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Determination of optimal cyclic uniaxial stretches
for stem cell-to-tenocyte differentiation under a wide range

of mechanical stretch conditions by evaluating gene expression
and protein synthesis levels
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We examined optimal cyclic uniaxial stretches for stem cell-to-tenocyte differentiation by applying a wide range of cyclic mechani-
cal stimuli. Human bone marrow mesenchymal stem cells (hBMSCs) were subjected to three types of cyclic elongation of 5%, 10%, or
15% at a cyclic frequency of 1 Hz for 24 h or 48 h, and differentiation into tenocytes was assessed by two methods: real-time polymerase
chain reaction determination of gene expression levels and western blotting analysis of protein expression levels. The gene expression
levels of the differentiation markers type I collagen (Col I), type III collagen (Col III), tenascin-C (Tnc), and scleraxis (Scx), all of which
are constituents of tendon tissue, were increased when cells were exposed to 10% stretching stimulation. The levels of Col I and Tnc
protein synthesis levels were also higher in the cells with 10% stretching stimulation than in those subjected to other stimuli. The results
indicated that 10% stretching stimulus was efficient to induce the differentiation of hBMSCs into tenocytes. In addition, the changes in
gene and protein expression levels were strongly correlated with cell orientation angle. The results presented here suggest that mesen-
chymal stem cell-to-tenocyte differentiation is strongly associated with cumulative elongation load on the cells. This work provides novel
insights into the differentiation of tenogenesis in a strain-induced environment and supports the therapeutic potential of hBMSCs.
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1. Introduction

Tendon tissue is a type of connective tissue that
physically binds muscles to skeletal structures permit-
ting locomotion and enhancing joint stability [1]–[3].
Many tendon injuries, ranging from repetitive strain
injuries to complete ruptures, occur in athletes and
other active people, and the effects of having tendon
tissue with reduced functionality can be devastating to
their everyday lives. Tendon injuries are difficult to
manage and although spontaneous healing can occur
this often results in the formation of scar tissue, which
is morphologically, biochemically, and biomechani-
cally different from healthy tendon tissue [4]. As the
structure of repaired tissue differs from healthy tissue

in terms of functionality, movement, and strength
[5]–[9], current conservative and surgical treatments
show limited success [9].

Thus, there is a need for tendon tissue engineering.
One aim of tendon tissue engineering is to produce
a functional tissue replacement in vitro that can then
be implanted into the body. One strategy for tendon
tissue engineering involves combining cells capable of
forming tendon with a scaffold to produce a construct
that can then be implanted into the site of injury for
new tissue formation to take place. This strategy relies
on the availability of an appropriate cell source. The
main problems are the low number of cells obtained
from explanted tissue because tendons are relatively
acellular and low cell density of tenocytes [10], and
they are terminally differentiated with very limited
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proliferative capacity [11]. Hence, bone marrow mes-
enchymal stem cells (BMSCs) are commonly used in
this field of study due to their high proliferative ca-
pacity and pluripotency [12]–[16].

Numerous strategies using chemical stimulation
for enhancement of tendonogenesis have been re-
ported to date. A number of growth factors (e.g., CTGF
[17], GDF-5/BMP-14 [18], [19], GDF-6/BMP-13 [20],
among others) induce differentiation of mesenchymal
stem cells (MSCs) into tenocytes. However, mechani-
cal stimuli are very important to the development of
tendon. For functional tendon tissue engineering,
chemical stimulation is not enough, and mechanical
stimuli should be introduced to improve the effect of
tendon repair.

During everyday movement of the body, the ten-
dons are subjected to numerous types of mechanical
strain. Tendons respond to mechanical forces by
adapting their metabolism and structural and me-
chanical properties [2]. Mechanical stretching appears
to influence human tendon fibroblast proliferation
[21] and to increase the production of collagen, the
primary constituent of tendon tissue [22]–[24]. Fur-
thermore, the application of mechanical stretching
appears to stimulate MSCs to proliferate and differen-
tiate into tenocytes [25]–[29]. Therefore, mechanical
stimulation is being investigated as a critical method
for inducing differentiation. For example, Chen et al.
evaluated MSC-to-tenocyte differentiation using
quantitative reverse transcription polymerase chain
reaction (qRT-PCR), analysis of mRNA expression
levels, by subjecting the cells to 3% or 10% stretching
mechanical stimulation at 1 Hz [28]. Kuo and Tuan
reported differentiation using qRT-PCR by subjecting
the cells to 1% stretching mechanical stimulation at
1 Hz [26]. Type I collagen (Col I), type III collagen
(Col III), tenascin-C (Tnc), and scleraxis (Scx) were
usually used to describe the differentiation into teno-
cyte [29], [30]. Col I molecules self-assemble into
highly organized fibrils that form collagen fibers [31].
Cross-linking of these fibers in the extracellular ma-
trix (ECM) gives them a high tensile strength and
provides mechanical strength for tendon tissue [32].
Col III forms smaller, less organized fibrils [33]. Tnc
is thought to be involved in ECM formation, contrib-
uting to the mechanical stability of tendon tissue
through its interactions with collagen fibrils and
decorin, a proteoglycan [34]. Scx is a transcription
factor specifically expressed in tendons and ligaments,
which are involved in the activation of proα1(I) colla-
gen gene expression in tendon fibroblasts [32].

Differentiation into tenocyte has not been exam-
ined in a systematic manner using cells from the same

source, and it has not yet been confirmed what degree
of elongation is suitable for differentiation. Therefore,
in the present study, MSC-to-tenocyte differentiation
was evaluated by determining mRNA expression lev-
els using qRT-PCR and levels of protein synthesis by
western blotting. The mechanical stimulation condi-
tions were sinusoidal 1-Hz cyclic stretching at 5%,
10%, or 15% elongation over 24 h or 48 h. No previ-
ous studies have used such a broad range of elonga-
tion and two methods of analyzing differentiation, i.e.,
both gene and protein expression levels, in cells from
an identical source.

2. Materials and methods

2.1. Cells and culture
with mechanical cyclic stretching

Human bone marrow mesenchymal stem cells
(hBMSCs; cell line JCRB1136; Health Science Re-
search Resources Bank, Tokyo, Japan) were main-
tained in low-glucose Dulbecco’s modified Eagle’s
medium containing 10% fetal calf serum, 0.5% Glu-
taMax, and 0.05% gentamicin (Invitrogen, Carlsbad,
CA) at 37 °C under an atmosphere of 5% CO2 in
a humidified incubator (Sanyo, Tokyo, Japan). The
hBMSCs were cultured in 25 cm2 culture flasks (BD
Biosciences, Franklin Lakes, NJ) at an initial density
of 1.0 × 104 cells/cm2 for expansion without differen-
tiation. The medium was replaced with fresh medium
every 3 days. At near-confluence, which occurred
every 5–7 days, cells were detached from culture flasks
with 0.25% trypsin (Wako Pure Chemical Industries,
Ltd., Osaka, Japan)/1 mM EDTA (Takara Bio, Shiga,
Japan) and seeded into new culture flasks.

A simple stretching device (STB-140; Strex, Osaka,
Japan), fitted with elastic silicone rubber chambers
(Fig. 1a), was used to apply uniaxial cyclic deforma-
tion. The elastic chambers had a transparent bottom
(32 × 32 mm2, 100 μm thick) and walls that were
9.9 mm in height (Fig. 1b). The chamber was deform-
able by up to 20% along a single direction by use of
a stainless steel grappling-hook device. Uniaxial de-
formation of the elastic substrate was accompanied by
a small degree of subsidiary deformation in the or-
thogonal direction because the sides of the elastic sub-
strate were allowed to deform. Although the orthogonal
deformation was suppressed by the thick walls of the
elastic chamber, elongation of 10% induced up to ap-
proximately 4.3% perpendicular retraction.
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The elastic chambers were rinsed in distilled water
in an ultrasonic bath for 15 min, placed in sterile
phosphate-buffered saline (PBS; Cosmo Bio, Tokyo,
Japan), and sterilized by exposure to ultraviolet light
in a sterile hood for 30 min. Then they were coated
with human fibronectin (R&D Systems, Minneapolis,
MN) at a concentration of 1 μg/cm2 for 3 h. Tryp-
sinized hBMSCs were plated onto the bottom of the
chambers at a density of 1.0 × 104 cells/mL and cul-
tured as described above for 2 days without cyclic
stretching. Finally, 1-Hz uniaxial cyclic stretching of
5%, 10%, or 15% elongation was applied to the
hBMSCs in the culture environment over 24 h or 48 h,
because we had found that 1.0 Hz cyclic frequency is
the best condition for the proliferation of hBMSCs
[35], and a lot of researchers had used this frequency
as a typical condition to demonstrate the differentia-
tion behavior of hBMSCs [23], [26], [28], [36]–[38].
The experimental conditions are summarized in Table 1.
Control cells were treated similarly but were not sub-
jected to cyclic stretching.

Table 1. Experimental conditions

Control
cells

group

Mechanical
stimulation cells groups

Frequency [Hz] 0 1
Elongation [%] 0 5 10 15
Duration time [h] 0 24 48 24 48 24 48

2.2. Measurement of cell orientation

Cellular morphology was observed using a phase-
contrast microscope (IX71; Olympus, Tokyo, Japan).
Photographs were taken with a CCD camera (D300s;
Nikon Co, Ltd., Tokyo, Japan) and analyzed using
ImageJ software (NIH) to quantify the effects of dif-

ferent types of mechanical stretching on cell align-
ment. Each cell in the photographs was approximated
as an ellipse and the long axis was determined. The
orientation angle θ of each cell with respect to the
stretch axis was determined (Fig. 2). To evaluate the
degree of orienting response of the cells, we con-
structed histograms where cell frequency was plotted
against the orientation angle. If a cell was located in
the conjugated position, i.e., an orientation angle of
–θ, the cell orientation was considered to be identical
to a cell oriented at θ. Five samples (n = 5) were used
for each experimental condition. The cell frequency of
respective orientation angles was summed for each
experimental condition, and the means and standard
errors were calculated.

Fig. 2. Orientation angle θ definition of each cell

2.3. Quantitative RT-PCR

When the cyclic stretching period was completed,
aliquots of the cells were lysed, and their total RNA
was isolated using an RNeasy Mini Kit (Qiagen,
Düsseldorf, Germany). The purity and concentration
of the RNA were assessed by determining the absorb-
ance ratio at 260/280 nm. Reverse transcription was
performed using a High Capacity RNA-to-cDNA Kit
(Applied Biosystems, Carlsbad, CA). Glyceraldehyde
3-phosphate dehydrogenase (GAPDH; internal con-
trol), Col I, Col III, Tnc, and Scx gene expression

(a) (b)

Fig. 1. System for cell culture with mechanical cyclic uniaxial stretching:
(a) cell stretching device with two elastic chambers, (b) geometry of the elastic chamber
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levels were analyzed using pre-designed minor groove
binder probes (Applied Biosystems), TaqMan PCR
Master Mix (Applied Biosystems), and a Light Cycler
apparatus (ABI 7300; Applied Biosystems). Gene
expression levels were calculated using the standard
curve method and normalized relative to the levels of
GAPDH gene expression. Three samples were  used
for all experimental conditions.

2.4. Western blotting

Cell lysates were collected at the end of each ex-
periment for each culture condition. Briefly, cells
were washed with PBS, then 100 μL of a detergent-
based lysis buffer (M-PER Mammalian Protein Ex-
traction Reagent; Pierce, Rockford, IL) and protease
inhibitor PMSF and a cocktail of phosphatase inhibi-
tors (1:100 dilution; Pierce) were added to each
chamber for collection of total cellular proteins. Ali-
quots of 30 μg protein from each sample were sub-
jected to 8% SDS-PAGE. The separated proteins were
transferred onto PVDF membranes (Bio-Rad, Hercu-
les, CA) at 80 V for 120 min. The membranes were
blocked in 5% BSA/TBS-Tween 20 solution at 4 °C
overnight followed by application of monoclonal anti-
body specific for GAPDH (sc-48166; Santa Cruz Bio-
technology, Santa Cruz, CA) at 1:2000, Col I (sc-8785;
Santa Cruz Biotechnology), Tnc (sc-9871; Santa Cruz
Biotechnology), and Runx2 (sc-8566; Santa Cruz
Biotechnology) at 1:1000 in 5% BSA/TBS-Tween 20.
After incubation for 120 min with primary antibody at
room temperature, the secondary antibody, anti-goat
IgG-HRP (sc-2354; Santa Cruz Biotechnology) was
applied at 1:10000 in 5% BSA/TBS-Tween 20 for 1 h
at room temperature. The membranes were washed
three times with 0.1 TBS/Tween 20 for 10 min after
each antibody application. The proteins on the PVDF

membranes were detected with the ECL detection
system (Pierce), according to the manufacturer’s pro-
tocol. The protein bands were quantified by volume
summation of image pixels with a Fujifilm LAS-4000
(Fujifilm, Tokyo, Japan). Three samples were used for
each experimental condition.

2.5. Statistical analysis

The means and standard deviations are reported
for three or five repeat samples. The paired Student’s
t test was used for statistical analyses, and P < 0.05
was taken to indicate statistical significance.

3. Results

3.1. Changes in cellular morphology
by mechanical stretching

Phase-contrast images showing the cellular mor-
phologies of the control cells and those subjected
to 5% (24 h), 5% (48 h), 10% (24 h), 10% (48 h),
15% (24 h), and 15% (48 h) stretching are shown in
Fig. 3a–g, respectively. The application of sinusoidal
cyclic stretching did not cause substantial changes
in cell morphology. Stretching at 10% and 15%
induced marked changes in cell orientation; the con-
trol and 5% stretched cells remained randomly oriented
(Fig. 3a, b, e), whereas the cells subjected to 10%
or 15% stretching began to orient almost perpendicu-
lar to the direction of stretching. The time-related
changes in the orientation angle θ of each experimen-
tal condition are shown in Fig. 4. The control and 5%
stretched cells did not show a distinct trend in terms of

Fig. 3. Phase-contrast photomicrographs of cells subjected to cyclic uniaxial stretching:
(a) control, (b) 5% stretching for 24 h, (c) 10% stretching for 24 h, (d) 15% stretching for 24 h,

(e) 5% stretching for 48 h, (f) 10% stretching for 48 h, (g) 15% stretching for 48 h
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orientation angle, and remained randomly oriented.
The 15% stretched cells tended to be oriented in the
same directions of 60–90° from 24 h. The orientation
of 10% stretched cells showed the same tendency as
the 15% stretched cells but took a longer time.

Fig. 4. Time-related changes in orientation angle θ
in cells subjected to control, 5%, 10%, or 15% cyclic

uniaxial stretching at 1 Hz for 24 h or 48 h as indicated

3.2. Changes in gene expressions
by mechanical stretching

The time-related changes in gene expression for
the MSC-to-tenocyte differentiation markers Col I,

Col III, Tnc, and Scx are shown in Fig. 5; the expres-
sion level of each gene is shown relative to that in the
control cells (defined as 1.0). Almost all of the marker
genes showed significant upregulation in the 10%
stretched cells. In these cells, the levels of Col I and
Col III gene expression remained almost constant
although those of Tnc and Scx increased to 1.36–1.64
and 1.61–2.50, respectively, between 24 and 48 h.
Downregulation or no significant differences in gene
expression were observed for the control cells relative
to the 5% and 15% stretched cells, although the level
of Scx gene expression was specifically increased in
the 5% stretched cells at 24 h as an exception. How-
ever, the margin of error was large and this was not
statistically significant.

3.3. Changes in protein expressions
by mechanical stretching

The time-related changes in Col I, Tnc, and Runx2
protein expression are shown in Fig. 6; the synthesis
level of each protein is shown relative to that in the
control cells (defined as 1.0) in Fig. 6b. The results
were similar to those regarding mRNA expression,
i.e., Col I and Tnc proteins showed significant
upregulation in the 10% stretched cells. On the other

Fig. 5. Time-related changes in (a) Col I, (b) Col III, (c) Tnc, and (d) Scx mRNA levels in cells subjected to 5%, 10%,
or 15% cyclic uniaxial stretching at 1 Hz for 24 h or 48 h as indicated.

Data are normalized to the corresponding mRNA levels in non-stretched cells (defined as 1).
*P < 0.05 relative to control; **P < 0.05 relative between 24 h and 48 h
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hand, the secretion of extracellular matrix was not active
in the 5% or 15% stretched cells as the levels of Col I
and Tnc protein synthesis were almost the same or de-
creased compared to those in the control cells. These
observations indicate that such mechanical stimuli, i.e.,
5% or 15% stretching, have little effect on MSC-to-
tenocyte differentiation. The synthesis of Runx2 protein,
which is an indicator of bone cell differentiation, did not
increase under any of the experimental conditions at 24 h
and showed a downward trend at 48 h.

4. Discussion

Our previous studies show that focal adhesion
kinase, cytoskeleton and  RhoA/ROCK play an im-

portant role in mechanical stretch-induced tenogenic
differentiation of hBMSCs [36], [37]. We further in-
vestigated the effect of a wide range of mechanical
stretching on differentiation of hBMSCs. From the
perspective of gene expression, 10% stretching was
the best condition to obtain MSC-to-tenocyte differ-
entiation in the present study (Fig. 5). Similar results
were reported previously by Chen et al. who evaluated
MSC-to-tenocyte differentiation with uniaxial 3% or
10% stretching stimuli at 1 Hz [28], Zhang et al. who
studied the differentiation potential of MSCs with
uniaxial 10% stretching stimulation at 1 Hz [29], and
Lee et al. who confirmed stem cell differentiation into
ligament cells with uniaxial 10% stretching stimula-
tion [38]. It was assumed that in 5% stretching stimu-
lation the elongation amplitude would not be suffi-
cient to provoke MSC-to-tenocyte differentiation. Kuo

Fig. 6. Time-related changes in Col I, Tnc, and Runx2 protein levels in cells subjected to 5%, 10%, or 15% cyclic uniaxial stretching
at 1 Hz for 24 h or 48 h as indicated: (a) results of the western blot. 24Con, 24Str, 48Con, and 48Str designate control for 24 h,

stretching for 24 h, control for 48h, and stretching for 48 h, respectively; (b) quantitative measurements of the western blot results.
Data are normalized to the corresponding protein levels in non-stretched cells (defined as 1).

*P < 0.05 relative to control
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and Tuan, however, reported that MSC-to-tenocyte
differentiation was induced even with 1% stretching
stimulation although the necessary duration of stimu-
lation was as long as 7 days [26]. Conversely, Chen et
al. reported that MSC-to-tenocyte differentiation was
not stimulated by 3% stretching for 48 h [28]. These
results suggest that the MSC-to-tenocyte differentia-
tion by cyclic mechanical stimulation must take into
account not only elongation amplitude but also the
duration of stimulation. Thus, MCS-to-tenocyte dif-
ferentiation may be related to the cumulative elonga-
tion load of elongation amplitude and duration of
stimulation. Furthermore, a certain threshold of cu-
mulative elongation load may exist for differentiation
of MSCs into tenocytes. If so, MSC-to-tenocyte dif-
ferentiation with stretching stimulation above 10%
would occur earlier than with 10% stretching stimula-
tion because the 10% stretched MSCs definitely dif-
ferentiated into tenocytes (Fig. 5). However, the 15%
stretched cells did not show such promotion. Rather,
the gene expression levels remained constant or de-
creased with 15% stretching stimulation, suggesting
that there is an upper limit in terms of elongation am-
plitude. Indeed, Costa et al. noted that a large degree
of elongation (>15%) can destroy some cellular func-
tions [39].

Axial strain of a cell, or mechanical strain along
the long axis of an elliptical cell, must be discussed
when investigating the relationship between differen-
tiation and uniaxial mechanical stimulation. The cell
orientation response, studied in detail by Neidlinger-
Wilke et al. [40] and Wang et al. [41], is an important
factor. Figure 7 shows the theoretical relationship
between axial strain of cell and cell orientation angle
θ when the chamber is stretched at 10% elongation
[40]. Cells become oriented at an orientation angle of
more than 60° to reduce axial strain of cell, as shown
in this figure [29], [40]–[42]. The gene expression
levels can be explained to some degree based on this
relationship. The changes in gene expression levels
under each experimental condition, calculated from
the results shown in Fig. 5, are shown in Table 2. The
cells were exposed to large axial strain loads as cell
alignment had not been yet progressed sufficiently
within the stimulation time of 0–24 h (Fig. 4). Thus,
the changes in gene expression levels were high
(Table 2). On the other hand, between 24 and 48 h, the
cells experienced small axial strain loads because cell
alignment had advanced sufficiently with stimulation
times (Fig. 4). Therefore, the changes in expression
level of each gene were relatively low compared to
those at 0–24 h (Table 2). The degrees of increase in
Tnc and Scx gene expression levels, however, did not

decrease markedly. This discrepancy in change rate
between Col I/Col III and Tnc/Scx was attributed to
the time lag of gene expression, as also suggested by
Zhang et al. [29]. Thus, each gene expression profile
may have a different mechanical threshold.

Fig. 7. Relation between axial strain of cell
and cell orientation angle when the chamber is stretched at 10%

Table 2. Changes in gene expression levels in 10% stretched cells

Col I Col III Tnc Scx
0 → 24 h 1.18 1.31 1.36 1.61
24 → 48 h 1.00 −1.11 1.21 1.56

The protein synthesis levels of Col I and Tnc
showed the same tendency as the respective gene ex-
pression levels (Fig. 6). The observations of protein
synthesis levels also led to the same conclusion that
10% stretching stimulation was the best condition in
this study in terms of differentiation and secretion of
extracellular matrix, because the protein synthesis
levels corresponded to secretion of extracellular ma-
trix. These results support those reported by Zhang et
al. [29], who evaluated MSC-to-tenocyte differentia-
tion by monitoring protein synthesis levels with cyclic
mechanical stimulation at 1 Hz. Several studies have
indicated that uniaxial cyclic stretching induces dif-
ferentiation of MSCs into bone cells [28], [43]. Dif-
ferentiation into bone cells was suppressed in the pre-
sent study, as indicated by Runx2, a typical osseous
protein, which was downregulated over time (Fig. 6).

5. Conclusion

Cells were subjected to cyclic elongation of 5%,
10%, or 15% at a cyclic frequency of 1 Hz for 24 h or
48 h, and differentiation was assessed. This is the first
study involving such a wide range of elongation levels
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and evaluation of differentiation by monitoring both
gene and protein expression levels. The results indi-
cated that the gene expression levels of tendon-related
markers Col I, Col III, Tnc, and Scx, were high in
cells subjected to 10% stretching stimulation. The
protein synthesis levels of Col I and Tnc were also
higher in cells subjected to 10% stretching stimula-
tion. Therefore, 10% stretching stimulation was the
best condition for MSC differentiation into tenocytes.
In addition, the changes in both gene and protein ex-
pression levels were strongly correlated with cell ori-
entation angle. Thus, MSC-to-tenocyte differentiation
is strongly associated with the cumulative elongation
load of the cells, which is dependent on the elongation
amplitude and duration of stimulation.
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