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ABSTRACT
Objectives. Muscle regeneration after trauma is a complex phenomenon involving several cellular processes, 
such as angiogenesis, infl ammation, fi brosis, activation of satellite cells and their differentiation into myocytes and 
myotubes. Although many studies explored these mechanisms in the last years, there is still an unmet need to fi nd 
new therapy targets, especially regarding some cellular molecules involved in muscular recovery after mechanical 
or pathological injury. In the present study we investigated the dynamics of endothelin-1 (ET-1), an important factor 
that has been shown to be involved in all stages of tissue regeneration, but which is poorly investigated in skeletal 
muscle.
Materials and methods. We used an experimental animal model of acute mechanical trauma on mouse gastroc-
nemius muscle. ET-1 levels were investigated at different time-points after muscle injury by in situ immunofl uores-
cence, xMAP assay on tissue and serum samples, and Western Blot analysis.
Results. By xMAP assay, tissue ET-1 levels increased signifi cantly up to the 5th day after trauma, correlated with 
serum levels. xMAP assay was confi rmed by Western blot analysis which showed a signifi cant increase in the 
level of ET-1 towards the end of the fi rst week after trauma. This corresponds with the infl ammatory stage of the 
regeneration process, followed by angiogenesis and satellite cell activation. In situ immunostaining showed a 
multiplication of interstitial cells expressing ET-1 in the fi rst week after muscle injury. Two cellular subtypes were 
detected in the connective tissue – one is represented by blood-derived CD45 positive cells and the other by local 
interstitial cells. Such cells were detected in all connective tissue compartments, in close association with CD56 
positive satellite cells, myoblasts and myotubes and most of them co-express sca-1. 
Conclusions. The present study demonstrated that ET-1 is synthesized mostly by mesenchymal progenitors and 
their number greatly increases after mechanical trauma in muscle interstitium. Based on ET-1 expression and their 
close association with activated satellite cells, such cells could have a paracrine infl uence not only over angiogen-
esis but also over fi ber regeneration. ET-1 appears as an important molecule working in conjunction with other 
various signalling pathways especially during fi rst stages of the regeneration process after acute mechanical in-
jury. ET-1 and its receptors could become therapeutic targets, especially for infl ammatory myopathies and muscu-
lar dystrophies with signifi cant pathological fi brosis.
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INTRODUCTION

Endothelins (ET) are a group of endogenous 
peptides, primarily expressed by vascular endothe-

lial cells. They are also synthesized by vascular 
smooth muscle cells, monocyte/macrophages, car-
diomyocytes, and alveolar epithelial cells (1,2). 
Recent data mention that ET represents the most 
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potent and long-lasting vasoconstrictor known in 
humans (3,4), many times more potent than nor-
adrenaline (5,6). The ET gene sequence was pub-
lished in Nature in 1988 (7) and since then, the re-
search on this protein and its receptors was growing. 
Thus, for the vascular system, ET are potent vaso-
constictors contributing to hypertension, athero-
sclerosis (8,9), myocardial contractility (4), chro-
notropy (10), arrhythmogenesis (11), as well as to 
myocardial remodelling following congestive heart 
failure (12), proteinuric renal disease (13,14), can-
cer (15), and autoimmune diseases such as sclero-
derma (16,17,18). ET were also found to have 
growth-promoting (19) and proinfl ammatory prop-
erties (20). It has become clear that ET have not 
only a vasoconstrictor role, but a multifunctional 
one with cytokine-like activity that affects almost 
all aspects of cell function (21).

Endothelin-1 (ET-1) is the predominant isoform 
of the three isoforms of ET and the most studied 
(10,22,23,24), apparently with both benefi cial and 
adverse effects. 

In addition to being a potent regulator of vascu-
lar tone, an increasing number of studies demon-
strate that ET-1 is a mediator of organ fi brosis 
(25,26). It is released in response to hypoxia, vas-
cular stress, and infl ammation and the biological 
effects are mediated by one or two G-protein cou-
pled receptors, ET receptors A (ETRA) and B (1,2). 
Recent evidences also identifi ed ET-1 as a potential 
autocrine regulator of endothelial cells in different 
steps of neovascularization, including prolifera-
tion, migration, invasion, protease production and 
morphogenesis (28,29,30) exerting also apoptotic 
and immunomodulatory properties (27).

Angiogenesis is a complex process that involves 
extensive interplay between cells and growth fac-
tors, extracellular matrix proteins, proteases, and 
adhesion molecules in order to form new blood 
vessels. The exact cellular mechanisms of physio-
logical angiogenesis, the array of angiogenic mol-
ecules, their sources and activation time-points re-
main poorly understood in skeletal muscle, although 

angiogenesis is an essential process during the res-
toration of skeletal muscle to a fully functional 
state (31).

Our study investigated the dynamics of ET-1, in 
an animal model of acute skeletal muscle injury 
during tissue regeneration.

MATERIALS AND METHODS

Animal model
All animal experiments were approved by the 

Committee on the Ethics of Animal Care and Ex-
periments of ‘Victor Babes’ Institute of Pathology 
and were carried out in accordance to international 
guidelines. 

Crush injuries were performed on the left gas-
trocnemius muscle of 10 weeks old female CD1 
mice after intramuscular anaesthesia with 100 mg/
kg Ketamine (Kepro B.V., Deventer, Holland) ac-
cording to a previously published protocol. (32) 

Injured and contralateral gastrocnemius muscle 
were harvested from each animal along with blood 
samples at 1 hr. post-injury and then during the 2nd, 
3rd, 5th, 7th, 14th and 21st day (n=6 for each time-
point). Normal control samples were collected 
from 7 non-injured animals. The samples were 
swiftly frozen in liquid nitrogen and further used 
for multiplexing and in situ immunofl uorescence 
experiments. Experimental model consisted of 
three animals for each stage of the regeneration 
process, analysed by each technique.

In situ immunofl uorescence
Samples were sectioned and then fi xed in cold 

acetone. The sections were incubated for 1 h with 
2% normal serum from the species who generated 
the secondary antibodies, for blocking non-specifi c 
sites. Incubation with primary antibody was per-
formed at 4°C, overnight (Table 1). Incubation with 
appropriate AlexaFluor 488 or 546 secondary anti-
bodies (Molecular Probes, Life Technologies, 
Carlsbad, CA, USA) was performed for 1 h at room 

TABLE 1
Anti gen Company Code no. Host Diluti on
Identi fi cati on markers
CD34 Santa Cruz Biotechnology, Santa Cruz, USA sc-7045 goat 1:50
NCAM/CD56 Anti bodies Online, Germany ABIN809963 rat 1:100
Sca-1 Abcam, Cambridge, UK ab51317 rat 1:150
CD45 Abcam ab25386 rat 1:150
CD31 Novus Biologicals, Litt leton, USA NB100-164 rat 1:100
Smooth muscle acti n Thermo Fisher Scienti fi c, Fremont, CA, USA MS-113-P mouse 1:100
Endothelin Abcam ab117757 rabbit 1:75
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temperature. Nuclei were stained with 4’, 6-di-
amidino-2-phenylindole (DAPI) (Sigma-Aldrich, 
St. Louis, MO, USA), 1.0 μg/mL. Negative con-
trols were obtained by the same protocol, but omit-
ting the primary antibody and with isotype control. 
Sections were analysed with Nikon TE300 micro-
scope and pictures were taken with a Nikon DS-
Qi1 camera and NIS Elements software (Nikon In-
struments, Melville, NY, USA) with the appropriate 
fl uorescence fi lters. The fi gures were assembled 
using Adobe Photoshop CS3.

Luminex xMAP assay
Tissue samples were thawed and homogenized 

on ice in MILLIPLEX MAP Lysis Buffer supple-
mented with 2% protease inhibitor cocktail (Sig-
ma), 1:5 (w/v). Total protein levels were deter-
mined with Pierce 660 nm BCA Protein Assay 
(ThermoScientifi c, Rockford, IL, USA).

Milliplex MAP Mouse angiogenesis/growth 
factor magnetic bead panel kit (EMD Millipore, 
Billerica, MA, USA), with multiple analyte-specif-
ic bead sets (simultaneous quantifi cation) was per-
formed on a Luminex® 200™ platform (Luminex-
corp, Austin, TX, USA) according to the 
manufacturers’ protocols. For serum samples, ap-
propriate matrix solution was used. 

The plates were read using Luminex 200 sys-
tem. Data acquisition and analysis were performed 
with xPONENT 3.1 software. Duplicate stan-
dards and samples were used for each specimen 
and three different cases were analysed for each 
time point. 

Western Blot analysis
Semi quantitative determinations of ET expres-

sion by Western Blot were done in triplicate from 
every sample. Muscle tissue was frozen in liquid 
nitrogen immediately after harvesting. Tissue ly-
sate was obtained by homogenization of muscle 
fragment in cold RIPA buffer (40C) with 1% prote-
ase inhibitor cocktail (Sigma-Aldrich), in a Potter-
Elvehjem tissue homogenizer, on ice. The muscle 
lysate was held on ice 2 h, and then centrifuged at 
12,000 r/min for 15 minutes. The supernatant was 
stored at -800C. The protein concentration was de-
termined by modifi ed Lowry method using a stan-
dard protein, BSA 2 (660 nm Assay Protein, Pierce). 
20 ml of total muscle tissue lysate were loaded to 
each well (approx. 30 mg protein) on 12% SDS-
polyacrylamide gel and proteins were separated by 
electrophoresis at 160 V constant depending on 
their molecular weight. The transfer was made on a 

nitrocellulose or PVDF membrane at 250 mA con-
stant for 70 minutes. After membrane blocking 
with 5% dry non-fat milk (Bio Rad) overnight on a 
shaker at 40C, immunostaining for ET-1 (rabbit 
polyclonal ab117757, Abcam) 1:3000 was done at 
room temperature for 1 h on the shaker. The pri-
mary antibody was detected with a secondary goat 
anti rabbit antibody-HRP conjugated (Santa Cruz) 
1:50.000, for 1h at RT. As loading control protein 
we used β-Actin (rabbit polyclonal antibody, Sig-
ma-Aldrich) 1:200. The signal was detected using 
the enhanced chemiluminescence protocol with 
ECL Western Blotting detection kit (ThermoFisher 
Scientifi c). Optical density of the proteins bands 
was measured using the Image J program. 

Statistics

The statistical analysis was performed by ANO-
VA followed by Fisher’s post hoc test, using SPSS-
17 statistical software (IBM, NY, USA). Results 
were expressed as mean ± standard error of the 
mean (SEM). Differences were considered signifi -
cant for p values *p<0.05.

RESULTS

Endothelin-1 is expressed by cells of the 
connective tissue in injured skeletal muscle 

In situ immunostaining for ET-1 revealed, in ad-
dition to CD31 positive endothelial cells and SMA 
positive smooth muscle cells (Fig. 1a, e), the exist-
ence of two interstitial cell sub-populations accord-
ing to CD45 expression. The CD45 positive blood-
derived sub-population was best represented in the 
beginning of the regeneration process up to 5 days 
post-injury. Such cells were distributed in the large 
connective tissue compartments both in injured and 
normal areas (Fig. 1b, c, d). The CD45 negative 
ones, represented most probably by local interstitial 
cells (Fig. 1c, d) were large and strongly positive and 
their proportion increased towards the end of the re-
generation process. Seven days after trauma, the im-
munostaining showed many cells positive for ET-1 
especially in the interstitium (Fig. 1e, f). 21 days af-
ter trauma ET-1 positive interstitial cells were de-
tected mainly around myotubes (Fig. 1c, d).

Most ET-1 positive cells belong to the sca-1 inter-
stitial population and their proportion increases up to 
the 5th day post-injury (Fig. 2a, b). Such cells are dis-
tinct from but close to NCAM/CD56 positive satel-
lite cells, myoblasts and myotubes (Fig. 2c, d). 
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FIGURE 1. Double immunofl uorescence labelling for ET-1 
(green) and CD31(a), CD45 (b, e, f), SMA (c, d) (red), 
showing ET expression in different cell types in connective 
tissue of mice skeletal muscle after injury, at 48 h, 5 days, 
7 days, 21 days. CD31 antibody was used as marker for 
leukocytes, concentrated at the borders between endothelial 
cells. CD45 antibody marked hematopoietic cells except 
mature erythrocytes and platelets. SMA antibody was 
used to label vessels smooth muscles (Original magnifi ca-
tion, 100x d, 200x b, f and 400x a, c, e)

FIGURE 2. Double immunofl uorescence labelling for 
ET-1 (green) and sca-1(a, b), CD56 (c, d) showing ET 
expression in different cell types in connective tissue of 
mice skeletal muscle after injury, at 48 h and 5 days. Sca-
1 antibody was used as marker for mesenchymal progeni-
tors and CD56 antibody for satellite cells and myoblasts. 
(Original magnifi cation 400x a, b, and 200x for d)

xMAP assay for tissue and serum samples

The results obtained by protein multiplexed im-
munoassay (Fig. 3) showed that the ET-1 tissue lev-
els started rising immediately after induction of 
trauma, with signifi cantly elevated values versus 
normal control samples at 5 days after trauma in-
fl iction that remained elevated only during the fi rst 
week post-trauma, overlapping the infl ammatory 
episode that dominates the fi rst part of the regen-
eration process. Compared with non-injured, con-
tralateral tissue samples, signifi cant elevated ET-1 
levels were detected from day 5 up to day 14 after 
injury. The serum levels of ET-1 (Fig. 4) began to 
rise slightly 1 hour after trauma, then dropped, 
peaking after 5 days, in correlation with the high 
tissue levels and infl ammation stage. Toward the 
end of the regeneration period, the serum level of 
ET-1 dramatically decreased.

Western blot analysis of ET-1 levels during 
muscle regeneration 

The levels of ET-1 showed a signifi cant decrease 
at 24h time point after injury followed by a pro-
gressive signifi cant increase after 5 days (Fig. 5). 
Protein level dropped again after 7 days, increasing 
to normal levels after 3 weeks. These results are 
consistent with tissue Luminex data for ET-1 level 
up to 2 weeks after muscle trauma. The increased 
ET-1 value at 5 days after muscle injury is corre-
lated both with immunofl uorescence images and 
Luminex Assay (for tissue and serum) results. The 
graphical presentation was based on the average of 
optical density readings for each stage.

DISCUSSION

ET is part of an extensive panel of signaling 
molecules acting differently under the infl uence of 
various factors during physiological and pathologi-
cal conditions. The main role of ET is to induce 
vasoconstriction, acting antagonistically and in 
correlation with NO which produces vasodilation.

In skeletal muscle, after tissue injury, several 
cascading events are triggered, such as necrosis of 
muscle and connective tissue cells, infl ammation 
with cytokines activation, blood vessels destruction 
and fi brosis. After a while, tissue regeneration oc-
curs, involving, among other events, satellite cells 
activation and their differentiation towards myo-
blasts and myotubes, changes in interstitial tissue 
cell composition and angiogenesis. It has been 
shown that ET are involved in all these processes. 
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Our data support the hypothesis that variation in 
ET levels is a consequence of muscle injury, trig-
gering regeneration along with other molecules se-
creted in the local microenvironment by various 
interstitial sub-populations.

Recent studies showed that ET-1 plays an im-
portant role in angiogenesis (9) and we can explain 
its rising levels between the 5th-7th day by trigger-
ing angiogenesis during this stage of regeneration. 
Angiogenesis is dependent on VEGF (vascular en-
dothelial growth factor) (33), produced by satellite 
and endothelial cells (34), and on NO (nitric oxide) 

signaling (35). In addition, endothelial cells pro-
duce ET which have a vasoconstricting action by 
inhibition of NO-dependent vasodilatation (9). It 
would be interesting to test in the future the levels 
of VEGF and NO in this muscular context, know-
ing that ET-1 is an autocrine regulator of endothe-
lial cells in the neovascularization process (36). 
Moreover, in endothelial cells VEGF enhances 
ET-1 secretion and ET receptor stimulation in vas-
cular smooth muscle cells enhances VEGF secre-
tion (37).

FIGURE 3. Luminex xMAP Assay, showing ET-1 tissue levels 
in control (CTR) and after muscle trauma at 1h, and after 1, 
2, 5, 7, 14, 21 days. Panel A represents the relative normal-
ization of ET-1 levels and the statistical signifi cance of the 
results. T = muscle trauma, CL = contralateral muscle without 
trauma. Panel B shows the graphic representation of ET-1 
levels after trauma at 1h (1), and 1 day (2), 2 days (3), 5 days 
(4), 7 days (5), 14 days (6), 21 days (7). Values were reported 
to normal control tissue levels.
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Our very recent study on the dynamics of some 
angiogenic factors (FST, BTG, EGF, AREG) along 
skeletal muscle regeneration after trauma (32) 
shows that in the fi rst week, specifi cally in the 5th 
day an increase in their level occurs. ET-1 levels 
increased by the same time and had a similar ex-
pression dynamic. It is an issue that could be deep-
ened further to determine whether there is a corre-
lation between ET-1 and the other angiogenic/
trophic molecules during angiogenesis and skeletal 
muscle regeneration.

Another phenomenon that occurs after muscle 
injury is fi brogenesis. According to our results, 
ET-1 positive cells were also sca-1 positive. Recent 
studies demonstrated the presence of sca-1 positive 
mesenchymal progenitors in the skeletal muscle - 
fi broadipogenic progenitors or skeletogenic proge-

nitors, and their number increases in regenerating 
muscles without differentiation. In vitro studies 
demonstrated that besides their involvement in tis-
sue fi brosis, they stimulate the differentiation of 
myogenic progenitors so they have been consid-
ered to be a source of pro-differentiation signals for 
proliferating myogenic cells during regeneration 
(38,39,40). 

Several studies highlight the role of ET-1 in scar 
formation and fi brosis (25,26,41,42) in connec-
tive tissue diseases. This is another argument that 
explains the enhancing levels of ET-1 in the fi rst 
week after muscle crush in our experiment. Previ-
ous experimental in vitro studies showed that ET-1 
stimulates fi broblast collagen synthesis and con-
fi rms in vivo the fi brogenic effect of ET-1 (43,44). 
In this line of data, we found enhanced serum ET-1 

FIGURE 4. Luminex xMAP Assay, showing ET-1 serum levels 
in control (ctr) and after muscle trauma at 1h (ser1), and after 
1(ser2), 2 (ser3), 5 (ser4), 7 (ser5), 14 (ser6), 21 (ser7) days. 
Panel A represents the relative normalization of ET-1 levels 
and the statistical signifi cance of the results. Panel B shows 
the graphic representation of ET-1 serum levels after trauma 
at 1h (1) and 1 day (2), 2 days (3), 5 days (4), 7 days (5), 14 days 
(6), 21 days (7). Values were reported to normal control tissue 
levels.
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levels in the 5th day after muscle trauma, confi rm-
ing literature data on ET-1 circulating levels in the 
fi brosis of connective tissue in systemic sclerosis 
(45).

Another important consequence of muscle inju-
ry is infl ammation. In this regard we found by im-
munofl uorescence labelling a high ET-1 expression 
in the connective tissue cells, especially in the in-
fl ammation area. These data are consistent with 
other studies confi rming involvement of ET in the 
physiology and pathophysiology of the immune 
system (46). ET were also found to have proinfl am-
matory properties (47). Previous studies found that 
ET are synthesized by cells which mediate immune 
responses, such as lymphocytes and leukocytes, 
and also stimulate the formation of cytokines, such 
as interleukins and tumour necrosis factor (TNF)-α 
(46,48). We also did fi nd positive CD45 cells with 

a strong ET-1 expression in accordance with these 
results.

The high serum ET-1 levels obtained by xMap 
assay in the 5th day after trauma is confi rmed by 
other literature data on the elevated circulating lev-
els of ET-1 in a wide variety of vascular and infl am-
matory disease states (49,50).

Skeletal muscle regeneration is a process requir-
ing satellite cell activation, proliferation and fu-
sion. Based on the close location of ET-1 positive 
cells and activated satellite cells and myoblasts, we 
suppose that ET-1 could be involved in this process 
as well. Moreover, some studies suggest there is a 
connexion between ET and NO and on its turn NO 
mediates satellite cell activation (51) and myotubes 
formation (52). These studies argue that this activa-
tion occurred immediately after injury. Another 
study shows that NO decreases ET production or its 

FIGURE 5. Panel A. WB analysis of ET-1 expression in 
skeletal muscle tissue of mice with muscle trauma 
(crushing) at different intervals after injury. Panel B. 
Graphical representation of ET-1 levels (normalized to 
β-actin as loading control) in the skeletal muscle tissue of 
mice with muscle trauma at different time-points after 
injury. Optical density of ET and β-Actin bands was 
measured using Image J program. (Ctrl = control sample, 
normal muscle; T1-T7 tissue samples from injured 
muscles at 1h, 24h, 48h, 5, 7, 14, 21 days after muscle 
crushing)

A

B
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effects (22, 53). Based on these results we could 
explain the signifi cant decrease of ET-1 right after 
muscle trauma and also after the infl ammation pro-
cess fades and the myoblast occurrence is at the be-
ginning.

Our experimental study showed a rising level of 
ET-1 for 21 days after an acute muscle injury and 
we presume that it is correlated with the growing 
number of myotubes. Previous in vitro studies on 
cultured human myoblasts showed that ET mobi-
lizes calcium and enhances the glucose uptake in 
the skeletal muscle cells (54).

In summary, our study strongly suggests that 
ET-1 is an important molecule for skeletal muscle 
regeneration working in connection with other var-
ious signalling pathways in all processes that occur 
in this process - infl ammation, angiogenesis, fi bro-
sis, satellite cells activation and myoblasts differ-
entiation and maturation.

Further studies are needed to highlight intercon-
nections between ET and other molecules involved 
in muscle regeneration, i.e. NO/NOS, VEGF sys-
tems, angiogenic/trophic factors. ET receptors an-
tagonists used in various pathologies on human tri-
als were already obtained. ET receptors could be 
used in further studies as therapeutic targets in skel-
etal muscle pathology, especially in infl ammation 
and fi brosis.
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