results suggested that HiF-1α 
participated in stretch-induced BMSc osteogenic differentia-
tion.

Discussion

The bone remodeling cycle may be altered by a number of 
different types of stimulation, including mechanobiological 
factors. Previous research has demonstrated that mechanical 
stress may participate in osteogenic differentiation (21). To 
date, numerous studies have focused on the mechanism of 
HiF-1α in different types of tumor (22,23). However, only 
a few reports so far have been able to shed light on the 
osteogenic differentiation of BMScs (24). a clear molecular 
biological mechanism will help the application and generaliza-
tion of HiF-1α in a clinical setting. Therefore, it is necessary 
to elucidate its mechanism in the osteogenic differentiation of 
BMScs. in this context, the present study examined this topic, 
and concluded that a dynamic overexpression of osteogenic 

Figure 4. cycling stretch stimulation was determined by measuring alP and HiF-1α levels in BMScs. (a) cycling stretch stimulation was applied to BMScs 
and the process of osteogenesis was assessed by measuring the presence of the osteoblast differentiation marker alP. (B) cycling stretch-induced increase in 
the expression of HiF-1α mrna levels. (c) Western blot analysis results revealed a similar result. *P≤0.05 vs. 1%. ALP, alkaline phosphatase; BMSC, bone 
mesenchymal stem cell; HiF-1α, hypoxia-inducible factor 1α.
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genes and HiF-1α occurs in response to biomechanical cycling 
stretch. in the process of osteogenesis induced by mechanical 
stress, osteogenic differentiation is continuously enhanced 
under appropriate mechanical stretch, and HiF-1α is involved 
in this process.

BMScs reside in bone marrow aspirated from tibias and 
femurs, which easily produce large quantities of BMScs and 
which are available for transplantation (25). Furthermore, 
BMScs are multipotent cells that favor the bone remodeling 
cycle and other mesenchymal tissues (25). isolated expanded 
BMSc cultures differentiate, in a controlled manner, to 
multiple lineages (26). Therefore they are suitable ‘volunteers’ 
for studying osteogenic differentiation and bone formation, 
which was confirmed by the results of the present study. In 
the present study, Alizarin Red S staining was used to confirm 
that the isolated bone marrow monocytes exhibited multipo-
tential differentiation. one previous study demonstrated that 
BMScs emerged from marrow cell suspensions by selectively 
attaching to a culture dish and dividing to form colonies (25). 
in the present study, it was revealed that a large number of 
colonies were formed once the BMScs grew against the wall 
of flask, whereas other cell types, such as blood cells, would 
not have formed colonies until several days of culture. This 
difference in the rate of colony formation is well documented 
for BMScs in cultures derived from clonal and mass cell 
origin (27). Furthermore, to confirm the purity of the BMSCs, 
flow cytometry was performed. The positive expression of 
cd90 and cd44 markers indicated the presence of BMScs 
in the pool of bone marrow cells. cd45, on the other hand, 
was negative, as a marker for hematopoietic cells (28). one 
previous study revealed that the third and fifth passage of the 
cells exhibited a uniform fiber‑like shape similar to fibroblasts 
and the optimal cell purity was obtained (29). due to this, cells 
in these passages are often used for experimental research. The 
results of the present study were consistent with the character-
istics of BMScs. altogether, these results suggested that the 
cells that were isolated from rats were identified as BMSCs, 
which lay the foundation of the subsequent experiment.

orthodontic tooth movement induced by mechanical 
stimuli depends on the remodeling capacity of local alveolar 
bone. Mechanical strain is known to be a fundamental physi-
ological factor regulating bone formation and renewal (30). 
numerous studies have examined the mechanism of mechan-
ical stimuli. one focus in this area of research is regulating 
the osteogenic differentiation of stem cells (31). However, less 
attention has been dedicated to the consequences of cyclic 
equiaxial stretch (32). one prior study has suggested that 
equibiaxial cyclic strain stimulates human mesenchymal stem 
cells increase in matrix mineralization (33). Furthermore, 
another previous study demonstrated that cyclical stretching 
was a differentiation factor which was stronger compared with 
dexamethasone in the short term (34). However, another study 
reported that cyclic tensile stretch inhibits the osteogenic 
differentiation of human dental pulp stem cells (21). Therefore, 
the effect of cyclic tensile stress on stem cells remains 
controversial. in lieu of this, the present study established 
an external mechanical stimulation model using rat BMScs 
and a mechanical loading device. additionally, an alP assay 
kit was used to examine the alP activity of the BMScs, as 
alP is an important early stage osteogenic marker of stem 

cells (24). The results revealed that levels of the enzyme were 
low in the first half hour but increased substantially within 2 h, 
reaching maximal levels around 6 h and decreasing following 
that point (Fig. 3c), which indicated that alP activity 
increased substantially and that cyclic tensile strain promotes 
the osteogenic differentiation of BMScs under a certain condi-
tions in vitro. one potential reason for the different results is 
that cells in vivo did not receive the same mechanical signal 
in the cell stretching loading system since the bone matrix 
filters the physical load. Furthermore, external biomechanical 
conditions are too complex to be simulated. it was reported 
that 20% of strain-activated apoptotic signaling pathways, and 
25% of cyclic deformation, induced cell death directly (35). 
Therefore, the present study selected a 15% cyclic deforma-
tion at 1 HZ (60 cycles/min) stretch as a physiological limit 
of stress to induce the osteogenic differentiation of BMScs. 
Three different loading mechanical stimulation groups were 
created: a weak force group (1%), a medium force group (5%) 
and a strong force group (15%), which mimicked the physi-
ological conditions of occlusal force in vivo (36). in the present 
experiments, it was also revealed that the 5% elongation group 
exhibited the highest alP activity, followed by 1% elonga-
tion. it was substantially increased at 6 h following loading 
and then decreased (Fig. 4a), which suggested that 6 h at 5% 
1 HZ stretch is the ideal condition to stimulate the osteogenic 
differentiation of BMScs. Similar optimal force was also 
identified in photothermal stress‑induced osteogenesis (37). 
These results will form the theoretical guidance for applica-
tion during orthodontic tooth movement.

Bone formation is initiated following the expansion of BMScs, 
and ends with osteoblastic cells originating from the BMScs (38). 
numerous factors are involved in ensuring that BMScs differ-
entiate along osteoblastic cell lines, including growth factors, 
cytokines and the surrounding microenvironmental condi-
tions (39). interestingly, one previous study has demonstrated 
that a hypoxic microenvironment is a necessary condition during 
the bone regeneration process (40), whereas little is known on the 
mechanism underlying hypoxia in osteoblast differentiation and 
bone formation. research has demonstrated that the transcrip-
tion factor HiF-1α constitutes the principal mediator of cellular 
adaptation to hypoxia (41). HiF-1α is a transcriptional activator 
and participates in numerous pathophysiological processes under 
hypoxia (42). Previously, the classical theory was that HiF-1α 
activates the process of the epithelial-mesenchymal transition, 
which is fundamental for embryonic development and of partic-
ular importance to organ formation and differentiation (43). 
additionally, de luna et al (44) reported that hypoxia mediated 
HiF-1α accumulation results in reduced proinflammatory gene 
expression and ameliorates inflammation. These results indicate 
that hypoxia followed by HiF-1α production is closely associ-
ated with the proliferation, differentiation, invasion, metastasis 
and even prognosis of a tumor. Since stem cells and cancer cells 
share a lot of similarities in gene expression, cellular processes 
and signal transductions, HiF-1α may be involved in the BMSc 
osteogenesis process. in fact, others have reported the pres-
ence of a hypoxic micro-environment in the bone remodeling 
process and orthodontic tooth movement (15). Furthermore 
BMScs originated from hypoxic stem cell niches, and survived 
under hypoxia, particularly in the bone marrow (45). Thus, it is 
reasonable to investigate whether HiF-1α was involved in the 
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cyclic stretch-induced osteogenic differentiation of BMScs. in 
the present study, rT-qPcr and western blot analysis revealed 
that the mrna and protein expression of HiF-1α increased 
uniformly under various conditions during osteogenic differ-
entiation. The present results demonstrate that the in vitro 
mechanical stimulation model that was established contained a 
hypoxic microenvironment. Meanwhile extrinsic cyclic stretch 
may be used to realistically simulate the microenvironment of 
the cells in vivo (36). all these results indicate that the activation 
of HiF-1α was required for the cyclic stretch-induced osteogenic 
differentiation of BMScs, which were in agreement with a 
previous report (46). These results reveal the mechanism of 
HiF-1α involvement in hypoxia-induced osteogenic differentia-
tion.

The mechanism by which hypoxia regulates osteogenic 
differentiation has been investigated. Hsu et al (47) demon-
strated that osteoblasts differentiated under hypoxia rely 
mainly on glycolysis for energy. They also confirmed that 
glycolysis was enhanced under hypoxia, and the metabolic 
switch to mitochondrial respiration during the osteogenic 
differentiation of human MScs (hMScs) was strongly compro-
mised by hypoxia (47). additionally, research suggests that 
vascular endothelial growth factor, a transcripional target of 
HiF-1α, serves an important function in the angiogenesis (48). 
it was indicated that osteogenesis is tightly coupled with 
angiogenesis during bone development and regeneration (40). 
These results are consistent with previous reports (49-51), 
which revealed HiF-1α is involved in hypoxia-induced 
osteogenic differentiation. However, the controversy remains. 
one previous study demonstrated that the overexpression of 
HiF-1α will decrease the expression of runX family tran-
scription factor 2 (runx2; a critical transcriptional regulator 
of osteoblast differentiation) and bone morphogenetic protein 
2 (BMP2; another important osteogenic factor) in MScs (52). 
Furthermore, a previous study reported that HiF-1α inhibits 
osteogenesis in hMScs and suggested that hypoxia inhibits the 
expression of type 1 runx2 and its downstream targets (53). 
nevertheless, a number of studies have differing views on 
this issue. one study has suggested that hypoxia promotes the 
osteogenesis of hMScs in a HiF-1α-dependent manner, which 
directly enhances the expression of runx2 (54). interestingly, 
Huang et al (40) hypothesized that hypoxia increases alP 
activity and the production of type i/iii collagen, which are 
all hallmarkers of MSc differentiation into osteogenic lineage 
cells. This discrepancy, however, may reflect the fact that 
different cells respond differently to hypoxia. additionally, 
there is evidence confirming that at an early stage of osteogen-
esis, the hypoxic-mediated HiF-1α-Twist1 pathway promotes 
osteoblast differentiation, whereas at a late stage hypoxia 
substantially diminishes bone formation in vivo (55). This has 
provided a novel viewpoint defining the association between 
hypoxia and osteoblast differentiation. in other words, it may 
be stage-dependent. in brief, it was assumed that the poten-
tial reasons for these different results include a different cell 
species (mouse, rat and human), different stage of osteoblast 
differentiation (early, middle and late), differences in the 
experimental design (hypoxic state or mechanical stimuli) 
and different oxygen concentration (from 0.02 to 5% oxygen). 
one previous study has implicated Twist, a downstream target 
of HiF-1α, functioning as a transcription repressor of runx2 

through binding to the e-box located on the promoter of type 1 
runx2, resulting in the suppression of type 1 runx2, followed 
by the suppression of BMP2, type 2 runx2 and downstream 
targets of runx2 in MScs undergoing osteogenic differentia-
tion (49). This has provided a neoteric molecular mechanism to 
explain the effect of hypoxia. Thus, the HiF-1α-Twist1 axis is 
involved in the MSc osteogenesis process, which may provide 
novel ideas to elucidate the association between HiF-1α and 
stretch-induced osteogenic differentiation.

in summary, the results of the present study suggest that 
cyclic tensile stretch promotes the osteogenic differentiation 
of BMScs in vitro, as indicated by the upregulation of alP 
activity. The present experimental results also revealed that 
the expression of HiF-1α increased specifically in response 
to certain mechanical tension with defined intensity and 
duration. Therefore, future research will investigate HiF-1α 
as a biological target of osteogenic differentiation induced 
by tensile stress. The function and mechanism of HiF-1α in 
bone remodeling are not well studied, nor is it clear whether 
HiF-1α functions as a promoter or an inhibitor for osteogenic 
differentiation.
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