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Abstract: It is known that mechanical loading of muscles increases the strength of healing tendon
tissue, but the mechanism involved remains elusive. We hypothesized that the secretome from
myoblasts in co-culture with tenocytes affects tenocyte migration, cell phenotype, and collagen (Col)
production and that the effect is dependent on different types of mechanical loading of myoblasts.
To test this, we used an in vitro indirect transwell co-culture system. Myoblasts were mechanically
loaded using the FlexCell® Tension system. Tenocyte cell migration, proliferation, apoptosis, collagen
production, and several tenocyte markers were measured. The secretome from myoblasts decreased
the Col I/III ratio and increased the expression of tenocyte specific markers as compared with
tenocytes cultured alone. The secretome from statically loaded myoblasts significantly enhanced
tenocyte migration and Col I/III ratio as compared with dynamic loading and controls. In addition,
the secretome from statically loaded myoblasts induced tenocytes towards a myofibroblast-like
phenotype. Taken together, these results demonstrate that the secretome from statically loaded
myoblasts has a profound influence on tenocytes, affecting parameters that are related to the tendon
healing process.

Keywords: collagen; differentiation; mechanical loading; migration; myoblast; proliferation;
secretome; tenocyte

1. Introduction

Mechanical loading is well known to improve tendon healing [1–4]. A healing tendon
that is loaded becomes several-fold stronger, but the mechanism is not fully understood.
It is thought that the effect of loading during tendon healing is exerted through mechan-
otransduction, i.e., that cells detect mechanical loading and transform this into a cellular
response [5–8]. Another theory is that mechanical loading might induce microdamage of
healing tissue which triggers inflammation [9]. Notably, both of these theories focus on lo-
cal events within the tendon. Paracrine influence from tissue surrounding the tendon might
also contribute to tendon healing. For example, cells in the paratenon, which surround the
tendon, contribute to tendon healing [10]. Anatomically, the tendon is a strong dense tissue
that connects muscle to bone. While muscle–bone crosstalk has been extensively studied
(reviewed by [11–13]), muscle–tendon crosstalk has so far been largely disregarded.

Skeletal muscle is an active endocrine organ that communicates in an auto-, or paracrine
manner via secretion of proteins and other molecules, the so-called secretome [14–16]. The
secretome cross-talk between cells induces a multitude of functions such as cell prolifera-
tion, migration, collagen production, and cell differentiation [17–20]. More specifically, it
has been shown that conditioned media derived from muscle tissue accelerates femoral
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tunnel closure in anterior cruciate ligament reconstruction in vivo [21]. Moreover, covering
an open bone fracture with a muscle flap leads to accelerated healing and reduced levels of
deep infection [22]. The secretome from mechanically loaded muscle cells has been shown
to contain increased levels of growth factors, such as fibroblast growth factor (FGF) [23],
which can potentially bind to receptors expressed by tendon cells to improve the healing
process [24]. Collectively, these findings suggest that muscle secretome might improve
tendon healing.

Clinical variations of mechanical loading are known to have different impact on ten-
don healing. Isolated mild eccentric training stimulates healing of degenerative tendons
while mild concentric training exaggerates the injury [25]. The type of loading regime is
also known to impact the content of cytokines in the blood plasma. Static loading increases
the concentration of interleukin 15 (IL-15) while dynamic does not [26]. Moreover, the
intensity of loading has an impact, i.e., in moderate-intensity resistance exercise, the serum
level of insulin-like growth factor (IGF-1) was found to be significantly increased as com-
pared to with high-intensity conditions [27]. Mechanical stretching is known to modulate
IGF-1 secretion in muscle cells [28,29], thus the secreted factors from muscle influence
the composition of molecules in the circulating blood. IGF-1 signaling is suggested to be
required for correct human postnatal tendon growth [30]. However, whether different
loading regimes could affect the muscle cell secretome, and thus lead to different outcomes
in tendon healing is unknown.

The tendon healing process consists of three overlapping phases: inflammatory, pro-
liferative, and remodelling. Immune cells are first recruited into the injury site during
the inflammatory phase and orchestrate the healing process. Subsequently, tenocytes
migrate to the injury site and start to proliferate and produce extracellular matrix com-
ponents such as collagens (proliferation phase) [31–33]. Migration of tendon cells to the
injury site and subsequent proliferation are crucial steps of the tendon healing process.
Chen et al. found that secreted factors from rat bone marrow mesenchymal stem cells
enhance tenocyte migration and proliferation [34]. This finding suggests that tenocytes are
responsive to secreted factors from other closely related cells. The secretome of skeletal
muscle cells contains many growth factors and cytokines that are related to migration and
proliferation [16,35].

Later in the remodelling phase, there is a denser connective tissue dominated by colla-
gen I (Col I) produced by the tenocytes and a lower amount of collagen III (Col III). The ratio
of Col I/III is therefore used to analyze the collagen composition during different phases of
tendon healing. The production of collagen is closely related to the cell phenotype [32,36].
As an example, higher scleraxis (Scx) expression (a tenocyte phenotype marker), is related
to higher Col I production [37]. Thus, tenocytes control the production, as well as orga-
nization and maintenance of the extracellular matrix (ECM) of tendons [38]. There are
many markers characteristic of tenocyte differentiation. Tenascin-C (Tnc) and vimentin
(Vim) as well as Scx are markers that are commonly used to identify tenocytes [39,40]. S100
calcium binding protein A4 (S100a4) and Actin alpha 2, smooth muscle (Acta2, also termed
α-SMA) are two markers associated with tendon healing. It has been demonstrated that
fibroblasts expressing S100a4 are positively correlated with fibrotic tendon healing [41,42].
Furthermore, tendon cells exhibiting the ultrastructural features of smooth muscle cells
express the Acta2 gene during tendon healing [43,44]. CD146 (Mcam) is a marker of tendon
stem/progenitor cells [45]. Thus, analysis of the col I/III ratio and the phenotypic markers
Scx, Tnc, Vim, Acta2, and S100a4 facilitates the understanding of tendon healing.

We hypothesized that (1) the secretome from myoblasts affects tenocytes and the pa-
rameters associated with tendon healing and that (2) different mechanical loading regimes
of myoblasts induce different responses in tenocytes. In this study, we have investigated
the parameters associated with tendon healing including (i) migration, (ii) proliferation
(iii) cell phenotype, and (iv) collagen production. To overcome the complex in vivo system,
we tested our hypothesis by using an in vitro indirect co-culture system using transwell
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inserts, culturing tenocytes in the presence of myoblasts. Myoblasts were mechanically
loaded using the FlexCell® system.

2. Results
2.1. Secretome from Statically Loaded Myoblasts Enhances Tenocyte Migration

We first examined the effect of myoblast secretome on tenocyte migration in co-culture
with mechanically unloaded myoblasts using a transwell assay. Myoblasts in co-culture
with tenocytes significantly decreased the migration of tenocytes after 24 h (Figure 1A
left panel) as compared with tenocytes alone; however, this effect was not seen at 48 h
(Figure 1B left panel). Next, we tested whether static and dynamic loading of myoblasts
could affect tenocyte migration. Dynamically loaded myoblasts did not affect tenocyte
migration at 24 h or 48 h compared with unloaded myoblasts. However, statically loaded
myoblasts significantly enhanced tenocyte migration at both 24 h and 48 h compared with
unloaded myoblasts (Figure 1A,B right panel). The data suggest that there are differential
responses in tenocyte migration capacity, relative to the type of loading on myoblasts.
Furthermore, the secretome from statically loaded myoblasts does induce the migration
of tenocytes.
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parisons was performed when comparing between Co ctrl, Dyn and Stat groups. * p < 0.05, *** p < 
0.001, **** p < 0.0001. 

Figure 1. Cell migration of tenocytes co-cultured with/without mechanically loaded myoblasts.
(A,B) Tenocyte migration was measured by transwell assay. Migrated cells were quantified by
crystal violet staining. Teno ctrl: tenocytes alone, Co ctrl: tenocytes co-cultured with myoblasts, Dyn:
tenocyte co-cultured with dynamically loaded myoblasts, Stat: tenocyte co-cultured with statically
loaded myoblasts. Data are represented as mean ± standard deviation. n = 3. Student’s t-test
was performed when comparing Teno ctrl and co ctrl. One-way ANOVA with Tukey’s multiple
comparisons was performed when comparing between Co ctrl, Dyn and Stat groups. * p < 0.05,
*** p < 0.001, **** p < 0.0001.

2.2. Mechanically Loaded Myoblasts Have No Effects on Tenocyte Proliferation and Apoptosis

Cell turnover is, together with migration, an important aspect of tendon healing. We
used EdU staining to quantify the proliferation rate of tenocytes. No significant difference
in proliferation was detected among all groups at 24 h and 48 h (Figure 2A). In addition,
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no major differences of the proliferative marker Proliferating Cell Nuclear Antigen (PCNA)
was found on Western blots at 48 h (Figure 2B). Cell death is another factor that influences
tenocyte turnover. We used the Lactate Dehydrogenase (LDH) Assay to quantify cell
death in tenocytes. No significant difference of LDH levels was found among all groups
at 24 h and 48 h, indicating no induction of either apoptosis and/or necrosis of tenocytes
(Figure 2C). This result was further confirmed by Western blot which showed no major
differences of cleaved-Poly(ADP-ribose) polymerase (c-PARP), a marker of late apoptotic
activity (Figure 2D). Overall, these results suggest that the secretome from mechanically
loaded or unloaded myoblasts does not affect tenocyte cell turnover.
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Figure 2. Cell proliferation and apoptosis of tenocytes co-cultured with/without mechanically loaded myoblasts. (A) Rel-
ative EdU counting in tenocytes co-cultured with mechanically loaded myoblasts. (B) Western blot images of PCNA
in tenocytes after 48 h. (C) Quantification of LDH content in the medium. (D) Western blot images of c-PARP. Teno
ctrl: tenocytes alone, Co ctrl: tenocytes co-cultured with myoblasts, Dyn: tenocyte co-cultured with dynamically loaded
myoblasts, Stat: tenocyte co-cultured with statically loaded myoblasts. Data are represented as mean ± standard deviation.
n = 3. One-way ANOVA with Tukey’s multiple comparisons was performed when comparing between Teno ctrl, Co ctrl,
Dyn and Stat groups in (A,C).

2.3. Secretome from Mechanically Loaded Myoblasts Alters Collagen Expression of Tenocytes

To examine whether unloaded or mechanically loaded myoblasts affect tenocyte
collagen expression, we measured Col 1a1 and Col 3a1 at mRNA level and the concentration
of Col I and Col III within the cell (cell lysate), as well as that secreted into the medium.
Secretome from unloaded myoblasts suppressed the mRNA expression of Col 1a1 in
tenocytes as compared with tenocytes alone. In contrast, Col 3a1 mRNA expression was
increased in tenocytes co-cultured with unloaded myoblasts (Figure 3A). Col I levels
within the cells were reduced in tenocytes co-cultured with unloaded myoblasts at 48 h, as
measured by ELISA (Figure 3B). Col III within cells was not detectable by the ELISA kit we
used. The levels of Col I secretion were reduced and Col III secretion was increased in the
medium from tenocytes co-cultured with unloaded myoblasts (Figure 3C). Additionally,
immunofluorescence staining demonstrated that there was a reduction of Col I deposition
outside of tenocytes co-cultured with unloaded myoblasts at 48 h as compared with 24 h,
suggesting that Col I was released into the medium at 48 h. This might contribute to the
general increase of Col I content at 48 h as compared with 24 h (Figure 3G). These results
demonstrate that the secretome from unloaded myoblasts regulates the Col I/III ratio in
tenocytes at both the mRNA and protein secretion levels.
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Figure 3. Col I/III production from co-cultures with and without mechanically loaded myoblasts. (A,D) Relative mRNA
expression of Col 1a1 and Col 3a1 in tenocytes. (B,E) Quantification of Col 1 content in tenocyte lysate by ELISA. (C,F) Quan-
tification of Col I/III content and the ratio in the cell culture medium. (G) Immunofluorescence staining of Col I on tenocytes.
Teno ctrl: tenocytes alone, Co ctrl: tenocytes co-cultured with myoblasts, Dyn: tenocyte co-cultured with dynamically loaded
myoblasts, Stat: tenocyte co-cultured with statically loaded myoblasts. Data are represented as mean ± standard deviation.
n = 3. Student’s t-test was performed when comparing Teno ctrl and co ctrl. One-way ANOVA with Tukey’s multiple
comparisons was performed when comparing between Co ctrl, Dyn and Stat groups. * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001.
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We were also interested in determining whether different mechanical loading protocols
could affect collagen production in the co-culture system. Neither static nor dynamic
loading of myoblasts changed Col 1a1 mRNA expression in the tenocytes at 24 h (Figure 3D).
In contrast, Col 3a1 mRNA expression in tenocytes was significantly reduced following co-
culture with both dynamically and statically loaded myoblasts (Figure 3D). Secretome from
mechanically loaded myoblasts did not change Col I content within the cells (Figure 3E).
The concentrations of Col I and Col III in the medium at 24 h were significantly decreased in
the dynamically loaded myoblasts group as compared with the unloaded myoblast group
(Col I; 7.29 ± 0.98 ng/mL vs. 9.15 ± 1.25 ng/mL, p < 0.05. Col III; 2.29 ± 0.24 ng/mL vs.
2.72 ± 0.36 ng/mL, p < 0.05) (Figure 3F upper panel). The concentrations of Col I and Col
III in the medium at 48 h were significantly decreased in the statically loaded myoblasts
group as compared with the unloaded myoblast group (Col I; 17.20 ± 0.75 ng/mL vs.
18.64 ± 1.44 ng/mL in control, p < 0.01. Col III; 4.46 ± 0.55 ng/mL vs. 7.11 ± 0.33 ng/mL in
control, p < 0.0001) (Figure 3F lower panel). Overall, these results indicate that the myoblast
secretome alters the concentration of Col I and Col III in the medium and mechanical
loading of myoblasts changes the collagen production in tenocytes.

2.4. Statically Loaded Myoblasts Change the Expression of Tenocyte Markers

Tenogenic differentiation is an important aspect of tendon composition. We observed
an increase of Tnc mRNA level in tenocytes in co-culture with the unloaded myoblasts
group compared with the tenocytes group (9.70 ± 1.00 fold vs. teno ctrl, p < 0.001), while
S100a4, Scx, and Vim showed a moderate increase at mRNA level in tenocytes in co-culture
with unloaded myoblasts compared with tenocytes alone at 24 h (1.48 ± 0.07, 2.06 ± 0.13
and 2.39 ± 0.25 fold vs. teno ctrl, respectively, p < 0.05). Acta2 and Mcam showed no
significant changes (Figure 4A).

The expression of all three markers of tenogenic differentiation (Scx, Vim, and Tnc)
were significantly reduced in tenocytes in co-culture with statically loaded myoblasts as
compared with unloaded myoblasts. Secretome from statically loaded myoblasts increased
the expression of S100a4 and Acta2 in tenocytes as compared with unloaded myoblasts at
24 h and 48 h (Figure 4B,C). In addition, Mcam was decreased in tenocytes after co-culture
with statically loaded myoblasts at 24 h and 48 h. Secretome from dynamically loaded
myoblasts also induced upregulation of S100a4 and Acta2 in tenocytes at 24 h, but did
not affect tenocyte markers (Figure 4B). There were increased Scx levels and decreased
Vim expression in tenocytes after co-culture with dynamically loaded myoblasts at 48 h,
but S100a4 and Acta2 expression remained at the control level (Figure 4C). Mcam did not
show a significant change in expression in tenocytes after co-culture with dynamically
loaded myoblasts at 24 h and 48 h. Additionally, a more pronounced α-SMA expression
was detected in tenocytes co-cultured with statically loaded myoblasts as compared to
dynamically loaded myoblasts, tenocytes co-cultured with unloaded myoblasts, and teno-
cytes alone after 48 h, as measured by immunofluorescence (Figure 4D). Taken together,
these results showed that secretome from dynamically loaded myoblasts did not change
the tenocyte differentiation to the same extent as statically loaded myoblasts.
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Figure 4. Expression of tenocyte markers in tenocytes co-cultured with or without mechanically loaded myoblasts.
(A) mRNA expression of tenocyte markers in tenocytes co-cultured with unloaded myoblasts and tenocytes alone at 24 h.
mRNA expression of tenocyte markers in tenocytes co-cultured with unloaded or mechanically loaded myoblasts at 24 h
(B) and 48 h (C). (D) Immunofluorescence staining was performed to analyze the expression of α-SMA and F-actin between
groups after 48 h of culture. Tnc: Tenascin-C; Scx: Scleraxis; Vim: Vimentin; Acta2: Actin alpha 2, smooth muscle; S100a4:
S100 calcium-binding protein A4; Mcam: melanoma cell adhesion molecule. Teno ctrl: tenocytes alone, Co ctrl: tenocytes
co-cultured with myoblasts, Dyn: tenocyte co-cultured with dynamically loaded myoblasts, Stat: tenocyte co-cultured with
statically loaded myoblasts. Data are represented as mean ± standard deviation. n = 3. Student’s t-test was performed when
comparing Teno ctrl and co ctrl. One-way ANOVA with Tukey’s multiple comparisons was performed when comparing
between Co ctrl, Dyn and Stat groups. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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3. Discussion

While the theories of mechanotransduction and microdamage have been put forward
to explain how tendon healing is accomplished [46,47], in this study, we have explored
the possibility that parameters of tendon healing may be affected by the secretome from
mechanically loaded muscles. By using indirect co-culture of myoblasts with tenocytes,
we demonstrated that the ratio of Col I/III was decreased and that tenocytes had higher
expression of tenocyte markers. By applying different mechanical loading regimes on my-
oblasts in co-culture with unloaded tenocytes, we showed that statically loaded myoblasts
induced an increased tenocyte migration, increased the ratio of Col I/III, and induced a
tenocyte differentiation towards myofibroblast-like cells as compared with dynamically
loaded myoblasts. This is, to our knowledge, the first in vitro study to evaluate the ef-
fect of myoblast-derived secretome on tenocytes and to evaluate how this is affected by
mechanically loading the cells.

The purpose of the loading regime applied in this study was to stimulate the me-
chanical response of myoblasts, but not to inflict irreversible damage on cells. Baccam
et al. used a similar loading protocol (0.5 Hz, 6% stretch, 3 h rest) to enhance follistratin
secretion in myotubes [48]. The 5% strain used is considered a moderate mechanical
stress on myoblasts, as >10% strain leads to increased apoptosis and up-regulation of
the pro-apoptotic factors in muscle cells [49–51]. Insertion of rest periods between cycles
of mechanical stimulation is usually incorporated to allow cells to recover, although the
duration varies between studies [23,48]. The morphology of the myoblasts was analysed
under the microscope, before and after loading, and the cells showed no obvious changes
in morphology (data not shown). Taking this into account, in combination with the data
obtained from tenocytes, we consider that the loading regime used in this study was not
deleterious to myoblasts.

Studies have shown that the cell secretome can promote migration and proliferation of
various cell types [18,52,53]. Interestingly, we found that only static loading of myoblasts
induced tenocyte migration, while dynamic loading had no effects. This significantly
enhanced migration on tenocytes is not due to increased cell turnover since we did not
detect any changes in proliferation or apoptosis. Cell proliferation and migration are
reciprocally controlled by the concentration of soluble cytokines sensed by the cells [54]. For
example, platelet-derived growth factor (PDGF), which is found in the myoblast secretome,
stimulates migration but not proliferation of osteoblastic cells at concentrations ranging
from 5–50 ng/mL [55]. Another study showed that PDGF induced a migration response at
concentrations of 1–5 ng/mL, while at higher concentrations (>5 ng/mL), PDGF induced
proliferation but not migration of NIH3T3 fibroblasts [56]. Additionally, Toti et al. showed
that microvesicles-mediated transfer of Galectin-1 proteins from fibroblasts stimulates cell
migration [57]. These studies suggest that the concentration of cytokines as well as specific
proteins in the secretome from myoblasts lead to different outcomes on cell migration
and proliferation.

A decreased Col I/III ratio has been widely used as a marker of the aging tendon [58]
and increased tendon pathology [59]. Our results showed that the secretome from statically
loaded myoblasts increased the Col I/III ratio, thus a loading regime that induces improved
collagen composition as compared with dynamic loading. The myoblast secretome contains
many interleukins (IL) (1β, 2, 4, 6, 7, 8, 10, 13, 17A, 25, 34) and tumor necrosis factor
α (TNF-α) [15,60–62] which could explain the changed expression profile of Col I/III
in tenocytes. Some of the interleukins decrease Col I production, such as IL-1 β [63],
IL-7 [64], IL-10 [65], and IL-17A [66], while IL-4, IL-25, IL-34, IL-6, and TNF-α increase Col I
production [67–70]. Among these factors, IL-1 and TNF-α are inflammatory cytokines that
both trigger NF-kappaB signaling (NF-κB). A recent report showed that NF-κB signaling
decreased the Col I/III ratio during tendon healing [71]. In addition, IL-17 has been shown
to decrease the ratio of Col I/III ratio in tendons [72]. IL-17 also activates the canonical
NF-κB signaling pathway [73,74]. Thus, the increased Col I/III ratio that we detected
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in tenocytes exposed to secretome from statically loaded myoblasts, as compared with
dynamically loaded myoblasts, could be caused by altered NF-κB stimulation.

The secretome from unloaded myoblasts increased the expression of tenocyte markers
(Scx, Tnc, and Vim) while statically loaded myoblasts decreased the expression. This,
in combination with the fact that the secretome from mechanically loaded myoblasts
results in upregulated Acta2 expression, suggests that the secretome from statically loaded
myoblasts stimulates a myofibroblastic differentiation. This is further supported by an
upregulation of S100a4. These two markers (Acta2 and S100a4) are indicative of fibrotic
tendon healing. However, Ackerman et al. found that completely blocking the action
of the S100a4 protein resulted in a decreased tendon fibrosis, but the tendon itself was
not as strong or functional [42]. It is known that myofibroblasts of injured tendons are
responsible for increased collagen deposition [71,75]. It is speculated that there is an
interplay between S100a4 and Acta2 expression in tenocytes which modulates different
phases of tendon healing. As an example, modulation of S100a4 and Acta2 expression
occurs during the phase of restoration of matrix integrity and deposition of excess ECM [42].
The cellular localization of S100a4 is also related to the cell phenotype. For example, in
keratocytes, S100a4 is localized in the cytoplasm, but in keratocytes differentiated towards
myofibroblasts, it is in the nucleus [76]. Our experiments studied mRNA expression
from the whole cell lysate and therefore do not distinguish the localization within the
cell. However, since it is known that the secretome from skeletal muscle cells contain
two major components of the extracellular matrix, decorin and biglycan [16], which affect
the TGF-β signaling by competitive binding of its transducing receptors [77], it is likely
that there is a translocation of S100a4 expression in the cells. Since both S100a4 and Acta2
expression is increased several fold in tenocytes exposed to the secretome from statically
loaded myoblasts, we suggest that this plays a central role and potentially explains the
increased migration and ratio of Col I/III production.

The secretome from mechanically unloaded and loaded myoblasts has various effects
on migration, collagen production, and cell characteristics which suggest that different
loading regimes affect the tendon healing in a phase dependent-manner. In support of
this, clinical variations of mechanical loading are known to have different impacts on
tendon healing [78–80] and also affect the serum level of certain molecules know to be
involved in tendon healing such as cartilage oligomeric matrix protein (COMP) [81,82].
Thus, another interesting and clinically useful implication could be that training of muscle
closely related to the injured tendon can have beneficial healing effects. Specifically, a
patient prescribed immobilization following tendon injury may benefit from training other
muscles, since molecules in the circulating blood, derived from the active muscles, are
altered following exercise.

In summary, in this study, we have investigated the effects of the secretome from
mechanically loaded myoblasts on tenocytes in vitro. The biological endpoints included
migration, proliferation/apoptosis, Col I/III expression, and cell phenotype. Secretome
from statically loaded myoblasts enhanced cell migration, increased Col I/III ratio, and
induced cell characteristic changes. To our knowledge, this is the first study to investigate
the effects of myoblast secretome on tenocytes and whether the possible involvement is
dependent on the type of mechanical loading of myoblasts in vitro.

4. Materials and Methods
4.1. Isolation and Culture of Primary Cells

Primary tendon and muscle cells were isolated from healthy female Sprague-Dawley
rats of seven to eight weeks of age (ethical approval A31-19). Tendons were washed
twice with phosphate-buffered saline and cut into small pieces measuring approximately
1.0 mm3. The pieces were digested with 1 mg/mL collagenase type I (Cell Signaling
Technology, Topsfield, MA, USA) overnight. The cell pellets were collected the next day
and suspended in Dulbecco’s modified Eagle’s medium (DMEM) with GlutaMAX (Sigma-
Aldrich, St. Louis, MO, USA) supplemented with 1% penicillin (Sigma-Aldrich, St. Louis,
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MO, USA) and 10% fetal bovine serum (FBS) (Biowest, Boca Raton, FL, USA). Rat primary
myoblasts were prepared as described previously [83]. Briefly, gastrocnemius muscles were
cut into small pieces measuring approximately 1.0 mm3 in a culture dish containing DMEM
with 10% FBS and 1% penicillin–streptomycin. The culture dish was incubated in a 37 ◦C,
5% CO2 incubator, with media exchange every 2 days. When the cells reached about 80%
confluence, the tissue blocks were discarded and the cells were moved to a collagen-coated
dish (Thermo Fisher Scientific, Waltham, MA, USA, code: A11428-01) for 15 min. This
step was repeated 2 more times to eliminate the rapidly adhering cells, predominantly
fibroblasts. The resulting media containing primary myoblasts were then transferred to a
new flask for further culturing. Both cell types were maintained at a sub-confluent level
(<80%). During experiments the FBS concentration was reduced to 1%.

4.2. Mechanical Strain

Myoblasts were seeded on the elastic membrane of the Bioflex 6-well plate coated with
Collagen I (Flexcell International Corporation, Burlington, NC, USA) at a cell density of
3 × 105 cells per well and were left to adhere overnight. The plate was placed on a circular
shaped loading post of 25 mm in diameter. In the FlexCell FX-5000 tension system (Flexcell
International Corporation, Burlington, NC, USA), the membrane was pulled downwards
by vacuum suction which caused the membrane to stretch across the loading post. The
cells received either 5% equibiaxial dynamic strain at a frequency of 1 Hz or constant,
statical strain based on protocols from the literature [48,50] and preliminary data. Cells
were strained for 1 h followed by a rest period of 2 h. This loading was repeated for 3 times
followed by a rest period of 4 h. One cycle took in total 13 h. The protocol was repeated for
24 h or 48 h.

4.3. Indirect Co-Culture

Primary myoblasts were seeded in Bioflex 6-well plates at a density of 3 × 105 cells per
well. In parallel, tenocytes with a cell density of 3 × 105 cells were added in PET transwell
membrane inserts (Corning, NY, USA) with a pore size of 1.0 or 8.0 µm and kept in a
separate plate in the incubator until the experiment was begun. During all experiments,
the inserts were placed in indirect co-culture with the myoblasts.

4.4. Migration Assays

Tenocytes were added to inserts with a pore size of 8.0 µm (Corning, NY, USA) in the
co-culturing system. After 24 h and 48 h, the cells that had passed through the membrane
and remained attached to the bottom of the membrane were stained using 0.1% crystal
violet (Sigma-Aldrich, St. Louis, MO, USA) for 30 min. Non-migratory cells remaining
on the upper surface of the insert membrane were removed using cotton-tipped swabs.
Finally, the inserts were placed in an extraction solution containing 30% methanol, 10%
acetic acid, and 60% milli-q water before analyses at OD 590 nm in a plate reader.

4.5. Cell proliferative Assay

Proliferating cells were evaluated by using the Click-iT EdU Alexa Fluor 594 Imaging
kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. Briefly,
cells were incubated with 10 µM EdU for 24 and 48 h at 37 ◦C in the co-culture system, as
described in Section 4.3. Subsequently, tenocytes in the PET transwell membrane inserts
were washed twice with PBS containing 3% BSA and fixed with 3.7% formaldehyde for
15 min, before treatment with 0.5% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) for
15 min at room temperature. The cells were then exposed to Click-iT reaction cocktail
for 30 min after washing twice with PBS containing 3% BSA. Images were acquired and
analyzed by Incucyte Live Cell analysis System (Essen Instruments, Ann Arbor, MI, USA).
A single culture of tenocytes and a co-culture control were included in each group. Foci
counting was normalized to single culture counting in each group to avoid batch-to-batch
variation between groups.
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4.6. Lactate Dehydrogenase Activity Assay

Lactate dehydrogenase (LDH) Colorimetric Assay kit (Abcam, Cambridge, UK) was
performed on cell culture medium according to the manufacturer’s instructions. Briefly,
culture medium was collected and centrifuged at 2000× g at 4 ◦C for 3 min to remove cell
debris. Subsequently, the medium was stored at −80 ◦C until all groups were collected.
After thawing, 50 µL of medium was mixed with 50 µL reaction mix provided by the kit.
The samples were measured at OD 450 nm in a platereader after 60 min incubation at 37 ◦C
protected from light.

4.7. RNA Extraction and qRT-PCR

Extraction of mRNA was performed using the RNA extraction kit (Qiagen, Venlo,
The Netherlands, # 74106) according to the manufacturer’s instructions. Subsequently, a
high-capacity cDNA reverse transcription kit (Thermo Fisher, Waltham, MA, USA) was
used to reverse transcribe 1000 ng of RNA into cDNA. To determine the gene expression,
TaqMan Gene Expression Assays (Applied Biosystems, Carlsbad, CA, USA) were used.
cDNA was run in triplicates with the ViiA7 Real-Time PCR system and analyzed with
the associated software (Applied Biosystems, Carlsbad, CA, USA). Gene expression was
measured by using TaqMan Gene Expression Assay (Applied Biosystems, Carlsbad, CA,
USA) and calculated by 2−∆∆Ct method. A summary of all probes used for real-time PCR
(Applied Biosystems, Carlsbad, CA, USA) is provided in Table 1.

Table 1. Probe information for real-time PCR.

Gene Symbol Gene Name Assay ID

Mcam melanoma cell adhesion molecule,
CD 146 Rn00576900_m1

Vim Vimentin Rn00579738

Tnc Tenascin-C Rn01454948

Acta2 actin alpha 2, smooth muscle, α-SMA Rn01759928

S100a4 S100 calcium-binding protein A4 Rn01451938

Scx Scleraxis bHLH transcription factor Rn01504576

Col1a1 Collagen type I alpha 1 chain Rn01463848_m1

Col3a1 collagen type III alpha 1 chain Rn01437681_m1

Rpl13a (reference gene) Ribosomal Protein L13a Rn00821946_g1

4.8. Western Blot

Cells were freeze-thawed and further lysed in RIPA (radioimmunoprecipitation) lysis
buffer (Thermo Fisher, Waltham, MA, USA) supplemented with protease and phosphatase
inhibitor cocktail (Sigma, St. Louis, MO, USA, #P1860). Total protein concentration was
determined with the Bradford assay (Bio-Rad, Hercules, CA, USA). Samples containing
20 µg of protein were separated on SDS-polyacrylamide gels and transferred to PVDF
membranes (Thermo Fisher, Waltham, MA, USA). Membranes were blocked in 5% bovine
serum albumin in TBS-T for 1 h before staining with primary antibodies overnight at 4 ◦C.
After washing, the membranes were stained with HRP-conjugated secondary antibodies
for 1 h at room temperature before incubation with ECL solution and then analyzed in an
Odyssey Fc Dual-Mode Imaging System (LI-COR Biotechnology, Lincoln, NE, USA). A
summary of all antibodies used is provided in Table 2.
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Table 2. Antibody information for western blot.

Antibody Company Code Dilution Species Molecular Weight (kDa)

PCNA Cell Signaling 2586 1:1000 Mouse 36

c-PARP Cell Signaling 9541 1:1000 Rabbit 89

β-actin Cell Signaling 4967 1:2000 Rabbit 45

Anti-rabbit IgG, HRP-linked antibody Cell Signaling 7074 1:2000 Goat

4.9. ELISA

Medium and cell lysates were collected from each well. Briefly, the culture medium
was centrifuged at 2000× g at 4 ◦C for 3 min to remove cell debris. Subsequently, the
medium was stored at −80 ◦C until all groups were collected. Cells were freeze-thawed and
further lysed in RIPA lysis buffer supplemented with protease and phosphatase inhibitor
cocktail (Sigma, St. Louis, MO, USA, #P1860). Total protein concentration was determined
with BCA assay (Thermo Fisher, Waltham, MA, USA). Collagen I and collagen III were
assessed using Rat Collagen Type I ELISA kit (Cusabio, Wuhan, China, #CSB-E08084r) and
Rat Collagen Type III ELISA kit (Cusabio, Wuhan, China, #CSB-E07924r) according to the
manufacturer’s protocol. Intracellular collagen I concentration was normalized to the total
protein concentration of the cell lysates.

4.10. Immunocytochemistry

Inserts were washed three times with PBS and cells were fixed with 10% formalin for
10 min, and then transferred into PBS at 4 ◦C. The samples were permeabilized with 1%
Triton X-100 and blocked with 1% Bovine Serum Albumin (BSA, Sigma, St. Louis, MO,
USA, #A9647). Collagen I (1:400) (Abcam, Cambridge, UK, #260043) was incubated with
the samples at 4 ◦C overnight. After washing, fluorescein-conjugated secondary antibody
Goat-anti rabbit (1:400) (Thermo Fisher, Waltham, MA, USA, #A32740) was added for 1 h
at room temperature, and DAPI (Thermo Fisher, Waltham, MA, USA, #62248) was used
to stain the nuclei of the cells. F-actin was stained by phalloidin (1:400) (Thermo Fisher,
Waltham, MA, USA, #A22287) and α-SMA was stained by Alexa Fluor 488 conjugated
antibody (1:400) (Thermo Fisher, Waltham, MA, USA, # 53976082), respectively. Detailed
information on the antibodies used is summarized in Table 3.

Table 3. Antibody information for immunocytochemistry.

Antibody Company Code Dilution Species

Collagen I Abcam 260043 1:400 Rabbit

α-SMA Thermo Fisher 53976082 1:400 Rabbit

Fluorescein-conjugated secondary
antibody Goat-anti rabbit Thermo Fisher A32740 1:400 Rabbit

4.11. Statistics

Statistical analysis was performed using Student’s t-test when comparing two groups.
One-way ANOVA with Tukey’s multiple comparisons was performed when comparing
between more than two groups. Differences were considered statistically significant at
a p-value of <0.05. All experiments were repeated at least three times. All experimental
samples were prepared in triplicates.
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