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Abstract

Extracellular matrix (ECM) is an essential component of skeletal muscle. It provides a framework
structure that hold myofibers, and blood capillaries and nerves supplying the muscle. In addition,
it has a principal role in force transmission, maintenance and repair of muscle fibers. Excessive
accumulation of ECM components, especially collagens, either due to excessive ECM production,
alteration in ECM-degrading activities, or a combination of both is defined as fibrosis. Skeletal
muscle fibrosis impairs muscle function, negatively affects muscle regeneration after injury, and
increases muscle susceptibility to re-injury, therefore, it considered as a major cause of muscle
weakness. Fibrosis of skeletal muscle is a hallmark of muscular dystrophies, aging, and severe
muscle injuries. Thus, better understanding of the mechanisms of muscle fibrosis will help to
advance our knowledge of the events that occur in dystrophic muscle diseases and develop
innovative antifibrotic therapies to reverse fibrosis in such pathologic conditions. This paper
explores an overview of the process of muscle fibrosis, as well as the different murine models for
studying fibrosis in skeletal muscles. In addition, factors regulating fibrosis, and strategies to

inhibit muscle fibrosis are discussed.
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1. Introduction

Skeletal muscle consists of myofibers, the contractile part of the muscle, connective tissue or
extracellular matrix (ECM), and the blood capillaries and nerves supplying the muscle (Jarvinen
et al., 2005). The myofibers are the basic units of skeletal muscle structure (Sambasivan and
Tajbakhsh, 2015), while the ECM is the framework structure that hold myofibers, blood vessels
and nerves (Grounds, 2008, Jarvinen et al., 2005). ECM forms up to 10% of the skeletal muscle
weight (Kjaer, 2004) and it plays a principal role in force transmission, maintenance, and repair of
muscle fibers following injury (Gillies and Lieber, 2011).

Skeletal muscle subjected to different types of injuries undergoes degeneration with
inflammatory cellular infiltration (Karalaki et al., 2009, Mahdy, 2018, Mann et al., 2011). The
quiescent satellite cells (SCs) activate, proliferate, and differentiate forming new myotubes with
production of new ECM, blood vessels and nerves (Laumonier and Menetrey, 2016, Mann et al.,
2011, Saclier et al., 2013, Yin et al., 2013). The myotubes mature into myofibers and ECM
undergoes remodelling (Alameddine and Morgan, 2016, Lei et al., 2013). The regenerated muscle
in normal conditions resembles undamaged muscle in morphological, as well as, functional states
(Charge and Rudnicki, 2004).

Despite the high regeneration ability of skeletal muscle, it is compromised in several conditions
by excessive deposition of ECM resulting in muscle fibrosis (Gillies and Lieber, 2011, Mahdy,
2018). The excessive deposition of fibrous tissue impairs muscle function (Delaney et al., 2017,
Jarvinen et al., 2002, Uezumi et al., 2014), affects muscle fiber regeneration after injury (Murphy
and Ohlendieck, 2016), and increases muscle susceptibility to re-injury (Prazeres et al., 2018).
Fibrosis of skeletal muscle is a characteristic feature of muscular dystrophies (Pessina et al., 2014),

myopathies and severe injuries, such as lacerations and contusions (Uezumi et al., 2014).



It is essential to understand the mechanisms of muscle fibrosis (Prazeres et al., 2018). This will
help to advance our knowledge of the events that occur in dystrophic muscle diseases and develop
innovative antifibrotic therapies to reverse fibrosis in such pathologic conditions. Several studies
have investigated the mechanism of muscle fibrosis and identified a variety of factors that regulate
muscle regeneration and fibrosis. In addition, several in vivo models have been developed to study
muscle fibrosis and develop therapies to combat fibrosis and enhance muscle regeneration. This
review highlights the process of muscle fibrosis, different in vivo models available for studying
fibrosis, recent strategies to enhance fibrosis in these models, and methods to inhibit muscle

fibrosis.

2. Composition of muscle ECM
ECM consists of collagen fibrous networks in an amorphous matrix of hydrated proteoglycan (PG)
(Purslow, 2014). Its main components can be divided into 4 classes: collagenous and non-
collagenous glycoproteins, proteoglycans, and glycosaminoglycans (GAGs) (Velleman et al.,
2012). ECM acts as a scaffold to support blood vessels and nerves (Grounds, 2008, Wang and
Tang, 2016). In addition, ECM has a principal role in force transmission, maintenance, and repair
of muscle fibers (Gillies and Lieber, 2011, Wang and Tang, 2016). The ECM is arranged in the
muscle in three levels (Fig.1); the endomysium, perimysium, and epimysium (de Rezende Pinto et
al., 2015).

The endomysium is a thin delicate membrane surrounds each myofiber (Purslow, 2010). It is
located directly in contact with the sarcolemma (Turrina et al., 2013). The endomysium maintains
muscle integrity and promotes myogenesis and muscle regeneration (Campbell and Stull, 2003).

The endomysial ECM conveys tension between overlapping muscle fibers (Chapman et al., 2016).



In addition, the endomysium contains small diameter blood vessels and finest neurons (Ross and
Pawlina, 2010). The endomysium is composed mainly of collagen type I, type Ill, and type V
(Table.1) (Kovanen, 2002).

The perimysium surrounds number of myofibers combined in the form of fascicles, the
functional units of the muscle fibers. The perimysial network joins with the epimysium at the
muscle surface (Purslow, 2010). The perimysium transmits the force from the myofibers to
tendons, in addition, it contains larger blood vessels and nerves (Ross and Pawlina, 2010). The
perimysium is composed mainly of collagen type | and type 111 (Kovanen, 2002).

The epimysium surrounds the entire muscle, it is the thickest and strongest sheath (de Rezende
Pinto etal., 2015, Jarvinen et al., 2005). The epimysium is continuous with the tendons that connect
the muscles to the bones (Purslow, 2010), and thickens at both muscle origin and insertion
(McCormick and Phillips, 1999). The major blood vessels and nerve supplying the muscle
penetrate the epimysium (Ross and Pawlina, 2010). The epimysium is composed mainly of

collagen type I (Kovanen, 2002) and minor amounts of collagen type I11 (Riso et al., 2016).

3. Role of ECM in muscle repair following injury

ECM has a principal role in muscle repair following injury (Gillies and Lieber, 2011). Muscle
injury induces formation of hematoma and infiltration of inflammatory cell populations (Serrano
and Mufioz-Céanoves, 2010, Tidball, 2005). Fibrin and fibronectin extravasate into the injury site
and bind with collagen type | and type Ill, and proteoglycans produced by fibroblasts, forming a
new and temporary ECM (Mann et al., 2011, Serrano et al., 2011, Serrano and Mufioz-Canoves,
2010). In addition, fibrocytes, as well as, fibroadipogenic progenitors (FAPS), mesenchymal

progenitor cells present in the interstitium of healthy muscle and express platelet-derived growth



factor receptor (PDGFR)-a, proliferate and share in the formation of temporary ECM (Juban and
Chazaud, 2017, Lemos et al., 2015, Munoz-Canoves and Serrano, 2015, Wang et al., 2016). The
ECM deposition is under control of some growth factors as transforming growth factor-p (TGF-
B), connective tissue growth factor (CTGF), and the rennin-angiotensin system (RAS) (Serrano
and Mufioz-Canoves, 2016). The temporary ECM provides a suitable environment for myoblast
differentiation (Osses and Brandan, 2002) and acts as a scaffold for the regenerating myofibers
(Delaney et al., 2017, Mann et al., 2011). In addition, the components of temporary ECM, as well
as the basement membrane, guide the formation of neuromuscular junctions (Serrano et al., 2011).
Moreover, collagen VI, a major component of ECM, regulates SCs function and maintains SC
pool during muscle regeneration (Urciuolo et al., 2013). Furthermore, there is a positive interaction
between SCs and fibroblasts during muscle regeneration following injury (Murphy et al., 2011).
Remodeling of the ECM, by the proteolytic enzymes, matrix metalloproteinases (MMPS), is
essential for efficient skeletal muscle regeneration (Alameddine and Morgan, 2016, Laumonier
and Menetrey, 2016). MMPs are produced from both damaged myofibers and infiltrating cells,
they have the ability to degrade ECM components. In addition, FAPs population decline and return
to the pre-damage level which is important to prevent excessive deposition of ECM (Lemos et al.,
2015, Mann et al., 2011). ECM degradation facilitates the recruitment of inflammatory cells
(Serrano et al., 2011) and migration of SCs to repair the injured muscle (Chen and Li, 2009). In
addition, ECM remodelling provides protection for the damaged muscle from future injury through
strengthening of the deposited ECM (Kim and Lee, 2017). The balance between ECM production

and degradation is essential for efficient regeneration.

4. Muscle fibrosis following injury



Fibrosis is defined as excessive accumulation of ECM components, especially collagens, either
due to excessive ECM production, alteration in ECM-degrading activities, or a combination of
both (Alameddine and Morgan, 2016, Gillies and Lieber, 2011). This abnormal accumulation of
ECM is apparent in the endomysium and perimysium of skeletal muscle (Wang and Tang, 2016).

Muscle fibrosis is closely associated and overlapping with inflammation. In response to muscle
injury, neutrophils are recruited to the injury site to phagocytose damaged cells and initiate
regeneration (Bersini et al., 2018, Tidball, 2005, Tidball and Welc, 2015). The recruited
neutrophils release chemoattractant cytokines (Soehnlein et al., 2009) which promote further
infiltration of monocytes and macrophages (Fig. 2) (Mann et al., 2011, Saclier et al., 2013, Serrano
et al., 2011). Macrophages have two heterogeneous phenotypes, they play active role in muscle
fibrosis. The classically activated M1 phenotype produces proinflammatory cytokines, such as
tumor necrosis factor-a (TNF-a) and interleukin (IL)-6 (Ogle et al., 2016, Saclier et al., 2013,
Wang et al., 2018) which activates fibroblasts proliferation (Bersini et al., 2018, Pedersen et al.,
2001), while the alternatively activated M2 subtype produces TGF-B1 and fibronectin (Saclier et
al., 2013, Wang et al., 2018). Disturbance of the balance between M1 and M2 macrophage
activation increases the expression of TGF-B1 (Arnold et al., 2007, Perandini et al., 2018). TGF-
B1 activates resident fibroblasts (Bersini et al., 2018, Braga et al., 2015), and inhibits FAPs
apoptosis, as well as induces their differentiation into fibrogenic lineage leading to excessive ECM
deposition and fibrosis (Lemos et al., 2015). In addition, PDGFRB" cells, mesenchymal pro-
fibrotic cells that show overlap with the PDGFR-a* cells in fibrotic muscle, proliferate in response
to injury and transdifferentiate to myofibroblast via the activation of av integrins (Murray et al.,

2017).



Muscle fibrosis commonly appears in muscular dystrophies (Serrano and Mufioz-Canoves,
2010), aging and following muscle injury (Wang and Tang, 2016). Fibrosis deteriorates both
functional and structural properties of skeletal muscle (Delaney et al., 2017, Jarvinen et al., 2002)
and affects muscle fiber regeneration after injury (Murphy and Ohlendieck, 2016). In addition,

fibrosis increases muscle susceptibility to re-injury (Prazeres et al., 2018).

5. Muscular dystrophies
Muscular dystrophies are a group of inherited skeletal muscle diseases caused by mutations in
genes controlling stability and viability of muscle fibers (Bersini et al., 2018). There are nine major
types of muscular dystrophies, among them; Duchenne muscular dystrophy (DMD), the most
common form of muscular dystrophy, limb girdle muscular dystrophy, myotonic muscular
dystrophy, and congenital muscular dystrophies (reviewed in (Smith and Barton, 2018)). They
share common characteristics, such as progressive weakness due to progressive cycles of myofiber
degeneration and regeneration with progressive replacement of muscle tissue with fibrous and fat
tissue (Kang and Kunkel, 2006, Serrano and Mufioz-Cénoves, 2010, Zivkovié and Clemens, 2015).
DMD is caused by mutation of the dystrophin gene and loss of dystrophin protein (Chen and Li,
2009, Zivkovié and Clemens, 2015) which connects the cytoskeleton and ECM (McGreevy et al.,
2015). Loss of dystrophin protein decreases myofiber’s sarcolemmal stability which renders
myofibers to be weak and eventually break upon contraction (Yucel et al., 2018).

Dystrophic muscles are characterized by accumulation of growth factors and cytokines which
mediate the progression of fibrosis in dystrophic muscles (Ciciliot and Schiaffino, 2010, Serrano
and Mufioz-Cénoves, 2010). Among these growth factors, the profibrotic factors, TGF-p and

CTGF (Morales et al., 2018, Smith and Barton, 2018) and osteopontin (Zanotti et al., 2011) are



highly expressed in dystrophic muscles. The enhanced muscle fibrosis due to accumulation of
fibrosis-related factors is considered the endpoint of severe dystrophies (Fig. 2) (Bersini et al.,

2018, Wang and Tang, 2016).

6. Aged muscle

Aged muscle is characterized by loss of muscle mass, sarcopenia (Ciciliot and Schiaffino, 2010).
Sarcopenia is associated with decreased muscle force and endurance together with increased
fibrosis. Age-related fibrosis is mediated though different factors, such as defects in cell
populations, alteration in cell signaling, and changes in growth factors regulation (Serrano et al.,
2011) which in turn lead to change in muscle microenvironment (Zhou et al., 2017).

The myogenic ability of SCs decreases in aged muscles due to increased level of IL-6
(reviewed in (Forcina et al., 2018)). On the other hand, aged SCs , as well as, myoblasts have an
increased tendency to convert to a fibrogenic lineage (Brack et al., 2007, Ciciliot and Schiaffino,
2010, von Maltzahn et al., 2012). This myogenic-fibrogenic conversion is under the control of the
Whnt signaling pathway (Biressi et al., 2014, Brack et al., 2007), as well as, the compositional
changes of ECM in aged muscle (Parker, 2015, Stearns-Reider et al., 2017). The Wnt signaling
pathway mediates the myogenic-fibrogenic conversion of SCs through upregulation of TGF-p2
expression (Biressi et al., 2014). Interestingly, intramuscular injection of Wnt3a enhances the
proliferation of muscle resident stromal cells into collagen-producing cells (Trensz et al., 2010).

A cross talk between Wnt/B-catenin signaling and TGF-B signaling has been shown in the
pathogenesis of fibrosis. TGF-B signaling upregulates the expression of Wnt/B-catenin and vice
versa ((Guo et al., 2012) for review). It has been shown that TGF-p is upregulated in aged

myogenic cells together with increased level of phosphorylated Smad2/3, B-catenin, and collagen



| (Rajasekaran et al., 2017, Serrano et al., 2011). On the other hand, fibroblasts isolated from aged
muscle show an increased level of TGF-p, collagen Va2, laminin (Thorley et al., 2015), and tissue
inhibitors of metalloproteinase (TIMP)-1 and 2, inhibitors of ECM degradation (Stearns-Reider et
al., 2017). Therefore, collagen deposition increases in intact muscle with advancement of age

(Serrano et al., 2011).

7. Factors controlling muscle fibrosis

Several growth factors have been reported to play a role in enhancing muscle fibrosis, such as
TGF-B1 (Burks and Cohn, 2011, Serrano et al., 2011), CTGF, myostatin, Wnt signaling, PDGF
family, vascular endothelial growth factor (VEGF), epidermal growth factor (EGF), and fibroblast

growth factor (FGF) (Fig. 3) (Laumonier and Menetrey, 2016, Mann et al., 2011).

7.1 TGF-B1

TGF-B1 is a multifunctional cytokine that has been reported as a potent profibrotic factor playing
a central role in fibrosis development in different organs (Delaney et al., 2017). TGF-B1 is
produced by different types of cells including inflammatory, mesenchymal, and epithelial cells
(Bersini et al., 2018). The activating effect of TGF-p1 occurs through phosphorylation of Smad2/3
proteins (Lieber and Ward, 2013), which consequently activates Smad4 forming a protein
complex. This complex activates transcription factors leading to the expression of target genes,
such as fibronectin, CTGF and plasminogen activator inhibitor-1 (PAI-1) (reviewed in (Cisternas
et al., 2014a)). TGF-B1 stimulates the fibroblasts to produce ECM proteins (Delaney et al., 2017,
Kim and Lee, 2017). In addition, TGF-B1 enhances the secretion of TIMPs (Bersini et al., 2018,

Kim and Lee, 2017) and PAI-1 enzymes which in turn inhibit MMP-2 and MMP-9-induced ECM
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degradation (Kim and Lee, 2017). On the other hand, TGF-B1 induces the transdifferentiation of
several resident cell types into myofibroblasts (Bersini et al., 2018, Darby et al., 2016). The
transdifferentiated myofibroblasts express a-smooth muscle actin (a-SMA) protein (Darby et al.,

2016, Mahdy et al., 2017), and synthesize a large amount of ECM (Braga et al., 2015).

7.2CTGF

CTGF is a profibrotic cytokine. Its expression level is upregulated in dystrophic muscles (Morales
et al., 2018, Sun et al., 2008). The increased expression of CTGF is correlated with necrotic-
regenerative foci (Morales et al., 2018) and the degree of muscle fibrosis (Sun et al., 2008). CTGF
is expressed in response to TGF-B1 (Sun et al., 2008, Vial et al., 2008). CTFC increases the
expression of ECM molecules, such as collagen I a2 chain, integrins, and fibronectin (Vial et al.,
2008). Overexpression of CTGF in normal skeletal muscle induces a strong increase in the fibrotic
protein levels; collagen type Il and fibronectin, as well as decorin and a-SMA (Morales et al.,
2011). Genetic reduction of CTGF level, as well as, blocking of CTGF activity by a neutralizing
antibody attenuates muscular dystrophy in mdx mice through reduction of muscle fibrosis and
fibrotic proteins (Morales et al., 2013). However, the reduction of CTGF levels is not associated
with a decrease in pSmad3, pERK1/2, and p38 signalling pathway suggesting that the fibrotic
effect of CTGF is independent of the increased levels of TGF-B activity in dystrophic muscles of

mdx mice (Morales et al., 2013).

7.3 Myostatin
Myostatin is a member of the TGF-f protein family; it was reported as inhibitor to skeletal

muscle development (McCroskery et al., 2005). Myostatin stimulates TGF-f1 synthesis and
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induces connective tissue formation, suggesting co-regulatory relationships of different members
of TGF-B family (Zhu et al., 2007). In addition, myostatin induces the proliferation of fibroblasts
in vivo through binding to its transmembrane receptor, activin type 11B receptors (ActRIIB). This
binding activates Smad3 phosphorylation and delays p38 MAPK and PI3K-Akt activation pathway
(Li et al., 2008). Inhibition of myostatin signaling induces apoptosis of fibroblasts in dystrophic
muscles (Li et al., 2012). In addition, myostatin-null mice develop less fibrous tissue deposition

following laceration-induced injury (Zhu et al., 2007).

7.4 Wnt signaling pathway

Wnt/B catenin is a pro-fibrotic signaling pathway responsible for fibrosis development in different
organs. The canonical Wnt signaling pathway increases following injury (Cisternas et al., 2014b),
aging muscle (Lieber and Ward, 2013) and dystrophic muscle (Trensz et al., 2010). The activation
of the Wnt/B-catenin signaling stimulates the transformation of fibroblasts into myofibroblasts
which in turn increases TGF-f expression (Cisternas et al., 2014a). Treatment with recombinant
Whnt3a significantly enhances collagen deposition and upregulates expression of fibrosis-related

genes, collagen I and 11l (Trensz et al., 2010).

7.5 PDGF family

The PDGF family, polypeptides produced by different cell types, such as macrophages, platelets,
smooth muscle cells, and endothelial cells, plays important role in inflammation, wound healing,
and fibrosis (reviewed in (Kendall and Feghali-Bostwick, 2014)). PDGF induces proliferation and

differentiation of fibroblasts and mesenchymal cells (Kendall and Feghali-Bostwick, 2014)
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through binding and activation of two different receptors, a and B ((Rosenbloom et al., 2013) for

review).

7.6 VEGF

VEGF is an angiogenic factor, intramuscular gene transfer of VEGF to ischemic muscle enhances
neovascularization, as well as ECM deposition resulting in muscle fibrosis (Karvinen et al., 2011).
Fibroblasts isolated from dystrophic muscles treated with VEGF showed upregulation of
fibronectin protein expression, as well as transformation into myofibroblasts expressing a-SMA
(Gutpell and Hoffman, 2015). Interference with VEGF signaling reduces collagen deposition and

inhibits pro-fibrotic gene expression (Chaudhary et al., 2007).

7.7 FGF

FGF signaling has been shown to regulate different cellular pathways and behaviors, such as cell
proliferation, differentiation and survival, and wound healing (reviewed in (Lieu et al., 2011)).
FGF treatment induces proliferation of fibroblasts in vitro in a dose-dependent manner (Yu et al.,
2012). Inhibition of FGF signaling attenuates fibrosis through reducing collagen deposition and

inhibiting the expression of pro-fibrotic genes (Chaudhary et al., 2007).

7.8 EGF
EGF treatment enhances fibroblast proliferation (Yu et al., 2012), as well as viability in vitro
through the upregulation of phospho-(Ser) kinase substrates expression (You and Nam, 2013). In

addition, EGF treatment of cultured fibroblasts enhances their motility and contractility (Iwabu et
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al., 2004), as well as upregulates fibronectin expression through activation of protein kinase C

delta (PKC 8) signaling pathway (Mimura et al., 2004).

8. Murine models of muscle fibrosis

Among mammalian models of DMD, several murine models have been used to investigate muscle
fibrosis due to ease of breeding and genetic engineering, and lower cost compared to using large
animal models, such as dogs and pigs (Rodrigues et al., 2016). These models can be categorized
into two main groups; dystrophic and normal non-dystrophic models (Pessina et al., 2014). Using
these models are very essential to understand the mechanism of muscle fibrosis and develop novel

therapeutics against fibrosis (Bersini et al., 2018).

8.1 Dystrophic models

There are several dystrophic animal models, either naturally occurring or laboratory-generated
ones. These models are useful for better understanding of the pathobiology of DMD disease in
order to develop novel therapeutic strategies for treating DMD (McGreevy et al., 2015).

The mdx mouse (C57BL/10 background) is the most common experimental model for studying
DMD (Ameen and Robson, 2010, Bersini et al., 2018). This mouse model lacks the dystrophin
protein as in DMD patients (Chen and Li, 2009). However, the mdx mouse does not exhibit the
exact pathogenesis and progression of DMD patients. The mdx mouse shows limited fibrosis in
the limb muscles of aged mice (Gutpell et al., 2015, Pessina et al., 2014) while fibrosis is developed
in diaphragm muscle only (Bersini et al., 2018, Gutpell et al., 2015), which makes evaluation of

the effectiveness of fibrosis treatment much difficult.
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There are several attempts that have been done to enhance muscle fibrosis in mdx mouse strain
to mimic human muscular dystrophy. These trials aim to overcome the limited fibrosis in the limb
muscles of aged mdx mice which is considered a major disadvantage of this model (Gutpell et al.,
2015, Pessina et al., 2014). These attempts include crossing the mdx strain with either different
genetic backgrounds or other gene-knockout strains to enhance the progression of dystrophic
phenotype in mdx mouse (McGreevy et al., 2015). However, crossing mdx strain with different
genetic backgrounds, such as albino, BALB/c, C3H, C57BL/6, DBA/2, and FVB shows different
phenotypic variations that differ with different backgrounds (Fukada et al., 2010, McGreevy et al.,
2015). Among these crossing strains, the DBA/2-mdx mouse strain shows more comparable
features of the human condition, such as hind limb muscles with lower muscle weight, muscle
weakness, fewer myofibers, and increased fat and fibrous tissue deposition (Fukada et al., 2010,
Rodrigues et al., 2016). However, the DBA/2 strain have various mutations in different genes
resulting in hearing loss and eye abnormalities (McGreevy et al., 2015). On the other hand, the
Dmd™ mice (D2-mdx) show earlier dystrophic phenotype, more severe disease phenotype, and
early onset of cardiac function deficit suggesting that this model is more suitable than mdx mice

(Coley et al., 2016).

8.2 Non-dystrophic models

Due to the fact that the course of inflammation at early stages of mdx dystrophy is similar to the
innate immune response following acute muscle injury (Tidball and Villalta, 2010). Normal non-
dystrophic muscles following induction of degeneration/regeneration events could be used as
models for fibrosis (Pessina et al., 2014). ECM accumulation has been reported in nearly all models

of muscle injury. However, this accumulation is transient in some injury models (Lieber and Ward,
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2013, Mahdy et al., 2015). Developing fibrosis in normal non-dystrophic muscles is an easy
method to perform and will help therapeutic purposes to test different therapies to limit muscle
fibrosis (Pessina et al., 2014). These models could be obtained either following traumatic-induced

injuries, surgical-induced injuries or chemical-induced injuries.

8.2.1 Traumatic-induced models

Traumatic injuries include laceration and crushing. Muscle laceration induces extensive
inflammatory response with upregulation of TGF-1 which in turn induces the differentiation of
myoblasts into fibrotic cells (Li et al., 2004). The lacerated muscle develops collagen tissue
formation up to 12.8% at 4 weeks after injury (Chan et al., 2003). However, regeneration in this
model is challenging: suturing muscle laceration results in functional healing but decreases
fibrosis, while, immobilization does not provide good environment for muscle regeneration
(Menetrey et al., 1999).

Crushing-induced injury is performed through applying a clamp or dropping a mass on a
superficial muscle (Speck et al., 2013, Takagi et al., 2011). As a result of crushing injury, collagen
fibers accumulate around the myofiber bundles (Filippin et al., 2011) with increased levels of TGF-
B1 and insulin-like growth factor (IGF-1) (Takagi et al., 2011, Zimowska et al., 2009). However,
fast-twitch muscle regenerates better with less fibrosis compared to slow-twitch muscle following

crush-induced injury (Zimowska et al., 2009).

8.2.2 Surgical-induced models
Tenotomy, resection of muscle tendon, activates interstitial fibrosis (Akpulat et al., 2016, Valencia
et al., 2017) due to increased levels of MMP-2, TIMP-2, and TGF-1 (Hirunsai et al., 2015).

However, this model lacks myofiber necrosis, inflammatory events, and regenerating myofibers
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(Akpulat et al., 2016). In addition, tenotomy induces myofiber atrophy which results in loss of the
contractile function of muscle (Valencia et al., 2017).

Denervation, resection of the nerve supplying the muscle, induces progressive increase in
collagen I deposition in the endomysium and perimysium (Fanbin et al., 2011, Faturi et al., 2016,
Madaro et al., 2018). The increased fibrosis is associated with a rapid increase in TGF-B1 (Fanbin
et al., 2011, Liu et al., 2016) which subsequently increases CTGF and a-SMA expression levels
(Liuetal., 2016). Muscle fibrosis persists following denervation and is associated with progressive
accumulation of FAPs and activation of signal transducer and activator of transcription 3 (STAT3)
and IL-6. However, denervation-induced model is associated with myofiber atrophy (Madaro et

al., 2018).

8.2.3 Chemical-induced models
Injection of biological toxins, such as cardiotoxin and botulinum toxin, or chemical agents, such
as barium chloride and glycerol, into skeletal muscle, induces muscle injury followed by

regeneration with connective tissue deposition (Lieber and Ward, 2013, Mahdy, 2018).

8.2.3.1 Biotoxins

Intramuscular injection of biotoxins, such as cardiotoxin and botulinum toxin is widely used
method to induce muscle regeneration. Cardiotoxin is a biotoxin isolated from cobra venoms
(Czerwinska et al., 2012). It is used to induce muscle degeneration and regeneration (Mahdy et al.,
2016). Cardiotoxin induces accumulation of fibrous tissue at early regenerative stage, at day 7 after
injury, then subsequently decreases and return to the non-injured state at two weeks after injury

(Mahdy et al., 2015, Pessina et al., 2014). Muscle fibrosis following cardiotoxin injection is
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associated with transient accumulation of FAPs, STAT3 and IL-6 (Madaro et al., 2018). This
model is suitable to investigate early fibrosis. However, the major disadvantage of this model is

the mild and transient fibrosis following injury (Mahdy, 2018, Pessina et al., 2014).

8.2.2.2 Chemical agents
Chemical agents are used to induce muscle damage and regeneration, such as barium chloride
(Pessina et al., 2014) and glycerol (Kawai et al., 1990, Mahdy et al., 2016). Fibrous tissue
accumulation differs between the two models. Single intramuscular injection of barium chloride
induces a very mild and transient fibrosis. While repeated injections of barium chloride induce
significant fibrosis (Pessina et al., 2014). These results suggest that repeated myotoxin injections,
one injection/week for six weeks, could be an alternative to induce fibrosis in non-dystrophic
muscle. However, this method requires up to eight weeks, from the first injection, to develop
significant fibrosis as fibrosis becomes clear two weeks after last injection (Pessina et al., 2014).
Collagen deposition following glycerol-induced injury differs according to the animal. Glycerol
injection is used mainly to induce muscle adiposity in mice, meanwhile, it induces mild
accumulation of fibrous tissue at day 4 after injury which increases progressively with regeneration
to become apparent at late stage of regeneration, at 2 weeks after injury (Mahdy et al., 2015,
Uezumi et al., 2010). However, this model lacks significant accumulation of fibrous tissue at early
stages following injury. In contrast to mice, glycerol injury in rats induces significant accumulation
of fibrous tissue at early stages following injury which increases up to day 14 after injury.
Interestingly, glycerol-induced injury in rats is not accompanied by adipocytes infiltration as in
mice (Mahdy et al., 2018). This difference is suggested to be due to persistent inflammatory cells,

up to day 14 after injury in rats, which secret various inflammatory cytokines and in turn alter
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muscle environment and enhance muscle fibrosis (Gosselin and McCormick, 2004). These
difference between mice and rat in response to glycerol injury suggest that glycerol-injured rat

muscle is more suitable for studying fibrosis than that of mice.

9. Strategies for enhancing muscle fibrosis in the available models

Several approaches have been done to overcome the disadvantages of mdx mice. Pessina et al.
(2014) develops novel strategies to enhance muscle fibrosis in mdx mice through inducing damage
into the limb muscles of young mdx mice. These strategies include chronic exercise, injection of
myotoxic agents, and delivery of profibrotic growth factors into muscles of young mdx mouse. In
addition, combining treatments in normal non-dystrophic muscles provides a promising approach
to enhance muscle fibrosis that can be applied in genetically modified animal models (Mahdy et
al., 2017, Pessina et al., 2014).

Recently, we have shown that combination of the profibrotic cytokine, TGF-B1, with glycerol-
induced injury provides a simple method to enhance collagen deposition at the early stages of
regeneration in glycerol-injured model, however, it inhibits adipocyte infiltration (Mahdy et al.,
2017). It was reported that TGF-B1 inhibits the differentiation of mesenchymal progenitors into
adipocytes in vitro as well as in vivo (Arrighi et al., 2015) and enhances the expression of fibrosis-

related genes (Uezumi et al., 2011).

10. Strategies for inhibition of muscle fibrosis

Strategies for combating fibrosis basically depends on targeting TGF-B signaling pathway as an

important mediator for fibrosis development (reviewed in (Burks and Cohn, 2011, Garg et al.,
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2015, Walton et al., 2017)). In this respect, several factors have been used to limit muscle fibrosis

development due to their anti-fibrotic effect (Fig. 3).

10.1 TGF-B inhibitors

Suramin

Suramin is an anti-parasitic and anti-neoplastic agent approved by the Food and Drug
Administration (FDA). It acts as anti-fibrotic agent through competitive binding to the receptors
of several growth factors including TGF-B1 (reviewed in (Garg et al., 2015)). Suramin treatment
reduces muscle fibrosis following contusion-induced injury (Nozaki et al., 2008). In addition,
suramin inhibited muscle fibrosis following laceration-induced injury in vivo and reduces
fibroblast proliferation, as well as fibrotic proteins, a-SMA and vimentin, in vitro (Chan et al.,

2003).

Decorin

Decorin is a member of small leucine-rich proteoglycan family. It consists of a protein core and a
glycosaminoglycan chain (reviewed in (Chen and Birk, 2013)). Decorin treatment inhibits muscle
fibrosis following laceration-induced injury and reduces the fibrosis-related proteins through
binding to TGF-B1 legend (Fukushima et al., 2001, Hwang et al., 2006, Li et al., 2004). In addition,
decorin suppresses the inhibitory effect of myostatin through upregulation of follistatin (Zhu et al.,
2007). In vitro studies revealed that decorin up-regulates follistatin expression and down-regulates
myostatin and TGF-B1 expression (Li et al., 2007). Furthermore, decorin inhibits the fibrotic

activity of CTGF (reviewed in (Brandan and Gutierrez, 2013)).
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Losartan

Losartan, an FDA-approved anti-hypertensive medication that blocks angiotensin 11 type 1 (AT1)
receptor, is recently used as an anti-fibrotic treatment (Hwang et al., 2016, Kim et al., 2017).
Losartan treatment significantly reduced fibrosis in dystrophic muscle (Elbaz et al., 2012), as well
as after contusion and laceration-induced injuries (Bedair et al., 2008, Kobayashi et al., 2013).
Losartan inhibits AT1 activation which indirectly blocks TGF-B1 activation (reviewed in (Garg et
al., 2015)). Losartan reduces fibrotic markers; TGF-p1 and CTGF, in addition to collagen type |
and Il expression. Although losartan treatment reduced fibrosis development following

volumetric muscle loss, it neither improved muscle regeneration nor function (Garg et al., 2014).

INF-y
INF-y is a TGF-B1 pathway inhibitor, it significantly reduces muscle fibrosis and improves
physiological properties of injured skeletal muscles (Chen et al., 2008, Foster et al., 2003). INF-y
upregulates Smad7 expression (reviewed in (Garg et al., 2015)). Interestingly, Cheng et al. (2008)
showed upregulation of mMRNA expression and protein levels of endogenous INF-y at early stages
following cardiotoxin-induced injury. This endogenous INF-y which is produced by inflammatory
cells and myaoblasts is essential for efficient regeneration (Cheng et al., 2008). This elevation of
INF-y could explain the transient fibrosis and efficient regeneration following cardiotoxin-induced

injury which was reported in the previous studies (Mahdy et al., 2015, Pessina et al., 2014).

Halofuginone
Halofuginone is the analog of febrifugine, an alkaloid isolated from the plant Dichroa febrifuga.
It is used as antimalarial, as well as antiprotozoal drug, against coccidiosis and cryptosporidiosis

in poultry and cattle, respectively (reviewed in (Pines and Spector, 2015)). Halofuginone has
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antifibrotic properties, it blocks TGF-pB-mediated Smad phosphorylation (Turgeman et al., 2008)
which significantly reduces collagen production in mdx mice (Huebner et al., 2008). In addition,
halofuginone treatment induces apoptosis of fibroblasts isolated from mdx muscles (Bodanovsky

etal., 2014).

10.2 Myostatin inhibitors

Follistatin

Follistatin belongs to the tissue growth factor-p family, it antagonizes several members of the
family, such as myostatin, activin, and growth differentiation factor 11 (Gilson et al., 2009, Yaden
etal., 2014). Follistatin treatment significantly downregulates CTGF gene expression and Smad2/3
protein in cardiotoxin-injured muscle (Yaden et al., 2014). Follistatin-overexpressing mice
develop a significantly decreased level of fibrosis in response to laceration-induced injury
compared to wild-type mice (Zhu et al., 2011). Gene therapy using follistatin in combination with
replacing the defective gene, dystrophin, has been used as a treatment for muscular dystrophy.
This combination increases muscle strength, as well as reduces muscle fibrosis (Reviewed in

(Rodino-Klapac et al., 2009)).

ActRIIB blockade

ActRIIB is the transmembrane receptor for myostatin (Burks and Cohn, 2011). ActRIIB is
expressed in muscles of mdx mouse with higher level in the fast-twitch than the slow-twitch
muscles (Morine et al., 2010). Targeting myostatin is done by using the soluble form of ActRIIB
(ActRIIB/FC) which traps myostatin and prevent its binding to its receptor, ActRIIB ((Amthor and

Hoogaars, 2012) for review). ActRIIB/FC significantly reduces the proliferation of dystrophic
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muscle fibroblasts and induces their apoptosis in vitro, as well as in mdx mice in vivo (Li et al.,
2012). Therefore, ActRIIB/FC treatment is used to inhibit progressive fibrosis in dystrophic
muscles. However, blocking of myostatin using ActRIIB blockade exacerbates heart failure in

canine models of DMD (Amthor and Hoogaars, 2012).

10.3 Other cytokines inhibitor

Nintedanib

Nintedanib, a tyrosine kinase inhibitor, is primarily used as a clinical anti-fibrotic treatment of
idiopathic pulmonary fibrosis (Rosenbloom et al., 2013). It inhibits inflammation and fibrosis in
lung fibrosis models (Wollin et al., 2014). Nintedanib targets the receptor kinase receptors of FGF,
PDGF and VEGF. A recent study showed that nintedanib significantly reduces fibroblast
proliferation in vitro, as well as, muscle fibrosis and ECM proteins in mdx mouse in vivo.
Furthermore, nintedanib treatment improves muscle functional tests in mdx mice suggesting its

potential use for treatment of DMD patients (Pifiol-Jurado et al., 2018).

11. Concluding remarks

Muscle fibrosis is a characteristic feature of muscular dystrophies, myopathies, and severe injuries.
Excessive deposition of ECM impairs muscle function, as well as muscle regeneration after injury.
In addition, persistent fibrosis hinders gene- and cell-based therapies for muscular dystrophies.
Therefore, understanding the mechanisms through which the profibrotic factors activate muscle
fibrosis is an essential step toward developing anti-fibrotic treatments. Despite the existence of
different types of models to study fibrosis, these models are not similar to the severe form of human
dystrophies. Therefore, it is important to enhance fibrosis in the available genetic models through

delivery of profibrotic growth factors and develop novel wild-type models with severe fibrosis

23



through combination of injuries and/or delivery of profibrotic growth factors into injured muscles.
Enhancing fibrosis models will help to develop effective anti-fibrotic therapies as a promising

approach for treating muscular dystrophies.

24



Acknowledgements:
The author is supported by a Postdoctoral Fellowship from University of Pretoria, South Africa.
The author thanks Hamza I. Isa, Ahmadu Bello University, Zaria, for editing the draft of this

manuscript.

Conflict of interest:

The authors declare that they have no conflict of interest

25



References

Akpulat U, Onbasilar I, Kocaefe YC (2016) Tenotomy immobilization as a model to investigate
skeletal muscle fibrosis (with emphasis on Secreted frizzled-related protein 2). Physiol
Genomics 48:397-408

Alameddine HS, Morgan JE (2016) Matrix Metalloproteinases and Tissue Inhibitor of
Metalloproteinases in Inflammation and Fibrosis of Skeletal Muscles. J Neuromuscul Dis
3:455-473

Ameen V, Robson LG (2010) Experimental models of Duchenne muscular dystrophy: relationship
with cardiovascular disease. Open Cardiovasc Med J 4:265-277

Amthor H, Hoogaars WM (2012) Interference with myostatin/ActRIIB signaling as a therapeutic
strategy for Duchenne muscular dystrophy. Curr Gene Ther 12:245-259

Arnold L, Henry A, Poron F, Baba-Amer Y, van Rooijen N, Plonquet A, Gherardi RK, Chazaud
B (2007) Inflammatory monocytes recruited after skeletal muscle injury switch into
antiinflammatory macrophages to support myogenesis. J Exp Med 204:1057-1069

Arrighi N, Moratal C, Clément N, Giorgetti-Peraldi S, Peraldi P, Loubat A, Kurzenne JY, dani C,
Chopard A, Dechesne CA (2015) Characterization of adipocytes derived from
fibro/adipogenic progenitors resident in human skeletal muscle. Cell Death Dis 6:€1733

Bedair HS, Karthikeyan T, Quintero A, Li Y, Huard J (2008) Angiotensin Il receptor blockade
administered after injury improves muscle regeneration and decreases fibrosis in normal
skeletal muscle. Am J Sports Med 36:

Bersini S, Gilardi M, Mora M, Krol S, Arrigoni C, Candrian C, Zanotti S, Moretti M (2018)
Tackling muscle fibrosis: From molecular mechanisms to next generation engineered

models to predict drug delivery. Adv Drug Deliv Rev Accepted

26



Biressi S, Miyabara EH, Gopinath SD, Carlig PMM, Rando TA (2014) A Wnt-TGFp2 axis induces
a fibrogenic program in muscle stem cells from dystrophic mice. Science translational
medicine 6:267ral76-267ral76

Bodanovsky A, Guttman N, Barzilai-Tutsch H, Genin O, Levy O, Pines M, Halevy O (2014)
Halofuginone improves muscle-cell survival in muscular dystrophies. Biochim Biophys
Acta 1843:1339-1347

Brack AS, Conboy MJ, Roy S, Lee M, Kuo CJ, Keller C, Rando TA (2007) Increased Wnt
signaling during aging alters muscle stem cell fate and increases fibrosis. Science 317:807-
810

Braga TT, Agudelo JSH, Camara NOS (2015) Macrophages during the fibrotic process: M2 as
friend and foe. Front Immunol 6:602

Brandan E, Gutierrez J (2013) Role of proteoglycans in the regulation of the skeletal muscle
fibrotic response. Febs j 280:4109-4117

Burks TN, Cohn RD (2011) Role of TGF-B signaling in inherited and acquired myopathies.
Skeletal Muscle 1:19

Campbell KP, Stull JT (2003) Skeletal muscle basement membrane-sarcolemma-cytoskeleton
interaction minireview series. J Biol Chem 278:12599-12600

Chan YS, Li Y, Foster W, Horaguchi T, Somogyi G, Fu FH, Huard J (2003) Antifibrotic effects
of suramin in injured skeletal muscle after laceration. J Appl Physiol (1985) 95:771-780

Chapman MA, Meza R, Lieber RL (2016) Skeletal muscle fibroblasts in health and disease.
Differentiation 92:108-115

Charge SB, Rudnicki MA (2004) Cellular and molecular regulation of muscle regeneration.

Physiol Rev 84:209-238

27



Chaudhary NI, Roth GJ, Hilberg F, Muller-Quernheim J, Prasse A, Zissel G, Schnapp A, Park JE
(2007) Inhibition of PDGF, VEGF and FGF signalling attenuates fibrosis. Eur Respir J
29:976-985

Chen JW, Chen SY, Li HY, Shang XL, Wu ZY (2008) Effect of exogenous interferon gamma on
the healing of injured skeletal muscle following injury. Zhongguo Gu Shang 21:434-437

Chen S, Birk DE (2013) The regulatory roles of small leucine-rich proteoglycans in extracellular
assembly. The FEBS journal 280:2120-2137

Chen X, Li Y (2009) Role of matrix metalloproteinases in skeletal muscle: migration,
differentiation, regeneration and fibrosis. Cell Adh Migr 3:337-341

Cheng M, Nguyen MH, Fantuzzi G, Koh TJ (2008) Endogenous interferon-gamma is required for
efficient skeletal muscle regeneration. American Journal of Physiology - Cell Physiology
294:C1183-C1191

Ciciliot S, Schiaffino S (2010) Regeneration of mammalian skeletal muscle. Basic mechanisms
and clinical implications. Curr Pharm Des 16:906-914

Cisternas P, Henriquez JP, Brandan E, Inestrosa NC (2014a) Wnt signaling in skeletal muscle
dynamics: myogenesis, neuromuscular synapse and fibrosis. Mol Neurobiol 49:574-589

Cisternas P, Vio CP, Inestrosa NC (2014b) Role of Wnt signaling in tissue fibrosis, lessons from
skeletal muscle and kidney. Curr Mol Med 14:510-522

Coley WD, Bogdanik L, Vila MC, Yu Q, Van Der Meulen JH, Rayavarapu S, Novak JS, Nearing
M, Quinn JL, Saunders A, Dolan C, Andrews W, Lammert C, Austin A, Partridge TA, Cox
GA, Lutz C, Nagaraju K (2016) Effect of genetic background on the dystrophic phenotype

in mdx mice. Hum Mol Genet 25:130-145

28



Czerwinska AM, Streminska W, Ciemerych MA, Grabowska | (2012) Mouse gastrocnemius
muscle regeneration after mechanical or cardiotoxin injury. Folia Histochem Cytobiol
50:144-153

Darby 1A, Zakuan N, Billet F, Desmouliere A (2016) The myofibroblast, a key cell in normal and
pathological tissue repair. Cell Mol Life Sci 73:1145-1157.

de Rezende Pinto W, de Souza P, Oliveira A (2015) Normal muscle structure, growth,
development, and regeneration. Curr Rev Musculosklet Med 8:1-6

Delaney K, Kasprzycka P, Ciemerych MA, Zimowska M (2017) The role of TGF-B1 during
skeletal muscle regeneration. Cell Biol Int 41:706-715

Elbaz M, Yanay N, Aga-Mizrachi S, Brunschwig Z, Kassis I, Ettinger K, Barak V, Nevo Y (2012)
Losartan, a therapeutic candidate in congenital muscular dystrophy: Studies in the
dy2J/dy2J Mouse. Ann Neurol 71:699-708

Fanbin M, Jianghai C, Juan L, Yang W, Yuxiong W, Yanhua C, Tao L, Zhenbing C (2011) Role
of transforming growth factor-p1 in the process of fibrosis of denervated skeletal muscle.
J Huazhong Univ Sci Technolog Med Sci 31:77-82

Faturi FM, Franco RC, Gigo-Benato D, Turi AC, Silva-Couto MA, Messa SP, Russo TL (2016)
Intermittent stretching induces fibrosis in denervated rat muscle. Muscle Nerve 53:118-
126

Filippin LI, Cuevas MJ, Lima E, Marroni NP, Gonzalez-Gallego J, Xavier RM (2011) Nitric oxide
regulates the repair of injured skeletal muscle. Nitric Oxide 24:43-49

Forcina L, Miano C, Musaro A (2018) The physiopathologic interplay between stem cells and
tissue niche in muscle regeneration and the role of IL-6 on muscle homeostasis and

diseases. Cytokine Growth Factor Rev 41:1-9

29



Foster W, Li Y, Usas A, Somogyi G, Huard J (2003) Gamma interferon as an antifibrosis agent in
skeletal muscle. J Orthop Res 21:798-804

Fukada S, Morikawa D, Yamamoto Y, Yoshida T, Sumie N, Yamaguchi M, Ito T, Miyagoe-Suzuki
Y, Takeda S, Tsujikawa K, Yamamoto H (2010) Genetic background affects properties of
satellite cells and mdx phenotypes. Am J Pathol 176:2414-2424

Fukushima K, Badlani N, Usas A, Riano F, Fu F, Huard J (2001) The use of an antifibrosis agent
to improve muscle recovery after laceration. Am J Sports Med 29: 394-402

Garg K, Corona BT, Walters TJ (2014) Losartan administration reduces fibrosis but hinders
functional recovery after volumetric muscle loss injury. J Appl Physiol (1985) 117:1120-
1131

Garg K, Corona BT, Walters TJ (2015) Therapeutic strategies for preventing skeletal muscle
fibrosis after injury. Front Pharmacol 6:87

Gillies AR, Lieber RL (2011) Structure and function of the skeletal muscle extracellular matrix.
Muscle Nerve 44:318-331

Gilson H, Schakman O, Kalista S, Lause P, Tsuchida K, Thissen JP (2009) Follistatin induces
muscle hypertrophy through satellite cell proliferation and inhibition of both myostatin and
activin. Am J Physiol Endocrinol Metab 297:E157-164

Gosselin LE, McCormick KM (2004) Targeting the immune system to improve ventilatory
function in muscular dystrophy. Med Sci Sports Exerc 36:44-51

Grounds MD (2008) Complexity of extracellular matrix and skeletal muscle regeneration. Skeletal
muscle repair and regeneration. Springer Netherlands, Dordrecht, 269-302

Guo Y, Xiao L, Sun L, Liu F (2012) Wnt/B-catenin signaling: a promising new target for fibrosis

diseases. Physiol Res 61:337-346

30



Gutpell KM, Hoffman LM (2015) VEGF induces stress fiber formation in fibroblasts isolated from
dystrophic muscle. J Cell Commun Signal 9:353-360

Gutpell KM, Hrinivich WT, Hoffman LM (2015) Skeletal muscle fibrosis in the mdx/utrn+/-
mouse Vvalidates its suitability as a murine model of Duchenne muscular dystrophy. PLoS
One 10:e0117306

Hirunsai M, Srikuea R, Yimlamai T (2015) Heat stress promotes extracellular matrix remodelling
via TGF-Bland MMP-2/TIMP-2 modulation in tenotomised soleus and plantaris muscles.
Int J Hyperthermia 31:336-348

Huebner KD, Jassal DS, Halevy O, Pines M, Anderson JE (2008) Functional resolution of fibrosis
in mdx mouse dystrophic heart and skeletal muscle by halofuginone. Am J Physiol Heart
Circ Physiol 294:H1550-1561

Hwang JH, Ra Y-J, Lee KM, Lee JY, Ghil SH (2006) Therapeutic effect of passive mobilization
exercise on improvement of muscle regeneration and prevention of fibrosis after laceration
injury of rat. Arch Phys Med Rehabil 87:20-26

Hwang OK, Park JK, Lee EJ, Lee EM, Kim AY, Jeong KS (2016) Therapeutic effect of losartan,
an angiotensin Il type 1 receptor antagonist, on CCI(4)-induced skeletal muscle injury. Int
J Mol Sci 17:227

Iwabu A, Smith K, Allen FD, Lauffenburger DA, Wells A (2004) Epidermal growth factor induces
fibroblast contractility and motility via a protein kinase C delta-dependent pathway. J Biol
Chem 279:14551-14560

Jarvinen TA, Jarvinen TL, Kaariainen M, Kalimo H, Jarvinen M (2005) Muscle injuries: biology

and treatment. Am J Sports Med 33:745-764

31



Jarvinen TA, Jozsa L, Kannus P, Jarvinen TL, Jarvinen M (2002) Organization and distribution of
intramuscular connective tissue in normal and immobilized skeletal muscles. An
immunohistochemical, polarization and scanning electron microscopic study. J Muscle Res
Cell Motil 23:245-254

Juban G, Chazaud B (2017) Metabolic regulation of macrophages during tissue repair: insights
from skeletal muscle regeneration. FEBS Lett 591:3007-3021

Kang PB, Kunkel LM (2006) Muscular dystrophies. In: Runge M, Patterson C (eds) Principles of
molecular medicine. Humana Press, 693-699

Karalaki M, Fili S, Philippou A, Koutsilieris M (2009) Muscle regeneration: cellular and molecular
events. In Vivo 23:779-796

Karvinen H, Pasanen E, Rissanen TT, Korpisalo P, Vahakangas E, Jazwa A, Giacca M, Yla-
Herttuala S (2011) Long-term VEGF-A expression promotes aberrant angiogenesis and
fibrosis in skeletal muscle. Gene Ther 18:1166-1172

Kawai H, Nishino H, Kusaka K, Naruo T, Tamaki Y, Iwasa M (1990) Experimental glycerol
myopathy: a histological study. Acta Neuropathol 80:192-197

Kendall RT, Feghali-Bostwick CA (2014) Fibroblasts in fibrosis: novel roles and mediators. Front
Pharmacol 5:123

Kim H, Baek CH, Lee RB, Chang JW, Yang WS, Lee SK (2017) Anti-fibrotic effect of losartan,
an angiotensin ii receptor blocker, is mediated through inhibition of er stress via up-
regulation of sirtl, followed by induction of ho-1 and thioredoxin. Int J Mol Sci 18:305

Kim J, Lee J (2017) Role of transforming growth factor-p in muscle damage and regeneration:

focused on eccentric muscle contraction. J Exerc Rehabil 13:621-626

32



Kjaer M (2004) Role of extracellular matrix in adaptation of tendon and skeletal muscle to
mechanical loading. Physiol Rev 84:649-698

Kobayashi T, Uehara K, Ota S, Tobita K, Ambrosio F, Cummins JH, Terada S, Fu FH, Huard J
(2013) The timing of administration of a clinically relevant dose of losartan influences the
healing process after contusion induced muscle injury. J Appl Physiol (1985) 114:262-273

Kovanen V (2002) Intramuscular extracellular matrix: Complex environment of muscle cells.
Exerc Sport Sci Rev 30:20-25

Laumonier T, Menetrey J (2016) Muscle injuries and strategies for improving their repair. J Exp
Orthop 3:1-9

Lei H, Leong D, Smith LR, Barton ER (2013) Matrix metalloproteinase 13 is a new contributor to
skeletal muscle regeneration and critical for myoblast migration. Am J Physiol Cell Physiol
305:C529-538

Lemos DR, Babaeijandaghi F, Low M, Chang CK, Lee ST, Fiore D, Zhang RH, Natarajan A,
Nedospasov SA, Rossi FM (2015) Nilotinib reduces muscle fibrosis in chronic muscle
injury by promoting TNF-mediated apoptosis of fibro/adipogenic progenitors. Nat Med
21:786-794

Li Y, Foster W, Deasy BM, Chan Y, Prisk V, Tang Y, Cummins J, Huard J (2004) Transforming
growth factor-p1 induces the differentiation of myogenic cells into fibrotic cells in injured
skeletal muscle: a key event in muscle fibrogenesis. Am J Pathol 164:1007-1019

Li Y, Li J, Zhu J, Sun B, Branca M, Tang Y, Foster W, Xiao X, Huard J (2007) Decorin gene
transfer promotes muscle cell differentiation and muscle regeneration. Mol Ther 15:1616-

1622

33



Li ZB, Kollias HD, Wagner KR (2008) Myostatin directly regulates skeletal muscle fibrosis. J Biol
Chem 283:19371-19378

Li ZB, Zhang J, Wagner KR (2012) Inhibition of myostatin reverses muscle fibrosis through
apoptosis. J Cell Sci 125:3957-3965

Lieber RL, Ward SR (2013) Cellular mechanisms of tissue fibrosis. 4. Structural and functional
consequences of skeletal muscle fibrosis. Am J Physiol Cell Physiol 305:C241-C252

Lieu C, Heymach J, Overman M, Tran H, Kopetz S (2011) Beyond VEGF: inhibition of the
fibroblast growth factor pathway and antiangiogenesis. Clin Cancer Res 17:6130-6139

Liu F, Tang W, Chen D, Li M, Gao Y, Zheng H, Chen S (2016) Expression of TGF-betal and
CTGF is associated with fibrosis of denervated sternocleidomastoid muscles in mice.
Tohoku J Exp Med 238:49-56

Madaro L, Passafaro M, Sala D, Etxaniz U, Lugarini F, Proietti D, Alfonsi MV, Nicoletti C, Gatto
S, De Bardi M, Rojas-Garcia R, Giordani L, Marinelli S, Pagliarini V, Sette C, Sacco A,
Puri PL (2018) Denervation-activated STAT3-IL-6 signalling in fibro-adipogenic
progenitors promotes myofibres atrophy and fibrosis. Nat Cell Biol 20:917-927

Mahdy M (2018) Glycerol-induced injury as a new model of muscle regeneration. Cell Tissue Res
D0i:10.1007/s00441-018-2846-6

Mahdy MA, Lei HY, Wakamatsu J-1, Hosaka YZ, Nishimura T (2015) Comparative study of
muscle regeneration following cardiotoxin and glycerol injury. Ann Anat 202:18-27

Mahdy MA, Warita K, Hosaka YZ (2016) Early ultrastructural events of skeletal muscle damage

following cardiotoxin-induced injury and glycerol-induced injury. Micron 91:29-40

34



Mahdy MA, Warita K, Hosaka YZ (2017) Effects of transforming growth factor-B1 treatment on
muscle regeneration and adipogenesis in glycerol-injured muscle. Anim Sci J 88:1811-
1819

Mahdy MA, Warita K, Hosaka YZ (2018) Glycerol induces early fibrosis in regenerating rat
skeletal muscles J Vet Med Sci Doi:10.1292/jvms.18-0328

Mann CJ, Perdiguero E, Kharraz Y, Aguilar S, Pessina P, Serrano AL, Munoz-Canoves P (2011)
Aberrant repair and fibrosis development in skeletal muscle. Skelet Muscle 4:21

McCormick RJ, Phillips AL (1999) Muscle extracellular matrix. In: Xiong YL, Chi-Tang H,
Shahidi F (eds) Quality attributes of muscle foods. Springer US, Boston, MA, 219-227

McCroskery S, Thomas M, Platt L, Hennebry A, Nishimura T, McLeay L, Sharma M, Kambadur
R (2005) Improved muscle healing through enhanced regeneration and reduced fibrosis in
myostatin-null mice. J Cell Sci 118:3531-3541

McGreevy JW, Hakim CH, Mclntosh MA, Duan D (2015) Animal models of Duchenne muscular
dystrophy: from basic mechanisms to gene therapy. Dis Models Mech 8:195-213

Menetrey J, Kasemkijwattana C, Fu FH, Moreland MS, Huard J (1999) Suturing versus
immobilization of a muscle laceration. A morphological and functional study in a mouse
model. Am J Sports Med 27:222-229

Mimura Y, Ihn H, Jinnin M, Asano Y, Yamane K, Tamaki K (2004) Epidermal growth factor
induces fibronectin expression in human dermal fibroblasts via protein kinase C d signaling
pathway. J Invest Dermatol 122:1390-1398

Morales MG, Acuna MJ, Cabrera D, Goldschmeding R, Brandan E (2018) The pro-fibrotic
connective tissue growth factor (CTGF/CCN2) correlates with the number of necrotic-

regenerative foci in dystrophic muscle. J Cell Commun Signal 12:413-421

35



Morales MG, Cabello-Verrugio C, Santander C, Cabrera D, Goldschmeding R, Brandan E (2011)
CTGF/CCN-2 over-expression can directly induce features of skeletal muscle dystrophy.
J Pathol 225:490-501

Morales MG, Gutierrez J, Cabello-Verrugio C, Cabrera D, Lipson KE, Goldschmeding R, Brandan
E (2013) Reducing CTGF/CCN2 slows down mdx muscle dystrophy and improves cell
therapy. Hum Mol Genet 22:4938-4951

Morine KJ, Bish LT, Selsby JT, Gazzara JA, Pendrak K, Sleeper MM, Barton ER, Lee SJ, Sweeney
HL (2010) Activin IIB receptor blockade attenuates dystrophic pathology in a mouse
model of Duchenne muscular dystrophy. Muscle Nerve 42:722-730

Munoz-Canoves P, Serrano AL (2015) Macrophages decide between regeneration and fibrosis in
muscle. Trends Endocrinol Metab 26:449-450

Murphy MM, Lawson JA, Mathew SJ, Hutcheson DA, Kardon G (2011) Satellite cells, connective
tissue fibroblasts and their interactions are crucial for muscle regeneration. Development
138:3625-3637

Murphy S, Ohlendieck K (2016) The extracellular matrix complexome from skeletal muscle In:
Travascio F (ed) Composition and Function of the Extracellular Matrix in the Human

Body, 69-92

Murray IR, Gonzalez ZN, Baily J, Dobie R, Wallace RJ, Mackinnon AC, Smith JR, Greenhalgh
SN, Thompson Al, Conroy KP, Griggs DW, Ruminski PG, Gray GA, Singh M, Campbell
MA, Kendall TJ, Dai J, Li Y, Iredale JP, Simpson H, Huard J, Peault B, Henderson NC
(2017) alphav integrins on mesenchymal cells regulate skeletal and cardiac muscle fibrosis.

Nat Commun 8:1118

36



Nozaki M, Li Y, Zhu J, Ambrosio F, Uehara K, Fu FH, Huard J (2008) Improved muscle healing
after contusion injury by the inhibitory effect of suramin on myostatin, a negative regulator
of muscle growth. Am J Sports Med 36:2354-2362

Ogle ME, Segar CE, Sridhar S, Botchwey EA (2016) Monocytes and macrophages in tissue repair:
Implications for immunoregenerative biomaterial design. Exp Biol Med 241:1084-1097

Osses N, Brandan E (2002) ECM is required for skeletal muscle differentiation independently of
muscle regulatory factor expression. Am J Physiol Cell Physiol 282:C383-394

Parker MH (2015) The altered fate of aging satellite cells is determined by signaling and epigenetic
changes. Frontiers in Genetics 6:59

Pedersen BK, Steensberg A, Schjerling P (2001) Muscle-derived interleukin-6: possible biological
effects. The Journal of Physiology 536:329-337

Perandini LA, Chimin P, Lutkemeyer DDS, Camara NOS (2018) Chronic inflammation in skeletal
muscle impairs satellite cells function during regeneration: can physical exercise restore
the satellite cell niche? FEBS J 285:1973-1984

Pessina P, Cabrera D, Morales MG, Riquelme CA, Gutierrez J, Serrano AL, Brandan E, Munoz-
Canoves P (2014) Novel and optimized strategies for inducing fibrosis in vivo: focus on
Duchenne muscular dystrophy. Skelet Muscle 4:7

Pines M, Spector | (2015) Halofuginone - the multifaceted molecule. Molecules 20:573-594

Pifiol-Jurado P, Suérez-Calvet X, Fernandez-Simén E, Gallardo E, de la Oliva N, Martinez-
Muriana A, Gomez-Galvez P, Escudero LM, Pérez-Peiré M, Wollin L, de Luna N, Navarro
X, llla 1, Diaz-Manera J (2018) Nintedanib decreases muscle fibrosis and improves muscle

function in a murine model of dystrophinopathy. Cell Death & Disease 9:776

37



Prazeres PHDM, Turquetti AOM, Azevedo PO, Barreto RSN, Miglino MA, Mintz A, Delbono O,
Birbrair A (2018) Perivascular cell av integrins as a target to treat skeletal muscle fibrosis.
Int J Biochem Cell Biol 5:109-113

Purslow PP (2010) Muscle fascia and force transmission. J Bodyw Mov Ther 14:411-417

Purslow PP (2014) New developments on the role of intramuscular connective tissue in meat
toughness. Annu Rev Food Sci Technol 5:133-153

Rajasekaran MR, Kanoo S, Fu J, Nguyen ML, Bhargava V, Mittal RK (2017) Age-related external
anal sphincter muscle dysfunction and fibrosis: possible role of Wnt/beta-catenin signaling
pathways. Am J Physiol Gastrointest Liver Physiol 313:G581-g588

Riso E-M, Kaasik P, Seene T (2016) Remodelling of skeletal muscle extracellular matrix: Effect
of unloading and reloading. In: Travascio F (ed) Composition and function of the
extracellular matrix in the human body. InTech, Rijeka, 45-68

Rodino-Klapac LR, Haidet AM, Kota J, Handy C, Kaspar BK, Mendell JR (2009) Inhibition of
myostatin with emphasis on follistatin as a therapy for muscle disease. Muscle nerve
39:283-296

Rodrigues M, Echigoya Y, Fukada Sl, Yokota T (2016) Current translational research and murine
models for Duchenne muscular dystrophy. J Neuromuscul Dis 3:29-48

Rosenbloom J, Mendoza FA, Jimenez SA (2013) Strategies for anti-fibrotic therapies. Biochim
Biophys Acta 1832:1088-1103

Ross MH, Pawlina W (2010) Histology: a text and atlas: with correlated cell and molecular

biology. Lippincott Williams and Wilkins, Philadelphia

38



Saclier M, Cuvellier S, Magnan M, Mounier R, Chazaud B (2013) Monocyte/macrophage
interactions with myogenic precursor cells during skeletal muscle regeneration. FEBS J
280:4118-4130

Sambasivan R, Tajbakhsh S (2015) Adult skeletal muscle stem cells. Results Probl Cell Differ
56:191-213

Serrano AL, Mann CJ, Vidal B, Ardite E, Perdiguero E, Munoz-Canoves P (2011) Cellular and
molecular mechanisms regulating fibrosis in skeletal muscle repair and disease. Curr Top
Dev Biol 96:167-201

Serrano AL, Mufioz-Céanoves P (2010) Regulation and dysregulation of fibrosis in skeletal muscle.
Exp Cell Res 316:3050-3058

Serrano AL, Mufioz-Canoves P (2016) Fibrosis development in early-onset muscular dystrophies:
Mechanisms and translational implications. Sem Cell Dev Biol 64:181-190

Smith LR, Barton ER (2018) Regulation of fibrosis in muscular dystrophy. Matrix Biology 68-
69:602-615

Soehnlein O, Lindbom L, Weber C (2009) Mechanisms underlying neutrophil-mediated monocyte
recruitment. Blood 114:4613-4623

Speck K, Schneider BS, Deashinta N (2013) A rodent model to advance the field treatment of
crush muscle injury during earthquakes and other natural disasters. Biol Res Nurs 15:17-
25

Stearns-Reider KM, D'Amore A, Beezhold K, Rothrauff B, Cavalli L, Wagner WR, Vorp DA,
Tsamis A, Shinde S, Zhang C, Barchowsky A, Rando TA, Tuan RS, Ambrosio F (2017)
Aging of the skeletal muscle extracellular matrix drives a stem cell fibrogenic conversion.

Aging Cell 16:518-528

39



Sun G, Haginoya K, Wu Y, Chiba Y, Nakanishi T, Onuma A, Sato Y, Takigawa M, linuma K,
Tsuchiya S (2008) Connective tissue growth factor is overexpressed in muscles of human
muscular dystrophy. J Neurol Sci 267:48-56

Takagi R, Fujita N, Arakawa T, Kawada S, Ishii N, Miki A (2011) Influence of icing on muscle
regeneration after crush injury to skeletal muscles in rats. J Appl Physiol (1985) 110:382-
388

Thorley M, Malatras A, Duddy W, Le Gall L, Mouly V, Butler Browne G, Duguez S (2015)
Changes in communication between muscle stem cells and their environment with aging.
J Neuromuscul Dis 2:205-217

Tidball JG (2005) Inflammatory processes in muscle injury and repair. Am J Physiol Regul Integr
Comp Physiol 288:R345-353

Tidball JG, Villalta SA (2010) Regulatory interactions between muscle and the immune system
during muscle regeneration. Am J Physiol Regul Integr Comp Physiol 298:R1173-R1187

Tidball JG, Welc SS (2015) Macrophage-Derived IGF-1 Is a Potent Coordinator of Myogenesis
and Inflammation in Regenerating Muscle. Mol Ther 23:1134-1135

Trensz F, Haroun S, Cloutier A, Richter MV, Grenier G (2010) A muscle resident cell population
promotes fibrosis in hindlimb skeletal muscles of mdx mice through the Wnt canonical
pathway. Am J Physiol Cell Physiol 299:C939-947

Turgeman T, Hagai Y, Huebner K, Jassal DS, Anderson JE, Genin O, Nagler A, Halevy O, Pines
M (2008) Prevention of muscle fibrosis and improvement in muscle performance in the
mdx mouse by halofuginone. Neuromuscul Disord 18:857-868

Turrina A, Martinez-Gonzalez MA, Stecco C (2013) The muscular force transmission system: role

of the intramuscular connective tissue. J Bodyw Mov Ther 17:95-102

40



Uezumi A, Fukada S, Yamamoto N, Takeda S, Tsuchida K (2010) Mesenchymal progenitors
distinct from satellite cells contribute to ectopic fat cell formation in skeletal muscle. Nat
Cell Biol 12:143-152

Uezumi A, lkemoto-Uezumi M, Tsuchida K (2014) Roles of nonmyogenic mesenchymal
progenitors in pathogenesis and regeneration of skeletal muscle. Front Physiol 5:68

Uezumi A, Ito T, Morikawa D, Shimizu N, Yoneda T, Segawa M, Yamaguchi M, Ogawa R, Matev
MM, Miyagoe-Suzuki Y, Takeda S, Tsujikawa K, Tsuchida K, Yamamoto H, Fukada S
(2011) Fibrosis and adipogenesis originate from a common mesenchymal progenitor in
skeletal muscle. J Cell Sci 124:3654-3664

Urciuolo A, Quarta M, Morbidoni V, Gattazzo F, Molon S, Grumati P, Montemurro F, Tedesco
FS, Blaauw B, Cossu G, Vozzi G, Rando TA, Bonaldo P (2013) Collagen VI regulates
satellite cell self-renewal and muscle regeneration. Nat Commun 4:1964

Valencia AP, lyer SR, Spangenburg EE, Gilotra MN, Lovering RM (2017) Impaired contractile
function of the supraspinatus in the acute period following a rotator cuff tear. BMC
Musculoskelet Disord 18:436

Velleman SG, Shin J, Li X, Song Y (2012) Review: The skeletal muscle extracellular matrix:
possible roles in the regulation of muscle development and growth. Can J Anim Sci 92:1-
10

Vial C, Zuniga LM, Cabello-Verrugio C, Canon P, Fadic R, Brandan E (2008) Skeletal muscle
cells express the profibrotic cytokine connective tissue growth factor (CTGF/CCN2),
which induces their dedifferentiation. J Cell Physiol 215:410-421

von Maltzahn J, Chang NC, Bentzinger CF, Rudnicki MA (2012) Wnt signaling in myogenesis.

Trends Cell Biol 22:602-609

41



Walton KL, Johnson KE, Harrison CA (2017) Targeting TGF-f3 mediated SMAD signaling for the
prevention of fibrosis. Front Pharmacol 8:461

Wang X, Zhao W, Ransohoff RM, Zhou L (2016) Identification and function of fibrocytes in
skeletal muscle injury repair and muscular dystrophy. J Immunol 197:4750-4761

Wang X, Zhao W, Ransohoff RM, Zhou L (2018) Infiltrating macrophages are broadly activated
at the early stage to support acute skeletal muscle injury repair. J Neuroimmunol 317:55-
66

Wang Z, Tang Z (2016) Composition and function of extracellular matrix in development of
skeletal muscle. In: Travascio F (ed) Composition and function of the extracellular matrix
in the human body. InTech, Rijeka, 25-43

Wollin L, Maillet I, Quesniaux V, Holweg A, Ryffel B (2014) Antifibrotic and anti-inflammatory
activity of the tyrosine kinase inhibitor nintedanib in experimental models of lung fibrosis.
J Pharmacol Exp Ther 349:209-220

Yaden BC, Croy JE, Wang Y, Wilson JM, Datta-Mannan A, Shetler P, Milner A, Bryant HU,
Andrews J, Dai G, Krishnan V (2014) Follistatin: a novel therapeutic for the improvement
of muscle regeneration. J Pharmacol Exp Ther 349:355-371

Yin H, Price F, Rudnicki MA (2013) Satellite cells and the muscle stem cell niche. Physiol Rev
93:23-67

You DH, Nam MJ (2013) Effects of human epidermal growth factor gene-transfected
mesenchymal stem cells on fibroblast migration and proliferation. Cell Prolif 46:408-415

Yu A, Matsuda Y, Takeda A, Uchinuma E, Kuroyanagi Y (2012) Effect of EGF and bFGF on
fibroblast proliferation and angiogenic cytokine production from cultured dermal

substitutes. J Biomater Sci Polym Ed 23:1315-1324

42



Yucel N, Chang AC, Day JW, Rosenthal N, Blau HM (2018) Humanizing the mdx mouse model
of DMD: the long and the short of it. npj Regenerative Medicine 3:4

Zanotti S, Gibertini S, Di Blasi C, Cappelletti C, Bernasconi P, Mantegazza R, Morandi L, Mora
M (2011) Osteopontin is highly expressed in severely dystrophic muscle and seems to play
a role in muscle regeneration and fibrosis. Histopathology 59:1215-1228

Zhou Y, Lovell D, Bethea M, Yoseph B, Poteracki J, Soker S, Criswell T (2017) The Impact of
Age on Skeletal Muscle Progenitor Cell Survival and Fate After Injury. Tissue Eng Part C
Methods 23:1012-1021

Zhu J, Li Y, Lu A, Gharaibeh B, Ma J, Kobayashi T, Quintero AJ, Huard J (2011) Follistatin
improves skeletal muscle healing after injury and disease through an interaction with
muscle regeneration, angiogenesis, and fibrosis. Am J Pathol 179:915-930

Zhu J, Li Y, Shen W, Qiao C, Ambrosio F, Lavasani M, Nozaki M, Branca MF, Huard J (2007)
Relationships between transforming growth factor-B1, myostatin, and decorin:
implications for skeletal muscle fibrosis. J Biol Chem 282:25852-25863

Zimowska M, Duchesnay A, Dragun P, Oberbek A, Moraczewski J, Martelly 1 (2009)
Immunoneutralization of TGF-f1 improves skeletal muscle regeneration: effects on
myoblast differentiation and glycosaminoglycan content. J Cell Biol 2009:659372

Zivkovié¢ SA, Clemens PR (2015) Muscular dystrophy. In: Zigmond MJ, Coyle JT, Rowland L

(eds) Neurobiology of brain disorders. Academic Press, San Diego, 151-166

43



Figure legends:
Fig. 1: Schematic diagram showing arrangement of extracellular matrix (ECM) in skeletal muscle
in three levels; the endomysium, perimysium, and epimysium. Figure was produced using Servier

Medical Art (https://smart.servier.com).

Fig. 2: ECM deposition in regenerating/fibrotic muscle. Upper panel (A-E) shows basic
histological structure of normal regenerating muscle with transient infiltration of inflammatory
cells after injury followed by appearance of newly formed myotubes with central nuclei and
transient deposition of ECM. Lower panel (F-J) shows fibrotic muscle due to chronic
injury/muscular dystrophy with persistent inflammatory cells and progressive replacement of
muscle tissue with fibrous tissue. HE stain. * indicates ECM deposition. Figure modified from

(Mann et al., 2011).

Fig. 3: Schematic diagram showing factors enhancing muscle fibrosis and inhibitors for muscle

fibrosis. Figure was produced using Servier Medical Art (https://smart.servier.com).
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Table.1: Extracellular components of skeletal muscle.

Endomysium

Level - Surrounds each myofiber

Function - Maintains muscle integrity

-Transmits  tension  between

muscle fibers

- Contains small diameter blood

vessels and finest neurons

Composition - Collagen type |, type IlI, and

type V

Perimysium

- Surrounds group of myofibers

- Transmits the force from myofibers

to tendons

- Contains larger blood vessels and

nerves

- Collagen type I and type I11

Epimysium

- Surrounds entire muscle

- Continuous with the tendons

connecting muscles to bones

- Thickens at both muscle origin

and insertion

- Major blood vessels and nerve
supplying the muscle penetrate

the epimysium

- Collagen type |
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