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Abstract

The production of force and power are inherent properties of skeletal muscle, and regulated by
contractile proteins within muscle fibers. However, skeletal muscle integrity and function also
require strong connections between muscle fibers and their extracellular matrix (ECM). A well-
organized and pliant ECM is integral to muscle function and the ability for many different cell
populations to efficiently migrate through ECM is critical during growth and regeneration. For
many neuromuscular diseases, genetic mutations cause disruption of these cytoskeletal-ECM
connections, resulting in muscle fragility and chronic injury. Ultimately, these changes shift the
balance from myogenic pathways toward fibrogenic pathways, culminating in the loss of muscle
fibers and their replacement with fatty-fibrotic matrix. Hence a common pathological hallmark of
muscular dystrophy is prominent fibrosis. This review will cover the salient features of muscular
dystrophy pathogenesis, highlight the signals and cells that are important for myogenic and
fibrogenic actions, and discuss how fibrosis alters the ECM of skeletal muscle, and the
consequences of fibrosis in developing therapies.
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Fibrosis in muscular dystrophies

Muscular dystrophies share a common pathology of progressive fibrosis and a replacement
of functional muscle with scar tissue. There are nine major categories of muscular
dystrophy; Duchenne muscular dystrophy (DMD) is one of the most well-known and
common forms occurring in approximately 1 in 5000 live male births [1], caused by
mutations in the x-linked dystrophin gene [2]. The prevalence of the more than 30 muscular
dystrophies as a whole is much higher, approximately 1 in 1000 births [3]. The wide array of
gene mutations now known to cause muscular dystrophy lead to a spectrum of severity, age
of onset, and specification of affected muscle groups [4]. A predominant site of mutations
involves proteins that provide a link from the muscle cell to the extracellular matrix (ECM).
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Skeletal muscle has a unigue and prominent link to the ECM through the dystrophin
glycoprotein complex (DGC) that maintains integrity during high contractile forces of
muscle fibers [5]. Dystrophin is central to the DGC in that without it, the entire complex is
unstable and disappears from the membrane. However, mutations of other DGC proteins
also lead to muscular dystrophy, including those in the sarcoglycan subcomplex causing
Limb Girdle Muscular Dystrophy (LGMD), and dystroglycan causing Congenital muscular
dystrophy (CMD) [4].

Not only is the DGC itself important in this mechanical link, but additional intracellular and
extracellular proteins are also necessary. The membrane localization of the DCG provides a
mechanical linkage via the cytoskeleton all the way to nuclear structural elements, including
lamins, of which mutations are also known to cause muscular dystrophy [6]. Extending into
the ECM, dystroglycan directly interacts with laminins in the basal lamina, where mutations
in LAMAZ result in loss of functional laminin 2 and a form of CMD [7]. The basal lamina is
connected to more load bearing fibrous ECM, of which collagen is the primary component.
Mutations that eliminate collagen VI, which connects the basal lamina to the fibrillar matrix,
result in Ulrich CMD, while patients with mutations that retain some functionality of
collagen VI develop the more mild Bethlem myopathy [8].

The recognition of the need for robust muscle-ECM association was clear early in the hunt
for the cause of DMD. In fact, one of the gene candidates was collagen [9], indicating the
pathological fibrotic hallmarks of the disease. However, fibrosis, per se, is considered a
consequence, rather than a primary cause of neuromuscular disease. When the mechanical
link to the ECM is broken, as in many muscular dystrophies, there can be increased muscle
fiber fragility leading to rupture of the plasma membrane, or sarcolemma, during
contraction. Muscle can reseal small sarcolemmal tears within seconds, and the importance
of this acute repair is highlighted by the fact that mutations in key components of resealing
machinery, including dysferlin and annexins, cause LGMD and modify the severity of
dystrophy, respectively [10]. More substantial injury triggers a degeneration/regeneration
response that repairs and/or forms new muscle fibers. As in other tissues, damaged muscle
elicits an inflammatory response with infiltration of immune cells that assist in orchestrating
the subsequent regeneration. The muscle resident stem cell population, called satellite cells,
is largely responsible for the replacement of damaged muscle fibers as they proliferate,
differentiate, migrate to the site of injury, and then fuse with existing fibers or themselves to
create new myonuclei [11]. In healthy muscle the regenerative process is quite robust and
after injury the muscle can grow back even stronger, as is the case following the micro-
damage of resistance training [12]. However, the increased fragility of dystrophic muscle
can result in a chronic state of damage and the well-orchestrated regeneration begins to fray.
The process of fibrosis is progressive in these states: successive rounds of degeneration and
regeneration incompletely remodel the ECM and consequently, matrix components
accumulate. Thus, a vicious feed-forward cycle ensues, where the increase of ECM replaces
functional muscle, and as such there is less muscle to generate force, leading to more
damage, and so on, ultimately resulting in a “muscle” that is predominantly fibrosis and scar
rather than contractile tissue.
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Several therapies directed at cures for the primary mutations in muscular dystrophy are
under evaluation, clinical trials, and have reached FDA approval [13-16]. Even so, none, to
date provide complete reversal of disease. Further, depending upon the age of the patient and
the stage of disease, these potential treatments will not remove the existent secondary
fibrotic pathology that has accumulated. Thus, understanding the basis for fibrosis, and
finding ways to effectively prevent its progression and potentially reverse its course, remain
important therapeutic targets.

Fibrogenic signals in muscular dystrophy

There are many signaling pathways that modulate fibrotic progression in skeletal muscle
(Fig. 1). The primary pro-fibrotic signal in skeletal muscle is transforming growth factor-
beta (TGFB) [17], similar to other tissues. High expression of TGFf is evident in dystrophic
muscle [18], and it is considered a major therapeutic target. TGFp is stored in the ECM as a
complex with latent TGFB-binding proteins (LTBP)s, and activation requires its release from
the complex by proteases. Once TGF is released, it can act through its canonical pathway
of binding to the TGFp receptor to mediate SMAD signaling, which upon nuclear entry
leads to activation of a pro-fibrotic transcriptional program that includes the production of
collagen | [19]. TGFp has also been shown to activate non-canonical MAPK pathways and
c-abl that, in turn, enhance transcription of pro-fibrotic signals, including TGF itself, as
part of the positive feedback in fibrosis. Hence, by stopping TGFp, one could limit a critical
cog in the fibrotic cascade. Halofuginone can block TGFp-mediated SMAD activation, and
results in reduced collagen 1 production. As such, it is efficacious in slowing fibrosis
associated with radiation treatments in cancer, and in scleroderma [20]. Therapeutic
potential as an anti-fibrotic for muscular dystrophy was demonstrated in mouse models for
DMD and CMD, where there was marked functional improvement [21,22]. A clinical trial
for DMD using a delayed release halofuginone (HT-100) was halted due to safety issues, but
permission has been granted to resume Phase 1b/2a trials, potentially laying the groundwork
for establishing this as a viable anti-fibrotic therapy for neuromuscular disease.

Another modulator of TGFp activity occurs in the initial latent complex. LTBP4 contains
polymorphisms that predispose the protein to cleavage, leading to enhanced TGFp activity
[23]. Initially identified in dystrophic mice that exhibited more fibrosis, a similar
relationship has been demonstrated in boys with DMD [24]. Thus, blocking the cleavage of
LTBP4 is a potential therapeutic target for preventing excessive release of active TGFp [25].

Among the profibrotic signals downstream of TGFp in skeletal muscle is the renin-
angiotensin system (RAS). Angiotensin | is converted into Angiotensin Il by ACE1, which
then binds to its receptor AT1 or AT2, which can again activate SMAD or MAPK pathways
to further the pro-fibrotic response [26]. An anti-fibrotic axis of RAS also exists, the ACE2/
Angiotensin-(1-7)/Mas pathway, and it represents an untapped potential for muscular
dystrophy therapy. ACE2 catalyzes the conversion of Angiotensin Il to Angiotensin-(1-7),
thereby reducing the activation of the AT1 receptor by Angiotensin Il. In contrast to the AT1
receptor, which drives fibrosis, Angiotensin-(1-7) activation of the Mas receptor has been
attributed with many beneficial actions, including reduction of oxidative stress and fibrosis
as well as stabilization of glucose transport [27]. Therefore, boosting the activity of the
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beneficial arm of RAS may provide protection against fibrosis in DMD. Indeed, reports of
the prospects of increasing Angiotensin-(1-7) activity in the /max mouse are quite promising
for reducing fibrosis [28,29]. ACEL is highly expressed in muscular dystrophy with
corresponding fibrosis, so the dual role of the angiotensin system makes it an attractive
therapeutic target for anti-fibrotics. This includes the use of Losartan to block activation of
AT1/AT2 [30] and the use of Enalapril and Lisinopril to inhibit ACE1 [31,32] and the
profibrotic pathway. Of note is that some of the perceived benefit to skeletal muscle in DMD
may be secondary to the effects on cardiac function [33,34]. Thus, while the RAS system
contributes to fibrosis, it is likely that the profibrotic actions are eclipsed by TGFp.

The fibrotic transcriptional program produces not only structural components of the ECM
such as collagen 1, but also many growth factors that coordinate and amplify the actions of
TGFp. Connective tissue growth factor (CTGF/CCNZ2) is another regulator of fibrotic
signaling. CTGF is up-regulated in dystrophic models and patients [35] and induces
expression of ECM components in fibroblasts more prominently than TGFp [36].
Interestingly, adenoviral overexpression of CTGF alone is sufficient to induce strong fibrosis
in skeletal muscle [37]. Alternatively, neutralizing CTGF by an antibody has been shown to
slow the progression of fibrosis in max muscles and preserve their function [38], with
antibody therapies toward muscle CTGF progressing in clinical trials for DMD [39].
Enalapril has also been shown to reduce the expression of CTGF, suggesting that its
expression is dually regulated by RAS and TGF@ [29]. Decorin has been shown to bind to
and inhibit CTGF in addition to TGFp, potentially enhancing decorin's efficacy as an anti-
fibrotic for muscular dystrophy [40]. The platelet derived growth factor (PDGF) family is
also induced by TGFB and is common in many fibrotic conditions including upregulation in
patients with DMD [41]. PDGFs are non-canonical activators of c-abl activity similar to
TGFB [42]. Blocking c-abl with imatinib reduced fibrosis the mdx mouse model [43],
although not without concerning side effects of weight loss [44].

While the TGFp axis is common to fibrosis in many tissues, fibrotic signaling pathways
specific to skeletal muscle also exist. Myostatin is a member of the TGFB superfamily and
notable as a dramatic negative regulator of muscle mass [45]. As opposed to TGFp,
myostatin primarily signals through the activin type 2 receptors (ActRIIB), but in both cases
the signals converge onto SMAD signaling to elicit their effects [46]. Given the overlap in
these pathways, myostatin can promote fibrosis in skeletal muscle; injection of myostatin
coated beads into mouse muscle inducing a dramatic fibrotic response [47]. Myostatin
inhibition is a prime therapeutic strategy to counter muscle weakness and build muscle mass
in a number of conditions, including DMD and sarcopenia [48,49], and it has the additional
potential benefit of countering fibrosis. Strategies to counter myostatin activity include
expression of decoy receptors (soluble ActRIIB) and expression of the myostatin propeptide,
both of which act through binding of circulating ligands, thereby preventing them from
activation of the ActlIB receptors on muscle [50,51]. The decoy receptors are more potent at
driving muscle growth, but also bind to additional members of the activin family [52]. This
has led to off-target effects in clinical trials, raising safety concerns for this strategy [53]. On
the other hand, the myostatin propeptide, which associates with myostatin and its highly
related GDF-11, inhibits activity with reduced off-target effects [50].
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Hypoxia is a well-known inducer of the fibrotic program primarily through HIF1a,, which
under hypoxic conditions escapes degradation and acts as a potent transcription factor for
fibrotic genes [54]. While hypoxia following injury is considered an important fibrotic
mechanism in multiple tissues, muscle is a major site of oxygen utilization, particularly
during exercise [55]. Muscle from patients with DMD may be particularly susceptible to
hypoxia since the sarcolemmal localization of neuronal nitric oxide synthase (nNOS) is
dependent on the DGC [56]. nNOS plays a critical role in preventing vasoconstriction during
exercise, and in its absence patients with DMD can experience local regions of ischemia
during muscle activity. Ischemia is known to contribute to skeletal muscle fibrosis [57], and
thus may be a factor in the profibrotic pathways induced in muscular dystrophy. Tellingly,
overexpression of NNOS in a severe mouse model of muscular dystrophy demonstrated a
dramatic prevention of fibrosis along with improved lifespan [58]. It is important to consider
the localization however, as expression of nNOS modified for membrane targeting in the
absence of the DCG provided a distinct advantage over untargeted nNOS in improving
function of max mouse muscles [59].

Aside from soluble molecular signaling, stiffness has been shown to be a potent fibrogenic
signal in multiple tissues [60,61]. The process of matrix mechanosensing is increasingly
being appreciated as a regulator of multiple cellular functions, and skeletal muscle is a
known mechanosensitive tissue [62], given the mechanical nature of its primary function.
While mechanosensitivity of skeletal muscle has primarily been related to sensitivity of ion
channels in which the DCG plays an important role, the DCG also is a factor in MAPK
pathway in muscle [63]. Extensive pathways of mechanotransduction in skeletal muscle are
not well understood, however, the well-known mechanosensitive transcription factor yes-
associated protein (YAP), which translocates to the nucleus in response to stiff substrates, is
misregulated in muscular dystrophy [64]. Prominent target genes of YAP include CTGF and
other components of the fibrogenic program [64], such that constitutively active YAP leads
to expression of the fibrotic program in healthy muscle and results in fibrosis with a
transcriptional profile similar to muscle of mdx mice [65]. As with the feed-forward
progression of fibrotic replacement of diseased muscle, the mechanosensitive pathways may
also be altered in dystrophic muscle, both within the muscle fibers due to signaling protein
mislocalization, and in the ECM, where fibrosis can affect its physical properties.
Ultimately, matrix mechanosensing combined with the soluble factors can impact the variety
of cells in the muscle milieu in distinct ways to support the fibrogenic program.

Fibrogenic cells in muscular dystrophy

Muscle tissue provides a niche for a variety of cells in addition to the contractile muscle
fibers, which respond to secreted factors and their ECM to help resolve damage (Fig. 2). The
satellite cells are a Pax7+ population that resides adjacent to muscle fibers and upon injury,
proliferates, differentiates, migrates, and fuses to form new myofibers, and thus are the basis
for muscle regeneration [66]. This process is affected by factors that generally either
promote the differentiation of myoblasts (potentially depleting the muscle progenitor pool)
or block differentiation to enhance proliferation (potentially limiting muscle regeneration).
In muscular dystrophy the fragility of fibers and chronic damage lead to persistent
regeneration with myoblasts in all states of activation and differentiation among a myriad of
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inflammatory and fibrotic signals that may tilt the proper balance of proliferation vs.
differentiation. Damaged muscle is known to secrete many inflammatory factors including
TNFa and IL-6 [67], and TNFa is a signal supporting satellite cell activation and
proliferation while inhibiting differentiation [68]. In terms of fibrotic factors, TGFp has also
demonstrated an ability to block myoblast differentiation while enabling proliferation [69].
Critically however, chronic elevation of TGF can also act on myoblasts to induce apoptosis
[70] or to even transdifferentiate into myofibroblasts that further exacerbate fibrosis [71].
Furthermore, TGFp can cause myoblasts to increase expression of myostatin which may
interact with TGFp to block differentiation [72]. Further, CTGF pro-fibrotic actions are
compounded by CTGF mediated inhibition of muscle differentiation [73], thereby tipping
the balance even further toward fibrosis. The role of hypoxia on satellite cell differentiation
has been more controversial; with reports of HIF1a accumulation under hypoxic conditions
blocking myoblast differentiation [74] in contrast to reports that HIF1a knockdown
inhibiting myoblast differentiation in normoxia [75]. Recently, a satellite cell specific
deletion of HIF1a and HIF2a showed an inhibition of self-renewal and promotion of
differentiation, implicating hypoxia for driving proliferation at the expense of differentiation
[76]. On the other hand, the increased stiffness of muscle in fibrosis can have opposing
effects. Primary satellite cells grown on rigid tissue culture plastic are known to quickly lose
their stemness, whereas growing satellite cells on soft substrates suppresses differentiation
and allows them to maintain a more quiescent phenotype and even repopulate the stem cell
niche when reinjected into muscle [77]. Myoblasts also possess a fine-tuned
mechanosensitive differentiation, with substrates much softer or stiffer than healthy muscle
reducing their ability to differentiate and form contractile sarcomeres [78]. Chronic exposure
to these fibrotic signals disrupts the proper satellite cell based regeneration in muscular
dystrophy, but they also disrupt the proper organization of the ECM to further propagate
fibrosis in muscular dystrophy.

Satellite cells act in a dynamic environment with many other cell types that mediate removal
of cellular debris and ECM remodeling so that muscle returns to a healthy functional state.
The primary cellular source of fibrotic components in thought to be the myofibroblast [79],
however the lineage of skeletal muscle myofibroblasts is not completely understood. Recent
results show that in both healthy and fibrotic muscle, fibroblasts and muscle progenitors
express collagen I, but that the predominant collagen | producing cell is the fibro/adipogenic
progenitors (FAP) [80]. FAPs are a muscle resident population of mesenchymal stem cell-
like cells shown to have the potential to differentiate into either a myofibroblast or an
adipocyte depending on their environment [81]. In healthy muscle, FAPs respond to IL-4 to
proliferate following injury in support of the regenerative program before undergoing
coordinated apoptosis to return to basal levels, but importantly do not themselves undergo
myogenic differentiation [81,82]. FAPs also respond to signals from muscle progenitors, for
when muscle progenitors are removed, FAPs fail to expand appropriate following muscle
injury [83]. Further, when FAPs are injected into damaged muscle that lacks satellite cells,
FAPs are tightly associated with fibrotic regions, further implicating their role as fibrogenic
cells [84]. Importantly, the orchestrated support for myogenesis by FAPs is disrupted in
muscular dystrophies, as the FAP population does not undergo apoptosis, and instead is
chronically elevated in dystrophies and other models of chronic injury [85], with progressive
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differentiation into myofibroblasts [86]. Recent studies have shown that the inflammatory
factor TNFa plays a critical role in driving apoptosis of FAPs following their rapid
proliferation phase, but that this process is blocked in dystrophic muscle by the simultaneous
high expression of TGFB [86]. This illustrates the importance of timing in regeneration and
its disruption in fibrosis, where instead of having distinct phases of high TNFa followed by
high TGFp there is high expression of both in chronic injury. Doses of nilotinib, a kinase
inhibitor with anti-TGF activity, was able to permit TNFa directed FAP clearance and
result in decreased fibrosis in the mdx mouse model [86]. Similarly, to TGFf, myostatin was
also shown to promote expansion of FAPs and their conversion into myofibroblasts in
muscle fibrosis secondary to chronic kidney disease [87]. While rare in mouse models of
muscular dystrophy, muscles from dystrophic patients commonly involve both fibrosis and
fatty infiltration [88]. The source of this fatty infiltration is also likely from FAPs, and
unfortunately the most commonly used treatment for muscular dystrophies, glucocorticoids,
can also enhance the differentiation of FAPs into adipocytes [89].

Inflammatory cells play a clear role in directing the response of FAPs to muscle injury, as
well as coordinating the regenerative response of satellite cells. T cells, eosinophils, and
macrophages infiltrate the muscle of dystrophic patients [90]. While immune-compromised
mouse models of muscular dystrophy lacking T cells and B cells result in reduced TGFp and
fibrosis, implying a role for the adaptive immune system [91], the absence of a functioning
immune system limits the ability of muscle to regenerate [92]. Macrophages of the innate
immune system have been the most well studied in dystrophic muscle, as macrophages have
the ability to both promote (so-called M1 macrophages) and suppress the immune system
(M2 macrophages), however the spectrum of macrophage phenotype in vivo is complex
[93]. M1, pro-inflammatory, macrophages are stimulated by IFNy and TNFa and are
present during the early phases of regeneration employing their phagocytic functions to clear
damage muscle [94]. M1 macrophages also secrete pro-inflammatory cytokines including
TNFa, which play a critical role in the clearance of FAPs following their robust expansion
[86]. However, their persistent presence in dystrophic muscle can also promote chronic
inflammation and thus contribute to fibrosis. This is demonstrated by M1 macrophage
genetic depletion improving fibrosis and muscle histopathology of madx mice [95].
Alternatively, M2 macrophages are induced by IL-4 and IL-13, and while being considered
“pro-regenerative” due to their critical role in wound healing are also considered to be “pro-
fibrotic” as the major source of TGF in skeletal muscle [96]. The rise of M2 macrophages
typically follows M1 macrophages after acute muscle injury and regeneration [97]; however,
M2 macrophages are also chronically elevated in dystrophic muscle [98]. A role for
myostatin in macrophage polarization is unclear, however myostatin has been shown to
increase macrophage infiltration in damaged muscle [99]. Hypoxia can polarize
macrophages toward the M2 pro-fibrotic phenotype [100]. Accordingly, transgenic
expression of nNNOS reduces the M2 population within dystrophic muscle and improves
fibrosis [101]. The role that the stiff ECM of fibrosis plays in polarizing macrophages is
gaining increased attention with early studies pointing toward shifting cells toward a more
M1 phenotype [102,103], yet how this impacts fibrosis in muscular dystrophy is yet to be
explored. Osteopontin is another a highly expressed immunomodulator in dystrophic muscle
involved in macrophage polarization [104,105]. Interestingly, ablation of osteopontin shifts
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the phenotype within M2 macrophages, not to reduce TGF expression, but to enhance
IGF1 expression [106], which is capable of counteracting SMAD signaling of TGFp as well
as being a potent inducer of muscle growth [107,108]. Ultimately, the regenerative and
fibrotic pathways in skeletal muscle are governed by multiple cell types responding to cues
from damaged muscle, and the balance between these actions results in resolution of injury,
or dissolution of muscle.

Fibrosis and cell therapy in muscular dystrophy

Cumulative fibrosis not only prevents the endogenous myogenic cell population to
appropriately regenerate, but also impedes the successful delivery of cell-based therapies to
damaged/diseased tissue [109]. There is a physical barrier that blocks efficient migration of
cells to muscle, and the fibrotic environment can inhibit myogenic differentiation of
exogenous cells just it does for the endogenous cell population. Previous studies have shown
that engraftment of donor satellite cells are dependent on the satellite cell niche, with
improved engraftment when that niche is preserved [110]. Thus, a critical prerequisite for
successful cell-based therapies is the dissolution of fibrosis to enable successful delivery and
engraftment of myogenic cells. Reducing fibrosis through neutralizing CTGF also led to
more efficient transplantation of satellite cells into mdx mice subsequent dystrophin positive
fibers [38]. MMP-1 has also been used as an anti-fibrotic due to its collagenase activity
[111] and transplantation of myaoblasts into /max mice was dramatically improved following
MMP-1 treatment leading to enhanced dystrophin expression in vivo [112]. On the other
hand, inhibiting MMP-9 was shown to also increase engraftment of myoblasts into the max
mouse, however the MMP-9 inhibition also reduced fibrosis, likely through modulating
inflammation [113]. Other studies have also shown that anti-inflammatory treatment
improves the efficacy of cell therapy in max mice through inhibition of fibrosis [114].
Furthermore, the antifibrotic drug losartan was able to enhance the number of human
dystrophin positive fibers after transplantation of human myoblasts into
immunocompromised /max mice [115].

A more sophisticated strategy is to equip the cells to be transferred with the ability to
produce anti-fibrotic agents. This approach was taken using placenta growth factor (PIGF)
and MMP-9 overexpression in tendon fibroblasts delivered into dystrophic muscles, which
provided a reduction in fibrosis of a-sarcoglycan null mice [116]. This pretreatment made
the subsequent systemic injection of myogenic capable mesoangioblasts able to engraft,
leading to a-sarcoglycan positive muscle fibers. In a more concise manner, myoblasts
themselves were transfected with an MMP-1 expression vector which permitted more robust
engraftment and expression of dystrophin in an immunocompromised max mouse [117].
Together these studies emphasize the reality that fibrosis presents a barrier to donor cell
delivery and engraftment into diseased muscle that in certain instances can be overcome by
providing anti-fibrotic treatment in conjunction with cell therapy.

Fibrotic extracellular matrix in muscular dystrophy

The multitude of cells present in muscle is also responsible for synthesizing and organizing
the ECM matrix, a process gone awry in fibrotic diseases. Fibrosis is commonly defined as a
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pathologic increase in ECM, however the properties that make it pathologic are not well
understood. Fibrosis is commonly quantified by collagen content either biochemically or
histologically [118,119]. The most abundant type of collagen in muscle is fibrillar type I,
and indeed in the whole body [120]. Patients with DMD have dramatic increases in collagen
content [88]. The fibrillar collagens are the primary mechanical load bearing structures in
ECM and over a log scale, collagen | expression tracks with tissue stiffness [120]. The
increase in stiffness of fibrotic muscle is often attributed to the increased collagen content,
however stiffness and collagen content are not well correlated [121]. While elastic stiffness
is the common mechanical parameter measured in matrix mechanosensing, other
viscoelastic properties can also impact mechanosensing [122] and are altered in fibrosis in
mouse models of muscular dystrophy [121,123]. The congruence of these mechanical
factors can itself limit muscle function directly and develop into debilitating joint
contractures [124].

The architecture of collagen plays an important role in determining its mechanical properties
as well (Fig. 3). The extent of collagen cross-linking is known to scale with stiffness [125],
and dystrophic muscle from mice, dogs, and humans have demonstrated increased collagen
cross-linking [126]. More heavily cross-linked collagen fibrils and fibers lead to more
densely packed collagen networks, which have been shown to scale with stiffness more
readily than collagen content alone in max mouse muscles [121]. However, the correlation
reported was small and studies of other fibrotic models that show an insignificant
relationship between stiffness and cross-linking [127]. This may implicate larger scale
architectural changes, such as those in the liver, where formation of fibrotic septa connecting
portal regions is a key feature of disease progression and tissue stiffness [128]. Recent
reports of longitudinal collagen cables that are increased in fibrotic muscle may be a key
architectural feature [129], but continued efforts are needed to decipher the relationship
between the fibrotic ECM and its mechanical properties.

A variety of other ECM matrix components aside from collagen may influence the matrix
stiffness as well as mediating fibrotic signaling. Muscle ECM is rich in proteoglycans that
hold water and contribute to the viscous mechanical properties of the ECM [130]. Patients
with DMD have an increased level of biglycan and decorin proteoglycans [131]. Decorin is
particularly pertinent as it is considered an anti-fibrotic agent through blocking TGFp
activity, and decorin overexpression has been shown to block TGF signaling and fibrosis in
cardiac muscle [132] and skeletal muscle regeneration following laceration [133].
Proteoglycans interact with a variety of other matrix components and growth factors as well
as playing an important role in collagen fibrillogenesis and untangling their contribution to
fibrosis in muscular dystrophy requires further study [134]. Fibronectin is a serum soluble
protein that also forms provisional fibrous networks for cell adhesion in wound healing
[135]. Fibronectin is dramatically overexpressed in muscular dystrophy, and has even been
suggested as a serum biomarker for progression of DMD [136]. However, targeting
fibronectin expression for therapy may not be advisable as it supports satellite cell expansion
[137], and loss of fibronectin with age is associated with the loss of satellite cell function
[138]. Fibrinogen is cleaved into fibrin to form a fibrous network in wound healing as well
[139]. Along with other ECM components fibrinogen is up-regulated in fibrotic dystrophic
muscles and is purported to induce TGF expression by muscle macrophages to further
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stimulate the fibrotic program [140]. All of these ECM components interact and when
properly regulated support muscle regeneration mechanically, by growth factor regulation,
and/or direct adhesion to cells; however, in fibrosis this support of regeneration is
compromised.

The accumulation of ECM components in fibrosis can result not only from increased
expression of matrix components, but also from the decreased degradation of the ECM. The
primary enzymes responsible for matrix degradation are the matrix metalloproteinases
(MMP)s, which includes collagenases, gelatinases, stromelysins, and membrane-type
metalloproteinases [141]. MMPs are secreted by resident muscle cells and inflammatory
cells in order to remodel the ECM and allow cells to efficiently migrate through the ECM
[142]. While there is an accumulation of ECM in fibrosis, there is also a general increase in
MMPs in DMD [142]. Whether MMPs are supportive or deleterious to muscle regeneration
may depend on the type of MMP. MMPs are expressed by myoblasts and broad inhibition of
MMPs blocks myoblast migration and differentiation [143]. Specific inhibitors have shown
that individual MMPs play important roles in myoblast migration with collagenase MMP-13
in vitro [144], collagenase MMP-1 in vivo [117], and membrane-type MMP14 through
collagen matrices [145]. The use of genetic tools to ablate specific MMPs in dystrophic
mouse models reveals the exacerbation of the disease phenotype and fibrosis for gelatinase
MMP-2 [146] and stromelysin MMP-10 [147]. However, global deletion of gelatinase
MMP-9 was found to improve fibrosis [141], which may be due to MMP-9 being expressed
primarily by infiltrating immune cells and promoting chronic inflammation in dystrophy.
Defining the precise mechanisms by which these MMPs elicit their effect on fibrosis is
challenging due to the high degree of overlap in substrate and multiple layers of regulation.
MMPs are secreted in a pro-form that is activated upon cleavage, but the active form is
blocked by another class of matrix proteins, the tissue inhibitors of metalloproteinases
(TIMP)s. TIMPs are commonly cited fibrotic factors that favor ECM accumulation over
degradation and are up-regulated in muscles and plasma from patients with DMD [148,149].
Importantly TIMPs expression is downstream of TGFp signaling and a critical component of
the fibrotic program [150]. Activation of MMPs can occur through multiple enzymes
including other MMPs and the plasminogen activating system [151]. The canonical role of
plasminogen activators is to convert plasminogen into plasmin, which then degrades the
fibrin matrix, and when the urokinase plasminogen activator is ablated, max muscle fibrosis
is exacerbated [152]. Conversely, genetic ablation of plasminogen activator inhibitor 1
increases plasminogen activator and fibrin degradation, but also leads to increased fibrosis in
max muscle, potentially by increasing TGF bioavailability [153]. The action of MMPs and
matrix degrading enzymes is dependent on access to cleavage sites. When the ECM and
collagen fibrils are under strain, access to the cleavage sites is blocked [154] and degradation
is impaired [155]. This confers a built in “use it or lose it” mechanism for collagen, with the
high strains of muscle and stiffness in fibrosis blocking the ability to degrade collagen.
These ECM degrading enzymes are thus able to degrade and remodel the matrix, but the
disorganization of ECM in muscular dystrophy impairs enzymatic degradation.

In this review we assert that fibrosis is a secondary consequence of muscular dystrophy, and
that inhibition or reversal of fibrosis is a central therapeutic target. However, we would be
remiss in considering that scar tissue is part of the wound healing process and provides an

Matrix Biol. Author manuscript; available in PMC 2019 May 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Smith and Barton

Page 11

efficient way to restore mechanical integrity of damaged muscle. Looking at muscular
dystrophies that arise directly from mutations in ECM proteins highlights the importance of
a healthy ECM in preventing muscle damage. Mutations in laminin (LAMAZ2), collagen VI
(COLS), and collagen XII (Col12A1) [156] demonstrate that disruption of the muscle-ECM
linkage eliminates or reduces mechanical signaling, even though the muscle fibers initially
remain intact. Hence, some stiffness of ECM is critical to mediate appropriate load to
muscle fibers. On the other hand, the reduced stiffness of ECM causing joint hyperlaxity
also reduces stiffness within the muscle. Muscles from a mouse model lacking Col12A1
revealed a correlation between passive stiffness and susceptibility to contractile damage
[156], where reduced stiffness led to less muscle damage. This emphasizes that for fibrotic
muscle, some preservation of connective tissue will be important to enable the muscle to
withstand potentially damaging contractions. While there is evidence that fibrosis may be
reversible [48], the structure that remains following its removal may determine whether or
not anti-fibrotic therapies are functionally beneficial. For instance, if an anti-fibrotic therapy
removes the abundant ECM except the extensively cross-linked ECM, then ECM stiffness
would largely persist to maintain heightened susceptibility of contractile damage.

In conclusion, the pathways mediating fibrosis in muscular dystrophy share many features
with those in other tissues, and as therapeutic candidates arise for fibrotic disease, they may
also provide benefit to skeletal muscle.
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Fig. 1.
Common fibrotic signaling pathways in skeletal muscle. Diagram of key signaling

molecules and mechanisms involved in supporting the fibrotic transcriptional program.
Nodes with red text indicate molecules with anti-fibrotic potential under investigation.
Nodes shaded in orange depict extracellular molecules, green depict transmembrane
molecules, and yellow indicate intracellular molecules. Dashed lines indicate indirect
effects. PDGF, Platelet derived growth factor; PDGFR, PDGF receptor; TGFB,
Transforming growth factor beta; LTBP4, latent TGFB bonding protein 4; TGFBR, TGFp
receptor; MSTN, myostatin; ACVR, activin type 2 receptor; CTGF, connective tissue growth
factor; Angl-7, angiotensin 1-7; Angl, angiotensin 1; Ang2, angiotensin 2; AT1/2,
Angiotensin Il receptor type | and 1l (AT1/2); ACE2, angiotensin converting enzyme 2;
ACEL1, angiotensin converting enzyme 1. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 2.
Diagram of critical cell types in the fibrotic response. Damaged muscle fibers express

inflammatory cytokines that activate satellite cells and trigger monocytes into macrophages.
Macrophages secrete a number of molecules that regulate muscle repair, fibrosis (Fig. 1) and
fibro/adipogenic progenitors (FAP) state. Mis-regulated FAPs develop into myofibroblasts
that produce fibrosis. Bold text includes factors secreted/released by cells and large bold font

indicates processes of fibrosis and apoptosis. Italic text indicates cell states.
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Fig. 3.

Prgc])perties of the fibrotic matrix in skeletal muscle. Myofibroblasts are the primary ECM
secreting cells, which includes the secretion of collagens, proteoglycans, and small mesh
forming proteins like lamin, fibronectin, and fibrin. A variety of precursor cells can be
transformed into myofibroblasts, but the major sources are FAPs. Matrix degradation is
controlled by MMPs, which are inhibited by TIMPs, and activated by Plasminogen
activators (PA). PAs support matrix degradation directly and indirectly. Increased strain in
the ECM releases TGF, stiffens the matrix, and blocks protease susceptibility. Enhanced
collagen cross-linking also contributes to the stability of the ECM. Matrix stiffness likely
supports the transformation of precursor cells into myofibroblasts to strengthen the fibrotic
feedback loop.
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