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Objective. We aimed at investigating the effects of uniaxial static strain on osteoblasts in distraction osteogenesis (DO). Methods. To
simulate the mechanical stimulation of osteoblasts during DO, 10% uniaxial static strain was applied to osteoblasts using a
homemade multiunit cell stretching and compressing device. Before and after applying strain stimulation, the morphological
changes of osteoblasts were observed by inverted phase-contrast microscopy, Coomassie blue staining, and
immunofluorescence. Alkaline phosphatase (ALP) activity, mRNA levels (proliferating cell nuclear antigen [PCNA], ALP,
Runx2, osteocalcin [OCN], collagen type I, hypoxia-inducible factor- [HIF-] la, and vascular endothelial growth factor
[VEGF]), and protein levels (Runx2, OCN, collagen type I, HIF-1a, and VEGF) were evaluated by using ALP kit, real-time
quantitative reverse transcription-polymerase chain reaction, western blot, and enzyme-linked immunosorbent assay. Results.
After the mechanical stimulation, the cytoskeleton microfilaments were rearranged, and the cell growth direction of the
osteoblasts became ordered, with their direction being at an angle of about 45° from the direction of strain. The proliferation of
osteoblasts and the expression levels of mRNA and protein of ALP, Runx2, OCN, collagen type I, HIF-1a, and VEGF were
significantly higher than in the nonstretch control groups. Conclusion. Our homemade device can exert uniaxial static strain and
promote the proliferation of osteoblasts and bone matrix formation. It can be used to simulate the mechanical stimulation of

osteoblasts during DO.

1. Introduction

Distraction osteogenesis (DO), known as “endogenous bone
tissue engineering,” is a predictable and effective surgical
technique to regenerate new bone in the gap between two
bone segments to lengthen or widen the bone [1, 2]. This
technology was first reported by Italian scholar Codivilla in
1905 to treat a shortened femur [3], and then it was system-
atically developed for orthopedic surgery by Dr. Gabriel A.
Ilizarov in the 1950s [4-6]. After many craniomaxillofacial
animal models of DO were established, DO technology has
gradually become a research hotspot in oral and maxillofacial
surgery and plastic surgery [7, 8]. Today, DO is being widely
used to treat craniomaxillofacial congenital malformations or
acquired large bone defects due to trauma, infections, and
postresection of tumors.

The DO procedure requires the application of a gradual
and controlled mechanical distraction force to the bone seg-
ments, which is crucial for new bone formation. However,
the molecular mechanisms of DO remain unknown. More-
over, complications such as premature consolidation and
incomplete callus formation [9] during DO still exist. All
these questions have limited the application of DO in clinics.
Therefore, there is a burning need to understand the under-
lying specific molecular mechanisms of DO, which can help
us better regulate successful bone formation and reduce the
complications during the DO process. Many previous studies
have attempted to elucidate the mechanisms of DO, and var-
ious cell mechanical loading devices (such as FlexCell system
[10] and four-point bending [11]) have been developed to
simulate the mechanical environment of osteoblasts during
DO. However, these studies were severely limited because
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the forces applied to osteoblasts were mainly fluid shear
stress, equiaxial strain, multiaxial strain, centrifugal force,
and cyclic reciprocating strain. These kinds of forces did
not replicate the actual mechanical environment of osteo-
blasts during DO [12, 13]. Actually, the mechanical stimula-
tion of osteoblasts in DO involves mainly uniaxial static
strain along the stretching direction [14, 15] (Figure 1).

Our research group has successfully developed a multi-
unit cell stretching and compressing device (the patent num-
ber of invention: ZL200910164248, China) (Figure 2), which
can exert uniaxial static strain to simulate the mechanical
environment of DO. The mechanical stimulation can be
transmitted to the cultured cells through the deformation
of a silica gel membrane with good biocompatibility.
Accordingly, 1%, 5%, 10%, and 15% uniaxial static strains
were applied on the cultured osteoblasts by the device. The
Cell Counting Kit-8 (CCK-8; Dojindo Laboratories, Kuma-
moto, Japan) assay showed that 10% uniaxial static strain
is best able to promote the proliferation of osteoblasts.
To further elucidate the underlying molecular mechanisms
of new bone formation during the process of DO, 10%
uniaxial static strain was applied on the osteoblasts by
the device. The morphology changes, proliferation, and
the synthesis and secretion of bone matrix by the osteo-
blasts were evaluated through real-time polymerase chain
reaction (PCR), western blot, and enzyme-linked immuno-
sorbent assay (ELISA).

2. Materials and Methods

2.1. Osteoblast Isolation and Culture. The Animal Care and
Use Committee of Southern Medical University approved
the procedures of the study. Osteoblasts were isolated and
cultured in accordance with a previously published reference
[16]. Briefly, the skull was isolated from 1- to 2 d old neonatal
Sprague Dawley (SD) rats under aseptic conditions and then
minced into fragments of about 0.5mm?. The bone frag-
ments were washed with phosphate-buffered saline (PBS)
(containing 100 units/mL penicillin and 100 mg/mL strepto-
mycin) three times and digested with 0.25% trypsin (Gibco,
Life Technologies, Carlsbad, CA, USA) at 37°C for 30 min
with shaking. Then, they were washed with serum-free Dul-
becco’s modified Eagle’s medium (DMEM; Sigma-Aldrich,
St. Louis, MO, USA) three times after the trypsin solution
was removed. A total of 0.1% collagenase II (Gibco) in
serum-free DMEM was added to the bone fragment, allowing
digestion at 37°C for 30 min with shaking. The supernatant
was centrifuged at 1,000 rpm for 5 min to obtain the cell pel-
let. The pellet was resuspended in serum-free DMEM and
centrifuged; this process was repeated twice. Finally, the pel-
let was resuspended in DMEM supplemented with 10% fetal
bovine serum (FBS; Gibco), 100 units/mL penicillin, and
100 mg/mL streptomycin and then seeded in a 25 cm” culture
flask at a density of 2 x 10° cells/mL. After incubating for
10 min at 37°C and 5% CO, (Thermo Scientific 311; Marietta,
GA, USA), the culture medium and suspended osteoblasts
were transferred to a new 25cm? culture flask to remove
the earlier adherent fibroblasts. Finally, the purified osteo-
blasts were incubated at 37°C and 5% CO,. The culture

BioMed Research International

~

Uniaxial static strain

FIGURE 1: A sketch of distraction osteogenesis in vivo, showing the
direction of strain (red arrow).

medium was refreshed every 2-3d. The morphology and
growth of the cells were observed and photographed using
an inverted phase-contrast microscope. The cells were sub-
cultured at a ratio of 1:3 upon reaching 80% confluence,
and cells at the third passage were used for the following
experiments.

2.2. Cell Proliferation Activity under Different Uniaxial Static
Strains. The schematic diagram and photograph of the device
are shown in Figure 2. A screw connects the power take-off
shaft of the stepping motor and the beam, and the beam is
connected with the six cell culture units. The uniaxial static
strain exerted by the stepping motor is transmitted to the sil-
ica gel membrane in the cell culture units and causes cell
deformation. The displacement detector detects and controls
the tensile and compression displacement, and the displace-
ment indicator displays the displacement.

For our study, the osteoblast suspension (2mL) was
seeded on a silica gel membrane (cell seeding density: 2 x
10* cells/mL) coated with collagen type I from rat tail
(Sigma-Aldrich) in a cell culture unit and further incubated
for 24 h at 37°C and 5% CO,, allowing for osteoblast attach-
ment. Then, an additional 10 mL of DMEM supplemented
with 10% FBS was replenished. Subsequently, 1%, 5%, 10%,
and 15% uniaxial static strains were applied to the osteoblasts
24 h later using the multiunit cell stretching and compressing
device. The culture medium was refreshed every 2-3 d. Con-
trol groups (nonstretch groups) were cultured under the
same conditions, except for the application of mechanical
stimulation. The proliferation activity of cells was analyzed
using a CCK-8 (Dojindo Laboratories,) assay at days 1, 3, 5,
and 7 of the experiment. Briefly, the adherent osteoblasts of
the stretch and nonstretch groups were collected from the sil-
ica gel and transferred to a culture plate. CCK-8 solution was
added to each well (n =4). The cells were then incubated at
37°C and 5% CO2 for 2h. Optical density was measured at
450 nm using a multiscan spectrometer (Varioskan Flash;
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FIGURE 2: Schematic diagrams of (a) the homemade multiunit cell stretching and compressing device; (b) top view; and (c) side view of the cell
culture unit; photographs of the (d) multiunit cell stretching and compressing device; and (e) the cell culture unit.

Thermo Electron Corporation). Each experiment was
repeated three times independently.

2.3. Osteoblast Morphology. According to the CCK-8 assay,
10% uniaxial static strain is best able to promote the prolifer-
ation of osteoblasts. Therefore, in the following experiments,
we used the homemade device to apply a 10% uniaxial static
strain to simulate the mechanical environment of osteoblasts
during DO in vivo. Inverted phase-contrast microscopy,
Coomassie blue staining, and immunofluorescence were used
to observe the changes in morphology and growth direction
of osteoblasts. After culturing for 3 d, the osteoblasts of the
stretch and nonstretch groups were washed with PBS and
fixed with 4% paraformaldehyde for 20 min. Next, they were
rinsed three times with deionized water and stained with
Coomassie bright blue staining solution (2g/L) (Sigma-
Aldrich) for 60min at room temperature. The cells were
washed three times with deionized water, and methanol-gla-
cial acetic solution was added to stop the staining reaction
until the cytoplasm was slightly clear under an inverted
phase-contrast microscope. Finally, the osteoblast morphol-
ogy was observed and photographed with an inverted
phase-contrast microscopy.

The immunofluorescence procedure was as follows. First,
after culturing for 3 d, the osteoblasts of the stretch and non-
stretch groups were washed with PBS and fixed with 3.7%

paraformaldehyde in PBS for 30 min at room temperature.
Next, the cells were rinsed three times with 0.1% Triton X-
100 (Sigma-Aldrich) in PBS. Thereafter, 1 mL of diluted
(1:50) Actin-Tracker Green solution (Sigma-Aldrich) was
added to the osteoblasts on the silica gel membrane and incu-
bated for 40 min at room temperature in the dark. The oste-
oblasts were washed and 1mL of 4', 6-diamidino-2-
phenylindole (DAPI) staining solution (Sigma-Aldrich) was
added to cover the osteoblasts and maintained for 5min at
room temperature. After aspirating the DAPI staining solu-
tion and washing, the osteoblasts were observed and photo-
graphed under a fluorescence microscope.

2.4. ALP Activity Assay. The ALP activity of osteoblasts was
detected using an ALP kit (Nanjing Jiancheng Bioengineer-
ing Institute, Jiangsu, China) after culturing for 1, 3, and
5d. Briefly, the adherent osteoblasts of the stretch and non-
stretch groups were separated and collected from the silica
gel by trypsin digestion (2,000 rpm for 1min). An aliquot
(100 uL) of cell lysate containing 0.05% Triton X-100 was
used to lyse the osteoblasts at 4°C for 12h. A 20 yL sample
and 100 uL of substrate buffer (containing p-nitrophenyl
phosphate) were added to a 96-well culture plate, shaken
for 1min, and incubated at 37°C for 15min, followed by
addition of 80 pL of reaction termination liquid and shaking
for 1 min. Finally, the absorbance value was measured at
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TaBLE 1: Forward (F) and reverse (R) primers used for quantitative RT-PCR.

Gene GenBank no. Primer sequence
F: TATGACTCTACCCACGGCAAGT
GAPDH XR_009170.1
R: ATACTCAGCACCAGCATCACC
F: GGGTGAAGTTTTCTGCGAGTG
PCNA NM_022381.3
R: GACAGTGGAGTGGCTTTTGTGA
F: GACCCTGCCTTACCAACTCATT
ALP NM_013059.1
R: GTGGAGACGCCCATACCATCT
F: CTTCGTCAGCGTCCTATCAGTTC
Runx2 NM_053470.2
R: CAGCGTCAACACCATCATTCTG
F: CCTCTCTCTGCTCACTCTGCTG
OCN X04141.1
R: ACCTTACTGCCCTCCTGCTTG
F: TCTGACTGGAAGAGCGGAGAG
Collagen type I BC133728.1
R: GAGTGGGGAACACACAGGTCT
F: GCATCTCCACCTTCTACCCAAGT
HIF-1a NM_024359.1
R: ACTCTCTTTCCTGCTCTGTCTGG
F: CTGTACCTCCACCATGCCAAGT
VEGF AY702972.1

R: AGATGTCCACCAGGGTCTCAAT

520 nm wavelength, and the resulting nitrophenol level was
calculated following the instructions in the ALP kit. Referring
to the normal standard, total intracellular protein content was
detected using the bicinchoninic acid (BCA) Protein Assay Kit
(Nanjing Jiancheng Bioengineering Institute, Jiangsu, China).
The relative ALP activity was calculated by dividing the
amount of nitrophenol by the corresponding total protein.

2.5. Quantitative Real-Time Reverse Transcription-PCR (RT-
PCR). RT-PCR was performed to evaluate the expression
levels of proliferating cell nuclear antigen (PCNA), ALP,
Runx2, osteocalcin (OCN), collagen type I, hypoxia-
inducible factor- (HIF-) la, and vascular endothelial growth
factor (VEGEF). Briefly, after culturing for 1, 3, and 5 d, the sil-
ica gel membranes with the attached osteoblasts from the
stretch and nonstretch groups were transferred to a Petri
dish, and the total mRNA was extracted using TRIzol reagent
(Invitrogen, Life Technologies, Carlsbad, CA, USA).

Reverse transcription was performed to synthesize cONA
from the purified RNA using Oligo (dT) primers (Promega,
San Luis Obispo, CA, USA) and SuperScript III reverse
transcriptase (Invitrogen). Finally, cDNA was subjected to
real-time PCR (Applied Biosystems 7300; Applied Biosys-
tems Foster City, CA, USA) using the SYBR Green probe
(PerfeCTa SYBR Green FastMix, ROX; Quanta Biosciences,
Gaithersburg, MD, USA) with custom-designed primers
(Takara Bio, Dalian, China; Table 1).

Expression of the target gene was first normalized to that
of the housekeeping gene glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) in the same sample
(ACt = threshold cycle change). Then, the target gene of the
experimental groups was normalized to the average baseline
expression of the gene measured for the control groups
(AACH). The 222U method was used to convert the normal-
ized gene expression levels in accordance with a previously
published reference [17].

2.6. Western Blot. Western blot was performed to evaluate
the protein levels expressed by the osteoblasts, including
Runx2, collagen type I, HIF-1a, and GAPDH. Briefly, the
adherent osteoblasts were scraped from the silica gel mem-
brane and centrifuged at 2,000 rpm for 1 min. After lysing
the cells in lysis buffer for 15min on ice, cell debris was
removed by centrifugation at 14,000 rpm for 15min at 4°C.
The supernatant was collected and stored at -80°C until
use. The protein content was determined using the Bradford
method, and the samples were diluted to 1 ug/uL with the
lysate. Equivalent amounts of protein were separated with
5% stacking gel and 10% separating gel by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
then transferred onto polyvinylidene fluoride (PVDF) mem-
branes (Millipore, Billerica, MA, USA) for 90 min at 120V
using a Trans-Blot SD electrophoresis apparatus (Bio-Rad).
The PVDF membranes were blocked with 5% skimmed milk
for 1h at room temperature and incubated with primary
antibodies (including Runx2, collagen type I, HIF-1«, and
GAPDH from mouse) (R&D Systems, Minneapolis, MN,
USA) at 4°C overnight, then washed three times with 0.1%
Tween-Tris-buffered saline (TBS) (TTBS, pH?7.5), followed
by incubation with horseradish peroxidase-conjugated sec-
ondary antibodies (1:2,000) (R&D Systems) for 1h at 37°C.
Finally, the specific protein bands were visualized with an
Immuno-Star Western C kit on a ChemiDoc XRS+ System
(Bio-Rad) using BCA as a standard.

2.7. ELISA Tests. Protein levels of OCN and VEGF secreted
by the osteoblasts were analyzed using an ELISA kit (R&D
Systems). Briefly, after culturing for 1, 3, and 5d, the culture
supernatant of the stretch and nonstretch groups was col-
lected, centrifuged at 3,000 rpm for 20 min at 4°C, and then
stored at —20°C for use. First, we added 50 yL sample dilu-
tions at a dilution ratio of 1:5 to the wells. The plates were
sealed and incubated at 37°C for 30 min. Then, we aspirated
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the liquid and washed the wells. Finally, 50 uL of enzyme-
labeled reagent, 50 uL of chromogenic reagent A, and 50 uL
of chromogenic reagent B were added to the wells, and the
plates were incubated at 37°C for 15min in the dark; later,
50 uL of stop solution was added to each well to stop the reac-
tion. Zeroing was performed in a blank well. The absorbance
of each sample was detected using an immunoenzyme ana-
lyzer (Thermo Scientific) at 450 nm. Protein concentrations
were calculated using a standard curve according to
instructions.

2.8. Statistical Analysis. All quantitative values are presented
as mean + standard deviation. Statistical analyses were per-
formed using the Statistical Package for Social Sciences
(SPSS) version 19.0 software (IBM Corp., Armonk, NY,
USA). Differences were assessed by one-way analysis of var-
iance (ANOVA) and were considered statistically significant
at P < 0.05. The data are indicated with * for P < 0.05. All the
experiments were repeated at least three times.

3. Results

3.1. CCK-8 Assay. As shown in Figure 3, the osteoblasts in the
five groups kept growing during the experiment. However,
osteoblasts grew the fastest under 10% uniaxial static strain
at 3, 5, and 7 d when compared to other groups.

3.2. In Vitro Culture and Morphological Observation of
Osteoblasts. The osteoblasts of the nonstretch control groups
were mostly short fusiform, triangular, or star-shaped and in
a disorderly array (Figures 4(a), 4(c), and 4(d)). After being
subjected to 10% uniaxial static strain for 3 d, the osteoblasts
became elongated and appeared as long spindles under the
inverted phase-contrast microscope. The growth direction
gradually developed from random disorder to cells aligned
in the same direction, at an angle of about 45° from the direc-

tion of strain (Figure 4(b)). Coomassie blue staining and
immunofluorescence staining images showed that the osteo-
blasts were still slightly randomly oriented (Figures 4(d) and
4(f)). The orientation of osteoblasts in images D and F was
not so regular as that in image B. However, the orientations
of the osteoblasts had a trend to arrange regularly in images
Dand F.

3.3. ALP Activity. As a key enzyme related to bone metabo-
lism, ALP plays an important role in bone formation and
mineralization. The changes in ALP activity can reflect the
differentiation ability of osteoblasts. The results (Figure 5)
show that after the application of 10% uniaxial static strain,
the ALP activity was higher than the control group at the
three time points. The ALP activity of the experimental
group was the highest on Day 1 and then gradually slowed
at Days 3 and 5, while, for the control group, the activity
was almost the same. The results indicated that 10% uniaxial
static strain promoted the secretion of ALP by osteoblasts.

3.4. RT-PCR Assay. The expression levels of PCNA, ALP,
Runx2, OCN, collagen type I, HIF-1a, and VEGF of osteo-
blasts from the experimental and control groups were mea-
sured at Days 1, 3, and 5 (Figure 6).

The expression levels of PCNA of the experimental group
were the highest at Day 1 and then decreased gradually, while
in the control group, the level slowly increased. Moreover,
the experimental group showed significantly higher levels at
all three time points compared with the control group. This
suggested that 10% uniaxial static strain was able to promote
the proliferation of osteoblasts.

ALP, Runx2, OCN, and collagen type I are important
osteogenesis-related markers. HIF-1a and VEGF are impor-
tant angiopoiesis-related factors. The results of mRNA
expression of ALP were inconsistent with the ALP activity
detected by the ALP kit. Specifically, after the application of
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FIGURE 4: Osteoblast morphology of (a, ¢, and e) the control group and (b, d, and f) the experimental group when observed as follows: (a, b)
under an inverted phase-contrast microscope; (¢, d) after Coomassie blue staining; and (e, f) by immunofluorescence. The orientations of the

osteoblasts (red row).

10% uniaxial static strain, the mRNA expression levels of ALP
in the osteoblasts were higher than in the control group at
Days 1, 3, and 5. The highest level was on Day 1 and it gradu-
ally decreased at Days 3 and 5, while the results for the control
group were almost unchanged at the three time points.

Similarly, the mRNA levels of Runx2, OCN, collagen type
I, HIF-1a, and VEGF showed a significantly higher expres-
sion after the application of 10% uniaxial static strain at Days
1, 3, and 5 than those of the control group. The mRNA levels
reached the highest value on Day 1 and decreased gradually,
while those of the control group slowly increased from Day 1
to Day 5.

3.5. Western Blot. The expression amounts of the proteins
Runx2, collagen type I, and HIF-1«a were measured at Days
1, 3, and 5 (Figure 7). The amounts of protein of Runx2
and collagen type I peaked at Day 1 and decreased gradually,
while the amount of protein of HIF 1« increased gradually
and peaked at Day 5. The variation trends of Runx2 and col-
lagen type I were consistent with the results of the mRNA
expression levels detected by RT-PCR, while the variation
trend of HIF 1a was opposite to the result of RT-PCR.

3.6. ELISA Tests. As shown in Figure 8, the expression levels
of OCN and VEGF were measured at 1, 3, and 5d after the
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application of 10% uniaxial static strain. The results of the
experimental group decreased slightly, while that of the con-
trol group slowly increased from Day 1 to Day 5. The
amounts of OCN and VEGF proteins in the experimental
groups were significantly higher than those in the control
groups. The variation trends were consistent with the results
of mRNA expression levels detected by RT-PCR.

4. Discussion

Biological living tissues have potential biological plasticity. Slow
and sustained mechanical force can stimulate cell proliferation,
increase biosynthetic function, and promote tissue metabolism,
thus leading to tissue regeneration. As Ilizarov proposed in the
“law of tension-stress” of DO, gradual and continuous distrac-
tion can stimulate and maintain bone regeneration and growth
[18]. However, the underlying specific molecular mechanisms
of DO have not been fully understood. To better understand
the mechanisms of DO, the first thing to do is create a similar
mechanical microenvironment with DO in vivo. Therefore,
our team developed a multiunit cell stretching device. Com-
pared to previous studies, our experimental results demonstrate
that this device can exert uniaxial static strain on osteoblasts,
which can be used to better simulate the actual mechanical
stimulation of osteoblasts in the DO process.

Appropriate mechanical stimulation is particularly
important and can promote osteoblast growth and mainte-
nance of function, whereas excessive or inadequate force will
have no effect or cause damage to the structure and function
of osteoblasts. In this study, we found that a 10% uniaxial
static strain is the best for the proliferation of osteoblasts.
Our result is similar to or a little different from those in other
studies [19, 20]. Bhatt et al. [21] found that a 9% strain is the
best for osteoblast proliferation using a Flexcell system, while
Gao et al. [22] found that 12% cyclic stretch is best for
osteogenesis-related gene expression in MG-63 cells. The dif-
ferences may be that other factors, such as the type of strain,
magnitude, frequency, and duration, may influence the
mechanical response of osteoblasts.

Osteoblast is a kind of mechanosensory cell; it has a vari-
ety of mechanoreceptors, such as the extracellular matrix
(ECM) and integrin, focal adhesions, and cytoskeleton, spe-
cial structures of cell membranes, cadherin and ephrin, pri-
mary cilia, ion channels, and connexins [23, 24]. When
subjected to a mechanical force, the mechanoreceptors of
osteoblasts can feel the stimulation signal quickly, causing
changes in the osteoblast skeleton, such as microfilament.
In our experiment, we can see that when subjected to
mechanical force, the osteoblasts became longer as observed
under an inverted phase-contrast microscope. The cell
growth direction gradually developed from random disorder
to cells aligned in the same direction, at almost 45° angle with
the direction of strain. However, the orientation of osteo-
blasts in images D and F was not so regular as that in image
B, which were still slightly randomly oriented. The reason
might be that the duration of mechanical stimulation is not
enough. The dyeing process of the osteoblasts may also have
some influences. Wang et al. [25] applied 10% periodic strain
to epithelial cells for 30 min and found that the angle between
cell arrangement and the strain direction was 70°. The dura-
tion and magnitude of mechanical stimulation might have
influenced the angle between cell arrangement and the strain
direction. Our results indicate that osteoblasts can respond to
uniaxial static strain, leading to changes in cytoskeletal
microfilaments and cell growth direction. Microfilament
forms a functional complex with related proteins, integrin,
and ECM. It can maintain normal cell morphology and
respond to external mechanical stimulation. It also partici-
pates in the transduction of multiple signals and in material
transport inside and outside the cell. Wang et al. [25] demon-
strated that signal transduction of mechanical stimulation
relies on the integrity of the microfilaments.

Mechanical signals can be gradually transmitted to the
intracellular area and nucleus; these signals mediate the cellu-
lar functions for osteoblast proliferation, which was verified
by the mRNA expression level of PCNA. In this study, it
was found that the proliferation of the experimental group
was higher than that of the control group, and this result
was in agreement with the results reported by most
researchers [26, 27]. The mechanism of promotion of cell
proliferation by strain may be that strain can enhance the
mitosis of osteoblasts by increasing the expression of the
proto-oncogene c-fos [28].

In the present study, we also observed changes in the
expression levels of ALP, OCN, collagen type I, and Runx2
after application of mechanical stimuli to osteoblasts. These
proteins act synergistically to regulate the normal function
of osteoblasts and affect the entire process of bone metabo-
lism. ALP and OCN are usually considered as early and late
markers of bone matrix formation, respectively [29, 30]. Col-
lagen type I is the main matrix of the bone secreted by oste-
oblasts. It plays an important role in the process of
adhesion, proliferation, and bone matrix mineralization of
osteoblasts [31]. Runx2, also known as Cbfal, is an impor-
tant transcription factor in osteogenic differentiation. It can
bind to osteoblast-specific cis-acting elements and promote
the transcription and translation of ALP, OCN, and collagen
type L, thereby promoting the deposition of bone matrix. The
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in three independent experiments. *P < 0.05.
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Day 3, and Day 5, n = 3 from one experiment; similar trends were observed in three independent experiments. *P < 0.05.

variation trends in the gene expression levels were consistent
with those of the protein amounts. That is, the expression
levels of the genes and the proteins (ALP, Runx2, OCN,
and collagen type I) were enhanced after applying 10% uni-
axial static strain, but subsequent increases in expression
were gradually reduced. Kaspar et al. [32] applied a 1,000 pe
(0.1%), 1 Hz periodic reciprocating tensile strain to human
osteoblasts using a four-point bending device, and they
found that the ALP activity and OCN secretion were signifi-
cantly reduced. Kaspar et al. [32] found that 17% periodic
intermittent equiaxial strain through the Flexcell system
can promote the ALP activity of osteoblast-like cells (HT-
3). Kanno et al. [33] found that uniaxial cyclic strain (15%
tensile stress, 0.5Hz) promotes ALP activity and levels of
OCN and Runx2 of osteoblast-like MC3T3-Elcells. When
Fong et al. applied 10% continuous equiaxial strain to cranial
osteoblasts of neonatal rats, the expression of collagen type I
increased [27]. There are different views on whether strain
can promote the expression of osteogenic-related genes in
osteoblasts, probably due to the differences of osteoblast
sources and cell-loading devices. Furthermore, the type, mag-
nitude, frequency, and duration of the mechanical stimula-
tion may also influence the mechanical response of
osteoblasts. The mechanism of strain-induced osteogenesis
enhancement may be that the transcription factor FosB or
the cell signaling pathway of Wnt/f-catenin and Ras-extra-
cellular signal-regulated kinase (ERK) 1/2-mitogen-activated
protein kinase (MAPK) was activated by the strain [33-35].
In previous studies, a periodic reciprocating tensile strain of
0.1% 1Hz significantly reduced the ALP activity and OCN
secretion of osteoblasts [32], probably because the mechani-
cal stimulation was insufficient to initiate osteogenesis-
related signaling pathways.

In DO, angiogenesis runs through the whole process of
new bone formation [36]. Blood vessels not only act as a
transport conduit system for oxygen and nutrients for the
new bone but they also promote bone formation by regulat-
ing the interaction between bone-related cells and vascular

endothelial cells [37-39]. Therefore, exploring the molecular
mechanisms of vascularization and finding strategies and
methods to accelerate and optimize the DO process are very
important in expanding the clinical application of DO. Hyp-
oxic conditions and VEGF are essential conditions for
angiogenesis during bone formation. Osteoblasts can partic-
ipate in the process of vascularization of bone tissue by
secreting cytokines such as HIF-1a and VEGF [40].

HIF-1lwa is an important transcription factor that regu-
lates oxygen homeostasis. Under hypoxic conditions, HIF-
la expressed in osteoblasts can relocate to the nucleus and
bind to HIF-1f to form active HIF-1, which can bind to
the hypoxia-responsive element (HRE) on the target gene,
further activating hypoxia-related genes (such as VEGF
and angiopoietin) and promote angiogenesis [41]. HIF-1«
may also directly bind to the upstream site of the osteopro-
tegerin (OPG) gene to increase the gene’s expression and
then promote bone formation [42]. VEGF plays an impor-
tant role in angiogenesis and osteogenesis. It can be regu-
lated by many factors, such as growth factors, hormones,
transcription factors, and mechanical stimulation. Hypoxia
and mechanical stress can promote the expression of osteo-
blast VEGF as VEGF is a downstream factor of the HIF-1«
pathway. VEGF can interact with VEGF receptors on vascu-
lar endothelial cells; this process activates tyrosine kinases
and other downstream signaling molecules, induces prolif-
eration of vascular endothelial cells, and increases capillary
permeability, all of which provide the conditions for vascu-
lar endothelial cell migration and angiogenesis [43]. The
neovessel not only delivers the oxygen and nutrients needed
for the formation of bone tissue but vascular endothelial
cells also release osteogenic factors, such as bone morphoge-
netic protein- (BMP) 2 or BMP-4, to accelerate osteoblast
differentiation and maturity [44].

In this experiment, the expression levels of VEGF and
HIF-1a« increased after the application of 10% uniaxial static
strain. The variation trend of the mRNA expression levels of
VEGF was consistent with the result of the protein contents,
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while the variation trend of the mRNA expression levels of
HIF la was opposite to the result of the protein contents.
The results are consistent with those of Fong et al. [27],
who found that 10% sustained equiaxial strain increased the
VEGF expression level in neonatal rat cranial osteoblasts.
Similar results were obtained by Kim et al. [45] who found
that VEGF secretion of bone marrow stromal cells increased
after application of 0.04% equiaxial static strain. Kim et al.
[45] also found that the expression of HIF-1a was elevated
when skeletal muscle was subjected to strain. Petersen et al.
found that the expression of VEGF and HIF-l« increased
in tendon fibroblasts after applying cyclic reciprocating uni-
axial tension [46]. Chang et al. [47] applied isometric cyclic
tension (20%, 1 Hz) to rat vascular smooth muscle cells by
using negative pressure on the elastic basement membrane
and found that HIF-lo& mRNA and protein expression
increased, and that this process may be regulated by the
p42/p44 MAPK kinase (MAPKK) pathway. Chang et al.
[47] concluded that static strain-induced VEGF expression
may be observed by regulating MAPK (ERK and p38). These
findings demonstrate that static strain can promote the
expression levels of VEGF and HIF-1« in osteoblasts, which
is important for providing both blood supply and nutrition
for new bone formation during DO.

5. Conclusion

In the present study, we applied 10% uniaxial static strain to
osteoblasts using a homemade multiunit cell stretching and
compressing device and investigated the biological effects
by observing osteoblast morphology, as well as performing
ALP activity assay, RT-PCR, western blot, and ELISA. The
results showed that the cytoskeleton microfilaments were
rearranged and the cell growth direction of the osteoblasts
became ordered. Moreover, uniaxial static strain promoted
the proliferation, osteogenesis, and angiogenesis of osteo-
blasts. This study provides a basis for further elucidation of
the molecular mechanisms of DO and provides a possible
way to control the DO process in the clinic by regulating
the above osteogenesis- and angiogenesis-related factors.
The relationships between the above factors in related signal-
ing pathways will be investigated in further studies to eluci-
date the molecular mechanisms of DO.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Acknowledgments

This study was supported by a grant from the Medical Scien-
tific Research Foundation of Guangdong Province of China
(No. A2016219).

11

References

[1] L. Ma, L. W. Zheng, and L. K. Cheung, “Inhibitory effect of
nicotine on bone regeneration in mandibular distraction oste-
ogenesis,” Frontiers in Bioscience, vol. 12, no. 8-12, pp. 3256—
3262, 2007.

[2] Z. Weng, C. Wang, C. Zhang et al., “All-trans retinoic acid
promotes osteogenic differentiation and bone consolidation
in a rat distraction osteogenesis model,” Calcified Tissue Inter-
national, vol. 104, no. 3, pp. 320-330, 2019.

[3] A. Codivilla and L. F. Peltier, “The classic: On the means of
lengthening, in the lower limbs, the muscles and tissues which
are shortened through deformity,” Clinical Orthopaedics and
Related Research, vol. 301, pp. 4-9, 1994.

[4] G. A.llizarov, Transosseous osteosynthesis: theoretical and clin-
ical aspects of the regeneration and growth of tissue, Springer
Science & Business Media, 2012.

[5] G. A. Ilizarov, “The tension-stress effect on the genesis and
growth of Tissues,” Clinical Orthopaedics and Related
Research, vol. 238, pp. 249-281, 1989.

[6] G. A. Ilizarov, “The tension-stress effect on the genesis and
growth of tissues: Part II. The influence of the rate and fre-
quency of distraction,” Clinical Orthopaedics and Related
Research, vol. 239, pp. 263-285, 1989.

[7] C.C. Snyder, G. A. Levine, H. M. Swasson, and E. Z. Browne
Jr., “Mandibular lengthening by gradual DISTRACTION,”
Plastic and Reconstructive Surgery, vol. 51, no. 5, pp. 506-
508, 1973.

[8] G.Swennen, R. Dempf, and H. Schliephake, “Cranio-facial dis-
traction osteogenesis: a review of the literature. Part II: exper-
imental studies,” International Journal of Oral and
Maxillofacial Surgery, vol. 31, no. 2, pp. 123-135, 2002.

[9] P. Tessier, Distraction of the Craniofacial Skeleton [M],
Springer Science & Business Media, 2012.

[10] S.P.Singh, E.I. Chang, A. K. Gossain et al., “Cyclic mechanical
strain increases production of regulators of bone healing in
cultured murine osteoblasts,” Journal of the American College
of Surgeons, vol. 204, no. 3, pp. 426-434, 2007.

[11] G. L. Galea and J. S. Price, “Four-point bending protocols to
study the effects of dynamic strain in osteoblastic cells
in vitro,” Methods in Molecular Biology, vol. 1226, pp. 117-
130, 2015.

[12] H. Isaksson, O. Comas, C. C. van Donkelaar et al., “Bone
regeneration during distraction osteogenesis: mechano-
regulation by shear strain and fluid velocity,” Journal of Biome-
chanics, vol. 40, no. 9, pp. 2002-2011, 2007.

[13] N. Meyers, J. Schiilke, A. Ignatius, and L. Claes, “Novel systems
for the application of isolated tensile, compressive, and shear-
ing stimulation of distraction callus tissue,” PLoS One, vol. 12,
no. 12, article e0189432, 2017.

[14] S. Wada, H. Kanzaki, T. Narimiya, and Y. Nakamura, “Novel
device for application of continuous mechanical tensile strain
to mammalian cells,” Biology Open, vol. 6, no. 4, pp. 518-
524, 2017.

[15] C. Zhao, Y. Li, X. Wang, S. Zou, J. Hu, and E. Luo, “The effect
of uniaxial mechanical stretch on Wnt/f-catenin pathway in
bone mesenchymal stem cells,” The Journal of Craniofacial
Surgery, vol. 28, no. 1, pp. 113-117, 2017.

[16] L R. Orriss, S. E. B. Taylor, and T. R. Arnett, “Rat osteoblast
cultures,” Methods in Molecular Biology, vol. 816, pp. 31-41,
2012.



12

(17]

(18]

(19]

[20]

(21]

(22]

(23]

[24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

K. J. Livak and T. D. Schmittgen, “Analysis of relative gene
expression data using real-time quantitative PCR and the
2744€ method,” Methods, vol. 25, no. 4, pp. 402-408, 2001.
G. Illzarov, The tension—stress effect on the genesis and growth
of tissues. Transosseous osteosynthesis: theoretical and clinical
aspects of the regeneration and growth of tissue, Springer-Ver-
lag, 1992.

Y. X. Yan, Y. W. Gong, Y. Guo et al., “Mechanical strain regu-
lates osteoblast proliferation through integrin-mediated ERK
activation,” PLoS One, vol. 7, no. 4, article 35709, 2012.

Y. Guo, C. Q. Zhang, Q. C. Zeng et al., “Mechanical strain pro-
motes osteoblast ECM formation and improves its osteoinduc-
tive potential,” Biomedical Engineering Online, vol. 11, no. 1,
p. 80, 2012.

K. A. Bhatt, E. I. Chang, S. M. Warren et al., “Uniaxial mechan-
ical strain: an in vitro correlate to distraction osteogenesis,”
The Journal of Surgical Research, vol. 143, no. 2, pp. 329-336,
2007.

J. Gao, S. Fu, Z. Zeng et al., “Cyclic stretch promotes
osteogenesis-related gene expression in osteoblast-like cells
through a cofilin-associated mechanism,” Molecular Medicine
Reports, vol. 14, no. 1, pp. 218-224, 2016.

W. R. Thompson, C. T. Rubin, and J. Rubin, “Mechanical reg-
ulation of signaling pathways in bone,” Gene, vol. 503, no. 2,
pp. 179-193, 2012.

M. P. Yavropoulou and J. G. Yovos, “The molecular basis of
bone mechanotransduction,” Journal of Musculoskeletal ¢
Neuronal Interactions, vol. 16, no. 3, pp. 221-236, 2016.

J. H. C. Wang, P. Goldschmidt-Clermont, J. Wille, and F. C. P.
Yin, “Specificity of endothelial cell reorientation in response to
cyclic mechanical stretching,” Journal of Biomechanics, vol. 34,
no. 12, pp. 1563-1572, 2001.

J. Zhang, S. Xu, Y. Zhang, S. Zou, and X. Li, “Effects of equi-
biaxial mechanical stretch on extracellular matrix-related gene
expression in human calvarial osteoblasts,” European Journal
of Oral Sciences, vol. 127, no. 1, pp. 10-18, 2019.

K. D. Fong, R. P. Nacamuli, E. G. Loboa et al., “Equibiaxial ten-
sile strain affects calvarial osteoblast biology,” The Journal of
Craniofacial Surgery, vol. 14, no. 3, pp. 348-355, 2003.

Y. Wang, H. Wang, Q. Ye et al., “Co-regulation of LPS and ten-
sile strain downregulating osteogenicity via c-fos expression,”
Life Sciences, vol. 93, no. 1, pp. 38-43, 2013.

D. Choi, J. C. Park, H. N. Lee et al., “In vitro osteogenic differ-
entiation and antibacterial potentials of chalcone derivatives,”
Molecular Pharmaceutics, vol. 15, no. 8, pp. 3197-3204, 2018.

K. Gan, H. Liu, L. Jiang et al., “Bioactivity and antibacterial
effect of nitrogen plasma immersion ion implantation on poly-
etheretherketone,” Dental Materials, vol. 32, no. 11, pp. €263-
€274, 2016.

O. V. Zaitseva, S. G. Shandrenko, and M. M. Veliky, “Bio-
chemical markers of bone collagen type I metabolism,” Ukrai-
nian Biochemical Journal, vol. 87, no. 1, pp. 21-32, 2015.

D. Kaspar, W. Seidl, C. Neidlinger-Wilke, and L. Claes, “In
vitro effects of dynamic strain on the proliferative and meta-
bolic activity of human osteoblasts,” Journal of Musculoskeletal
& Neuronal Interactions, vol. 1, no. 2, pp. 161-164, 2000.

T. Kanno, T. Takahashi, T. Tsujisawa, W. Ariyoshi, and
T. Nishihara, “Mechanical stress-mediated Runx2 activation
is dependent on Ras/ERK1/2 MAPK signaling in osteoblasts,”
Journal of Cellular Biochemistry, vol. 101, no. 5, pp. 1266—
1277, 2007.

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

(42]

(43]

[44]

(45]

[46]

(47]

BioMed Research International

J. A. Robinson, M. Chatterjee-Kishore, P. J. Yaworsky et al.,
“Wnt/f3-catenin signaling is a normal physiological response
to mechanical loading in bone,” The Journal of Biological
Chemistry, vol. 281, no. 42, pp. 31720-31728, 2006.

C. Haasper, M. Jagodzinski, M. Drescher et al., “Cyclic strain
induces FosB and initiates osteogenic differentiation of mesen-
chymal cells,” Experimental and Toxicologic Pathology, vol. 59,
no. 6, pp. 355-363, 2008.

I. H. Choi, C. Y. Chung, T.J. Cho, and W. J. Yoo, “Angiogen-
esis and mineralization during distraction osteogenesis,” Jour-
nal of Korean Medical Science, vol. 17, no. 4, pp. 435-447,
2002.

K. K. Sivaraj and R. H. Adams, “Blood vessel formation and
function in bone,” Development, vol. 143, no. 15, pp. 2706-
2715, 2016.

S. K. Ramasamy, A. P. Kusumbe, T. Itkin, S. Gur-Cohen,
T. Lapidot, and R. H. Adams, “Regulation of hematopoiesis
and osteogenesis by blood vessel-derived signals,” Annual
Review of Cell and Developmental Biology, vol. 32, no. 1,
pp. 649-675, 2016.

S. K. Ramasamy, A. P. Kusumbe, M. Schiller et al., “Blood flow
controls bone vascular function and osteogenesis,” Nature
Communications, vol. 7, no. 1, 2016.

D. Chen, W. Tian, Y. Li, W. Tang, and C. Zhang, “Osteoblast-
specific transcription factor Osterix (Osx) and HIF-1a cooper-
atively regulate gene expression of vascular endothelial growth
factor (VEGF),” Biochemical and Biophysical Research Com-
munications, vol. 424, no. 1, pp. 176-181, 2012.

S. Yin, S. Kaluz, N. S. Devi et al., “Arylsulfonamide KCN1
inhibits in vivo glioma growth and interferes with HIF signal-
ing by disrupting HIF-1 interaction with cofactors p300/CBP,”
Clinical Cancer Research, vol. 18, no. 24, pp. 6623-6633, 2012.

J. Shao, Y. Zhang, T. Yang, J. Qi, L. Zhang, and L. Deng, “HIF-
lao disturbs osteoblasts and osteoclasts coupling in bone
remodeling by up-regulating OPG expression,” In Vitro Cellu-
lar & Developmental Biology. Animal, vol. 51, no. 8, pp. 808-
814, 2015.

C.J. Peach, V. Mignone, M. Arruda et al., “Molecular pharma-
cology of VEGF-A isoforms: binding and signalling at
VEGFR2,” International Journal of Molecular Sciences,
vol. 19, no. 4, p. 1264, 2018.

Y. Yao, A. F. Zebboudj, E. Shao, M. Perez, and K. Bostrom,
“Regulation of bone morphogenetic protein-4 by matrix GLA
protein in vascular endothelial cells involves activin-like kinase
receptor 1,” The Journal of Biological Chemistry, vol. 281,
no. 45, pp. 33921-33930, 2006.

I. S. Kim, Y. M. Song, and S. J. Hwang, “Osteogenic responses
of human mesenchymal stromal cells to static stretch,” Journal
of Dental Research, vol. 89, no. 10, pp. 1129-1134, 2010.

W. Petersen, D. Varoga, T. Zantop, J]. Hassenpflug,
R. Mentlein, and T. Pufe, “Cyclic strain influences the expres-
sion of the vascular endothelial growth factor (VEGF) and the
hypoxia inducible factor 1 alpha (HIF-1«) in tendon fibro-
blasts,” Journal of Orthopaedic Research, vol. 22, no. 4,
pp. 847-853, 2004.

H. Chang, K. G. Shyu, B. W. Wang, and P. Kuan, “Regulation
of hypoxia-inducible factor-1a by cyclical mechanical stretch

in rat vascular smooth muscle cells,” Clinical Science,
vol. 105, no. 4, pp. 447-456, 2003.



	Uniaxial Static Strain Promotes Osteoblast Proliferation and Bone Matrix Formation in Distraction Osteogenesis In Vitro
	1. Introduction
	2. Materials and Methods
	2.1. Osteoblast Isolation and Culture
	2.2. Cell Proliferation Activity under Different Uniaxial Static Strains
	2.3. Osteoblast Morphology
	2.4. ALP Activity Assay
	2.5. Quantitative Real-Time Reverse Transcription-PCR (RT-PCR)
	2.6. Western Blot
	2.7. ELISA Tests
	2.8. Statistical Analysis

	3. Results
	3.1. CCK-8 Assay
	3.2. In Vitro Culture and Morphological Observation of Osteoblasts
	3.3. ALP Activity
	3.4. RT-PCR Assay
	3.5. Western Blot
	3.6. ELISA Tests

	4. Discussion
	5. Conclusion
	Data Availability
	Conflicts of Interest
	Acknowledgments

