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A B S T R A C T   

Skeletal muscle possesses remarkable adaptability to mechanical loading and regenerative potential following 
muscle injury primarily due to satellite cell activity. Although the roles of several types of interstitial cells in 
skeletal muscle have been documented, the signaling interplay between the skeletal muscle and the adjacent 
tendon tissue has not been elucidated. Here, we tested whether human tendon derived cells (tenocytes) could 
induce human myogenic cells (myoblasts) proliferation and differentiation in vitro using co-culture experiments 
that allowed us to investigate the effect of tenocytes secretion upon myogenic progression. This was done in vitro 
by introducing insert wells with either myoblasts, tenocytes, or no cells (control) into a myoblast containing well 
(co-culture). Immunofluorescence analysis revealed a higher fusion index (≥5 nuclei within one Desmin +

myotube) and a higher myotube diameter in co-cultures with tenocytes compared to myoblasts condition. 
Correspondingly, MHC-IIX gene expression was up-regulated when co-cultured with tenocytes. However, the 
proliferation of myoblasts (either Ki67 or BrdU + cells) was not enhanced under the presence of tenocytes. These 
findings show that tenocytes influence myotube formation upon human primary cells in vitro and contribute to 
understanding the role of tendon derived cells in skeletal muscle during development and regeneration.   

1. Introduction 

Skeletal muscle stem cells, termed satellite cells, possess an indis-
pensable role both during skeletal muscle adaptation to mechanical 
loading as well as in muscle regeneration after muscle injury [1]. 
Following muscle injury, satellite cells are rapidly activated from their 
quiescent state and become myoblasts to undergo proliferation and fuse 
with each other and/or with host myofibers in order to regenerate 
muscle [2–4]. Several reports suggest that these regenerative processes 
are supported through some intrinsic resident cells within skeletal 
muscle, such as macrophages [5,6], fibroblasts [7–9], fibro-adipogenic 
progenitors [10,11], and myofibers themselves [12–14]. However, 
these responses are so far limited to cells within skeletal muscle tissue, 

and less is known about the influence of cells from adjacent tissues on 
muscle regeneration. 

Tendon tissue, with its location between bone and muscle tissues, 
and its mechanical buffer function between muscle to bone [15], con-
sists of predominantly extracellular matrix (ECM) with collagen type I, 
but also contains tendon specific fibroblasts (tenocytes). Tenocytes have 
been shown to be active in the synthesis of matrix proteins [16] and 
tenocyte elasticity might be affected by the co-existence of skeletal 
muscle. In addition to tenocytes, tendon stem/progenitor cells (TSPCs) 
are also found within the ECM environment, and these cells can not only 
differentiate into specific cell types (osteoblasts, adipocytes, and chon-
drocytes) but also possess self-renewal capacities similar to skeletal 
muscle stem cell [17]. So far, some studies have suggested the existence 
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of interplay between a tendon and skeletal muscle for maintaining 
musculoskeletal system homeostasis [18–20]. It has been shown that 
cellular mechanotransduction response to muscle contraction altered 
the differentiation and morphogenesis of tenocytes, mediating trans-
forming growth factor (TGF) beta signal [18]. Additionally, skeletal 
muscle injury has been shown to change ECM remodeling in the tendon 
[19]. Also, an inflammatory state in the tenocytes changes the produc-
tion of a releasing cytokine from the muscle [20]. However, they have 
not tested the interplay between a tendon and skeletal muscle on 
myogenic progression, and it is unknown whether tenocytes will directly 
influence myoblasts’ activity. 

Interestingly, cells expressing scleraxis (Scx), a tenocyte transcrip-
tion factor, have been detected in the interstitial space of skeletal mus-
cle, where it contributed to muscle regeneration through ECM 
remodeling [21]. Similarly, fibroblast-like cells expressing both fibro-
genic and myogenic markers have been shown to be incorporated into 
developing myofibers for forming robust myotendinous junctions [22]. 
These findings suggest that tendon resident cells could enhance 
myogenic progression since Scx expressing fibrogenic cells reside pre-
dominantly in tendon tissue [23]. Therefore, we hypothesized that 
tenocytes would contribute to myogenic progression in human derived 
cells. 

In this study, we examined whether tenocytes from human tendons 
contributed to the proliferation and differentiation of myoblasts using a 
cell co-culture system and elucidated the potential of tenocytes for 
myogenic progressions. Findings from this study could contribute to the 
understanding of the cell-cell interplay between skeletal muscle and 
tendon tissues in human skeletal muscle development and regeneration. 

2. Materials and methods 

2.1. Ethical approval 

Informed consent for donation of excess reconstructive tissue (sem-
itendinosus and gracilis tendons-muscle tissues) was obtained from six 
healthy males with anterior cruciate ligament (ACL) rupture (Mean ±
standard deviation (SD), Age: 24 ± 3 years) before their reconstructive 
surgery. All experiments for the human study were approved by the 
Ethical Committee of Copenhagen (Ref. H-3-2010-070) and performed 
in accordance with the Helsinki Declaration. 

2.2. Cell isolation and culture 

Myoblasts and tenocytes were obtained from all participants and 
initially cultured separately until sufficient cell numbers, after which the 
co-culture experiment was performed. Myoblasts and tenocytes from the 
same participant were co-cultured in parallel through all experiments of 
this study (Fig. 1A). Muscle tissue (approximately 0.5–1.0 g) was minced 
into pieces, approximately <0.1 cm3 after removing all visible non- 
muscle tissue (fat, connective tissue), and was then digested for 1 h 
using 0.2% type B collagenase (Roche Sigma Aldrich, Darmstadt, Ger-
many; 11088815001) and 0.2% dispase 170 II (Roche Sigma Aldrich; 
D4693-1G) dissolved in skeletal muscle cell basal medium (PromoCell, 
Heidelberg, Germany; C-23260) at 37 ◦C in 5% CO2. The tissue was 
triturated every 15 min and then filtrated through a 100 μm cell strainer 
(BD Falcon, NJ, USA; 352360). Filtered myoblasts were seeded into T25 
flasks after washing with muscle growth medium (mGM) (PromoCell; C- 
23060) supplemented with supplement mix (PromoCell; C-39365), 15% 
fetal bovine serum (FBS) (BioWest, MA, USA; S181H-500), and 1% L- 
Glutamine penicillin-streptomycin (PS) solution (Roche Sigma Aldrich; 
G6784) and centrifugation (600 g for 6 min), and then cultured until 
reaching sufficient cell numbers in mGM. 

Tendon tissue (approximately 1.0–2.0 g) was cut into small pieces, 
approximately 0.5–1 cm3 after removing all visible non-tendon tissue, 
and all tendon tissue was digested overnight using 0.1% type II colla-
genase (Worthington Biochemical, NJ, USA; 43D14160) and 20% FBS in 

Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/ 
F12; Thermo Fisher Scientific, Hvidovre, Denmark; 21041025) at 37 ◦C 
in 5% CO2 for 17–24 h. After washing with tendon growth medium 
(tGM), consisting of DMEM/F12 containing 10% FBS and 1% PS solution 
and centrifugation at 600g for 6 min, tenocytes were seeded into T75 
flasks and cultured until reaching sufficient cell numbers with tGM. 

The mGM and tGM were changed every 2–3 days. All present ex-
periments were performed ≤ passage 4. 

2.3. Immuno-magnetic purification of human myogenic cells 

To obtain purified human myogenic precursor cells (myoblasts) from 
cultured muscle tissue derived cell populations, we used anti-CD56 
magnetic beads (Miltenyi Biotec SAS, Paris, France; 130-050-401) 
(Fig. 1A). Seeded unpurified cells were washed in phosphate-buffered 
saline (PBS) and then trypsinized for 1.5 min, using a trypsin EDTA 
solution (Biological Industries, Beit Haemek, Israel; 03-054-1B), which 
was diluted in a 1:2 ratio with PBS. mGM was added immediately after 
cell detachment to protect the cell surface epitope from the trypsiniza-
tion process. Following centrifugation at 600g for 6 min, the pellet was 
mixed with 170 μL of running buffer (Milteneyi Biotec; 130-091-221) 
and 35 μL of the anti-CD56 magnetic beads and incubated at 5 ◦C for 
15 min. The pellet solution was diluted with 5 mL running buffer and 
centrifuged at 600 g for 6 min. The pellet was resuspended with 1 mL 
running buffer and passed through a pre-separation filter (Miltenyi 
Biotech; 130-041-407) and a large cell column (Miltenyi Biotech; 130- 
042-202) held in a MiniMACS separator (Miltenyi Biotec; 130-090- 
312). The CD56− cells were removed by washing with running buffer, 
while the CD56+ cells were trapped in the column by the magnet. The 
CD56+ cells were then quickly collected into a CD56+ fraction tube by 
flushing 2.5 mL of running buffer immediately after removing the col-
umn from the magnet. The available CD56+ cells were recovered by 
mGM. 

2.4. Co-culture model for the proliferation of myoblasts 

A co-culture model for the proliferation of myoblasts was conducted 
with a 24-well plate containing a sterilized 12 mm glass coverslip with a 
cell growth area of 1.13 cm2 (VWR, Darmstadt, Germany; 631–1577) 
and an insert well chamber (pore size 8.0 μm) with a cell growth area of 
0.33 cm2 (Corning, 3422). Myoblasts were seeded onto 24-well (bottom 
well) plate at a density of 0.6 × 104 cells/well, while conditions with 
either myoblasts or tenocytes were seeded onto the insert well chamber 
(upper well) at the same density (0.6 × 104 cells/well) were performed. 
All cells in insert and bottom wells were initially incubated separately, 
by using multiple plates in mGM for 12 h for sufficient adhesion before 
starting co-culture. Following the adhesion period, insert well chambers 
with cells were moved to wells with myoblasts adhering on the bottom 
wells using sterilized tweezers. Myoblasts on the bottom well were co- 
cultured for 3 days in mGM without cells and insert well, with empty 
insert, with myoblasts, or with tenocytes insert wells. These conditions 
were intended as negative-control (NEG-CON), Control, sham control 
(Myo), and treatment (Ten) conditions, respectively (Fig. 2A). Myoblasts 
on the bottom well were incubated with 10 μM BrdU (Thermo Fisher 
Scientific; Ma1–19213) for 6 h prior to a fixation on day 3. The mGM 
was not changed during co-culture. 

2.5. Co-culture model for differentiation of myoblasts 

A co-culture model for differentiation of myoblasts was performed 
using a similar procedure as described for the above proliferation model. 
Myoblasts were seeded onto a 24-well plate at a density of 1.5 × 104 

cells/well in mGM and incubated for 12 h before starting the co-culture 
experiment. Myoblasts and tenocytes on the insert well were seeded at 
the same density (1.5 × 104 cells/well). The mGM was changed to a 
differentiation medium (DM) (PromoCell; C-23260) at the start of co- 
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Fig. 1. Purification of human derived myoblasts and tenocytes 
(A) A schematic illustrating the isolation procedure of human derived myoblasts and tenocytes. These cells were freshly isolated from a muscle-tendon tissue. Muscle 
tissue derived cells (myoblast and other cell types) were sorted using anti-CD56 magnetic beads. Purified myoblasts (CD56+) and tenocytes were used in this study. 
(B) Immunostaining of myoblasts and tenocytes with Desmin and TE7 anti-bodies. Scale bar, 100 μm 
(C) Immunostaining of tenocytes with Scleraxis and Tenomodulin anti-bodies. Scale bar, 100 μm. 
(D) Desmin+ cells in the CD56+ selected myoblast populations of four cell lines (White bar) and the average (Gray bar). 
Values are means ± SD. 
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Fig. 2. Human derived tenocytes do not enhance proliferation of myoblasts 
(A) A schematic illustrating the experimental procedure. Myoblasts (green) on bottom well were co-cultured with the myoblasts itself and tenocytes (white) in insert 
wells together for 3 days in muscle growth medium. 
(B) Immunostaining of myoblasts with DAPI, Ki67, and BrdU (quantified in (C), (D), and (E), respectively). Scale bar, 100 μm. 
n = 6 in each condition, 5 images (Center, top, left, bottom, and right sides) with 20× magnification were counted per well. The symbols connected with a line among 
conditions are corresponding to myoblasts from the same participant. 
Values are means ± SD. 
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culture after washing with DM for avoiding the influence of mGM. Then, 
co-culture was continued for 5 days (Fig. 3A). The DM was not changed 
during co-culture. 

2.6. Optimization of myogenic cell numbers 

Prior to main experiments, different cell numbers (1500, 3000, or 
6000 cells per well for proliferation of myoblasts experiment, 3750, 
7500, or 15000 cells per well for differentiation of myoblasts experi-
ment) were seeded to evaluate appropriate cell numbers for main 
experiments. 

2.7. Collection of myoblasts and tenocytes derived conditioned media 

To obtain conditioned media containing myoblasts or tenocytes 
derived factors, 1.5 × 104 cells were seeded onto a 6-well plate in mGM 
and tGM, respectively, and cultured until 80% confluency. Then, each 
GM was replaced with 1 mL of DM and incubated for 24 h. After incu-
bation, the conditioned media were centrifuged at 600 g for 6 min and 
frozen at − 80 ◦C until the experiment. Conditioned media were 
collected from the following conditions: Empty well, cultured myo-
blasts, and cultured tenocytes, representing Control, Myo, and Ten 
conditions, respectively. 

For the actual experiments, myoblasts were seeded onto a 24-well 
plate at the density of 1.5 × 104 cells per well in mGM for 12 h before 
adding condition medium. Then, the mGM was removed and washed 
with DM, and then each conditioned medium was added. Cells were 
cultured for 5 days (Fig. 5A), and the conditioned media in each con-
dition was changed to the fresh conditioned medium on day 2.5. 

2.8. Immunofluorescence 

Human myoblasts and myotubes were fixed using Histofix (Histolab, 
Gothenburg, Sweden; 01000) for 8 min, and permeabilized for 15 min 
with 0.01% Triton in 0.05 M Tris buffered saline (TBS). For BrdU 
staining, fixed cells were incubated in 1 M hydrochloric acid (HCl) on ice 
for 10 min and incubated further in 2 M HCl for 10 min at room tem-
perature after washing with 0.05 M TBS. All cells were incubated with 
appropriate primary antibodies (see below) in blocking buffer contain-
ing 1% bovine serum albumin (Sigma-Aldrich; A3912-100G) and 0.1% 
sodium azide (Sigma Aldrich; S-2002) in 0.05 M TBS at 4 ◦C overnight 
and visualized using Alexa Fluor goat anti-mouse 488- and/or goat anti- 
rabbit 568-conjugated secondary antibodies (Thermo Fisher Scientific; 
A11029 and A11036). A mounting medium with 4,6-diamidino-2-phe-
nylindole (DAPI) (Thermo Fisher scientific; P36931) for nuclear stain-
ing was used. All stained images were observed by a 0.5× camera 
(Olympus DP71; Olympus Deutschland, Hamburg, Germany) on a BX51 
Olympus microscope, and digital images were taken using software 
cellSens 1.14 (Olympus). Five images (center, top, left, bottom, and right 
sides of cover glass) at 20× magnification (850 μm × 650 μm) per well 
were taken and the acquired digital images were quantified using Fiji 
software (NIH, Bethesda, MD, USA; version 1.52). Antibodies were used 
from the following sources: Mouse anti-TE7 antibody (Merck, Darm-
stadt, Germany; CBL271); Rabbit anti-Desmin antibody (Abcam, Cam-
bridge, UK; AB32362); Rabbit anti-Ki67 antibody (Abcam; AB16667); 
Mouse anti-BrdU antibody (Thermo Fisher Scientific; Ma1-19213). 
Rabbit anti-Scleraxis antibody (Abcam; AB58655); Goat anti-Tenomo-
dulin antibody (Santa Cruz biotechnology, Dallas, USA; SC49325). 
Fusion index was calculated as nuclei within Desmin+ myotubes with 
≥5, and the nuclei numbers were divided with total nuclei numbers. 

2.9. Myotube diameter 

Myotubes were stained with Desmin antibody and five pictures 
(center, top, left, bottom, and right sides of the cover glass) were taken 
per well. Myotube diameters were measured based on a previous study 

[24]. Two diagonal lines were drawn on each picture, and then mini-
mum and maximum myotube diameters were measured at crossing the 
diagonal lines using Fiji software. The average of each of the smallest 
and largest myotube diameters from a picture was used as the minimum 
and maximum myotube diameters, respectively. 

2.10. Real-time RT-PCR 

Cell cultures were extracted directly from the wells with 1 mL of 
TriReagent (Molecular Research Center, Cincinnati, OH, USA; TR118). 
100 μL bromo-chloropropane was added in order to separate the samples 
into an aqueous and an organic phase. Following isolation of the 
aqueous phase, RNA was precipitated using isopropanol and 80 μg 
glycogen. The RNA pellet was then washed in ethanol and subsequently 
dissolved in 10 μL RNAse-free water. Total RNA concentrations were 
determined with the RiboGreen assay (Thermo Fisher Scientific; 
R11490). 200 ng total RNA was converted into cDNA in 20 μL using the 
OmniScript reverse transcriptase (Qiagen, California, USA) and 1 μM 
poly-dT (Thermo Fisher Scientific) according to the manufacture’s 
protocol (Qiagen). For each target mRNA, 0.5 μL cDNA was amplified in 
a 25 μL SYBR Green polymerase chain reaction (PCR) containing 1 ×
Quantitect SYBR Green Master Mix (Qiagen) and 100 nM of each primer 
(Table 1). The amplification was monitored real time using the 
MX3005P Real-time PCR machine (Stratagene, California, USA). The Ct 
values were related to a standard curve made with known concentra-
tions of cloned PCR products or DNA oligonucleotides (UltramerTM 
oligos, Integrated DNA Technologies, Inc., Leuven, Belgium) with a DNA 
sequence corresponding to the sequence of the expected PCR product. 
The specificity of the PCR products was confirmed by melting curve 
analysis after amplification. RPLP0 mRNA was chosen for normaliza-
tion. Data are shown relative to the control geometric mean of wells. 

2.11. Statistical analysis 

All data are shown as mean ± SD. A nonparametric Friedman test 
was applied to identify significant differences among conditions. When 
the significant difference was observed, the data were subjected to 
Dunn’s multiple comparison tests. Comparison of data between NEG- 
CON and Control was conducted using the Wilcoxon matched-pairs 
signed rank test. A P < 0.05 was considered significant. All data were 
analyzed by GraphPad Prism version 9.1.0. (GraphPad Software, Inc., La 
Jolla, CA, USA). 

3. Results 

3.1. Purification and optimization of human derived myoblasts and 
tenocytes 

Before starting the main experiments, we purified human derived 
myoblasts and tenocytes by sorting and immunostaining (Fig. 1 A, B, and 
C). Myoblasts purity in the CD56+ fractions displayed 94 ± 5% (Means 
± SD) as Desmin + cells (Fig. 1D), and this ratio is in accordance with 
our previous experiments [25]. 

We also optimized the cell numbers for the main proliferation and 
differentiation experiments. Nuclei number (DAPI + cells) for the pro-
liferation of myoblasts did not differ among conditions in 1500 and 
3000 cells/well, but was numerically higher when 6000 cells/well were 
seeded (Supplemental figure S1). Although the fusion index for differ-
entiation of myotubes did not show any differences among conditions in 
the 3750 and 7500 cells/well, a higher fusion index was observed in the 
Ten condition (co-culture with tenocytes) compared with the control 
condition when 15000 cells/well were seeded (Supplemental figure S2). 
Therefore, 6000 and 15000 cells per well were chosen for proliferation 
and differentiation of myoblasts experiments, respectively. 
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Fig. 3. Human derived tenocytes promote myogenic fusion capacity 
(A) A schematic illustrating the experimental procedure. Myoblasts (green) on bottom well were co-cultured with the myoblasts itself and tenocytes (white) in insert 
wells together for 5 days in differentiation medium. 
(B) Immunostaining of myotubes with DAPI and Desmin (quantified in (C) and (D) as nuclei number and fusion index (%), respectively). Scale bar, 100 μm 
(E) Minimum and (F) maximum diameters of myotubes. 
n = 6 in each condition, 5 images (Center, top, left, bottom, and right sides) with 20× magnification were counted per well. The symbols connected with a line among 
conditions are corresponding to myoblasts from the same participant. 
*P < 0.05. Values are means ± SD. 
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Fig. 4. Gene expression 
Real-time RT-PCR analysis of myotube gene expression of MYOGENIN, MYOMAKER, MYF6, MHC-IB, MHC-IIA, MHC-IIX, CHORDIN, IGF-1R, AXIN2, and GAPDH. 
Data are expressed relative to RPLP0 for each subject. 
n = 5 in each condition. The symbols connected with a line among conditions are corresponding to myoblasts from the same participant. 
*P < 0.05. Values are means ± SD. 
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Fig. 5. Myoblasts and Tenocytes conditioned medium enhances myotube formation 
(A) A schematic illustrating the experimental procedure. Conditioned media derived from empty cells, myoblasts (green) and tenocytes (white) were applied to 
myoblasts on bottom well, and cultured for 5 days. 
(B) Immunostaining of myotubes with DAPI and Desmin (quantified in (C) and (D) as nuclei number and fusion index (%), respectively). Scale bar, 100 μm 
(E) Minimum and (F) maximum diameters of myotubes. 
n = 5 in each condition. 5 images (Center, top, left, bottom, and right sides) with 20×
magnification were counted per well. The symbols connected with a line among conditions are corresponding to myoblasts from the same participant. 
*P < 0.05. Values are means ± SD. 
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3.2. Human derived tenocytes do not enhance proliferation of myoblasts 

We evaluated how tenocytes influence the proliferation of myoblasts. 
And whether restrictive medium flow due to shallow space between the 
insert and bottom wells during culture might cause different myogenic 
responses in itself. We, therefore, compared myogenic response with no- 
insert and empty insert conditions, as negative control (NEG-CON) and 
control conditions, respectively (Supplemental figure S3). Furthermore, 
we included the Myo condition, which is co-culture with myoblasts itself 
as a sham control, to detect any distinct myogenic potential of tenocytes 
(Figs. 2A, 3A and 5A). 

Immunofluorescence analysis revealed that nuclei number did not 
increase in the Ten condition compared to the control and Myo condi-
tions (Fig. 2B and C). Also, the number of Ki67+ (as an indicator for cells 
entering the cell cycle (G1, S, G2, and M phases)) and BrdU+ (as a 
marker for cells going into the S phase of cell-cycle progression) nuclei in 
Ten condition did not differ from other conditions (Fig. 2B, D, and E). In 
addition, there were no significant differences between measurements 
carried out in NEG-CON or control conditions (Supplemental figure S3A- 
C). These results indicate that tenocytes do not stimulate proliferation of 
myoblasts. 

3.3. Human derived tenocytes enhance myotube formation 

Satellite cells undergo activation and proliferation phases and fuse 
with each other or with host myofibers during muscle differentiation 
[4]. Thus, to study this, we investigated whether tenocytes affected 
myogenic differentiation using co-culture with myoblasts and tenocytes 
for five days (Fig. 3A). Immunofluorescence analysis revealed a higher 
fusion index in the Ten condition compared with both control and Myo 
conditions even though there was no difference in nuclei number among 
conditions (Fig. 3B, C, and D). Although no difference in minimum 
diameter of myotube was observed among conditions, the maximum 
diameter of myotube was larger in Ten condition than Myo condition 
(Fig. 3B, E, and F). In addition, there were no differences in any mea-
surements between NEG-CON and control conditions (Supplemental 
figure S3D, E, F, and G). 

Accordingly, RT-PCR analysis revealed that the MHC-IIX gene 
expression was higher in the Ten condition than control condition 
(Fig. 4). There were no significant differences among conditions in other 
typical myogenic differentiation-related genes (MYOGENIN, MYO-
MAKER, or MYF6), fiber type-related genes (MHC-IB or MHC-IIA), or 
signal-related genes (IGF-1R, AXIN2, or CHORDIN) (Fig. 4). GAPDH was 
measured as another unrelated constitutive mRNA. There were signifi-
cant differences in all genes except CHORDIN or IGF-1R between NEG- 
CON and control conditions (Supplemental figure S3H), indicating 
that restrictive medium flow by insert well could influence myogenic 
gene expressions response in myotubes. Taken together, these results 

suggest that tenocytes enhance myotube formation via tenocytes 
derived factors which is supported partially by the gene expression data. 

3.4. Human derived myoblasts and tenocytes release factors important for 
myotube formation 

The potential of tenocytes for myotube formation led us to question 
how tenocytes can induce this response. We presumed that both teno-
cytes and myoblasts constantly contacted each other via fluid mediated 
signaling during co-culture, e.g., tenocytes derived factors affected 
myoblasts in a direct manner or myoblasts stimulated tenocytes to 
derive factors for promoting myotube formation in an indirect manner. 
To investigate this, we cultured myoblasts on the bottom well with 
conditioned medium derived from medium containing non-cell (con-
trol), medium containing myoblasts (Myo), and tenocytes (Ten), 
respectively (Fig. 5A). 

Nuclei number did not differ among conditions (Fig. 5B and C). The 
fusion index in the Ten condition was significantly higher than in the 
control condition, but did not differ from the Myo condition (Fig. 5B and 
D). No difference in the minimum diameter of myotubes was found 
among conditions (Fig. 5E). However, the maximum diameter of myo-
tubes in the Myo condition was significantly higher than in the control 
condition, and in Ten conditions tended to be higher than in control 
condition (Fig. 5F). One cell line was excluded from this analysis due to 
insufficient cell numbers. These results suggest that both tenocytes and 
myoblasts release factors actively for enhancing myotube formation. 

4. Discussion 

The aim of the present study was to elucidate whether or not the 
tenocytes were able to exert any effect upon human primary myoblasts 
in vitro. The main finding of the present study was that human tendon 
derived cells possess a potential for enhancing myogenic myotube for-
mation via secretion of mediating substances, whereas they do not in-
fluence the proliferation of myoblasts. This finding which to our 
knowledge is new, suggests that the tendon interplays with skeletal 
muscle during regeneration and development through tenocytes derived 
factors. 

Interestingly, our data indicated that human derived tenocytes 
enhanced myogenic myotube formation via released factors and at least 
supported this response by increased MHC-IIX gene expression. Previ-
ously, supernatant derived from immortalized mesenchymal stem cell 
overexpressing Scx increased the fusion index of C2C12 myoblasts; 
however, it was only a 2.5% increase [26]. We found that human tendon 
derived conditioned media increased the fusion index value by 18.4% 
(13.6% in Control condition, 32.0% in Ten condition), indicating that 
myotube formation potential would be greater in primary human 
tenocytes than mesenchymal stem cells expressing Scx. Contrary to our 

Table 1 
Primer sequences for the real-time PCR. 
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findings, it has previously been shown that muscle derived fibroblasts do 
not enhance myotube formation in indirect co-culture experiments [8, 
25], indicating the existence of a tendon-derived cell-specific effect upon 
myogenesis. In addition, since cell communication between a subpop-
ulation of fetal progenitors at the muscle and tendon interface has been 
observed during development [27], we believe that there could be 
tendon fibroblasts-specific myogenic signaling not only during repair 
after injury but also during development. In fact, our group also has 
observed distinct different secretion protein in extracellular vesicles 
(EVs) from human tendon and human skeletal muscle, respectively [28]. 
Syntaxin-4 has been shown as an enriched protein in EVs secreted from 
human tenocytes [28], and Syntaxin-4 promoted the myogenic differ-
entiation via the p38MAPK signal pathway [29]. In addition, in rat 
primary tenocytes, connective tissue growth factor (CTGF) secreted 
from tendon altering molecular ERK1/2 signaling in tendon has been 
identified [30]. Thus, differentiation of human myoblasts could be 
enhanced via ERK1/2 or p38MAPK signaling pathways by receiving 
tenocytes specific derived factors, including EVs. Although we could not 
reveal the exact reason why only MHC-IIX increased its gene expression, 
tenocytes might stimulate specifically MHC-IIX expression specifically, 
and cause a specific increase in MHC-IIX at the myotendinous junction, 
where the tenocytes as a local resident cell will interact closely with 
skeletal muscle. It is paramount to identify tenocytes-specific derived 
factors that facilitated myoblast differentiation and the subsequent 
molecular mechanisms. 

We also revealed that factors might be actively released from teno-
cytes, even in a situation where the tendons have not previously been 
mechanically stimulated, resulting in an improved myogenic fusion 
capability when they were subjected to tenocytes derived conditioned 
media. However, maximum diameter of the myotube was not enhanced 
significantly with the tenocyte’s conditioned media but only when co- 
cultured. This diverging response might be caused by the lack of con-
stant interplay between myoblasts and tenocytes during culture. IGF-1 
and Decorin released from skeletal muscle have been shown to be 
involved in physiological muscle differentiation [31,32]. Thus, it could 
be hypothesized that tenocytes constantly stimulate myoblasts via 
certain growth factors, while myoblasts might secrete some proteins, e. 
g., IGF-1 or Decorin, which are likely to promote forming thick diameter 
myotube in an autocrine manner. Alternatively, myoblasts derived 
myostatin secretion, which is a negative regulator of myogenic differ-
entiation and a key factor of muscle and tendon cross-talk [33], might be 
impaired by tendon derived factors under the presence of tenocytes. In 
addition, there is a possibility that tenocytes derived factors production 
is promoted by secreted factors from the myoblasts since Scx and Tnmd 
gene expressions in tenocytes were upregulated in the presence of 
C2C12 myoblasts or muscle tissue [34]. Taken together, it seems 
necessary the tenocytes constant interplay with myoblasts via secretion 
factors for a proper myogenic fusion and forming thicker myotube, 
especially considering the spatial and functional organization of muscle 
and tendon tissue. 

Some limitations of the present study need to be considered. Firstly, 
large differences in nuclei numbers at the end of cultures were observed 
in both proliferation and differentiation experiments (Figs. 2 and 3), 
despite an equal number of cells being seeded, which might be due to 
individual cell responses. Secondly, we only evaluated the impact of 
tenocytes secreted factors on myogenic progression and not vice versa. 
Thus, a potentially stimulatory effect of myoblasts on tenocytes secre-
tion for enhancing fusion capacity of myoblasts could not be tested. It is 
possible that myoblasts and tenocytes have a mutually favorable influ-
ence on each other. Thirdly, we cannot fully rule out that the tenocytes 
used in the present study could originate not only from the tendon 
proper but also from the peritendon since these cells have been shown 
functional differences [35,36]. We nevertheless assume that the teno-
cytes used in the present study have extracted from a full tendon sample 
were likely to contain a substantial amount of cells from the tendon 
proper cells because of a pronounced expression of Scx and Tnmd 

proteins that is normally seen in tendon proper cells. However, we might 
need to directly compare the myogenic fusion potential of tendon proper 
and peritenon cells. 

In the present study, we provide new information on how skeletal 
muscle and tendon derived cells interact using primary human cell 
culture and show that tenocytes release substances that stimulate 
myotube formation. This finding contributes to our understanding of 
homeostasis of the musculoskeletal system and suggests signaling across 
adjacent tissues that could be important for skeletal muscle regeneration 
and development in the human body. 
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