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Role of transforming growth factor-f in muscle damage
and regeneration: focused on eccentric muscle

contraction
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High-intensity eccentric muscle contraction induces muscle damage.
Damaged muscles recover through different processes, including de-
generation, inflammation, regeneration, and fibrosis; some of these pro-
cesses are mediated through the actions of cytokines. The transforming
growth factor-beta (TGF-) is one such cytokine involved in muscle re-
covery and repair. In this regard, TGF-B regulates the skeletal muscle
inflammatory response, inhibits muscle regeneration, regulates extra-
cellular matrix remodeling, and promotes fibrosis. Although some stud-
ies have suggested that inhibition of TGF-B after muscle damage pro-
motes muscle regeneration and recovery, other studies have noted that

INTRODUCTION

Repeated high-intensity eccentric muscle contraction induces
muscle damage (Stauber et al., 1990). Following injury, muscles
recover through a number of steps involving degeneration, in-
flammation, muscle regeneration, and fibrosis (Quintero et al.,
2009; Wong et al., 2015). Various cytokines, such as interleu-
kin-1 beta, interleukin-6, tumor necrosis factor-alpha (TNF-a),
fibroblast growth factor, and transforming growth factor-beta
(TGE-P), are involved in this healing process (Wong et al., 2015).
TGF-f is a multifunctional cytokine that acts on multiple differ-
ent cell types. In particular, in skeletal muscle, it inhibits myo-
genic responses, regulates extracellular matrix (ECM) remodeling,
and stimulates fibrosis (Kim et al., 2005). Muscle levels of TGF-
have been found to be elevated after eccentric muscle contraction
in both animals and humans (Barash et al., 2004; Hamada et al.,

TGF-B inhibition actually reduces muscle strength because it leads to
incomplete muscle regeneration. Despite the importance of TGF-f in
the repair of damaged muscles, most studies have focused on examin-
ing its role in muscle diseases such as chronic inflammatory diseases
or Duchenne’s muscular dystrophy. Here, we have reviewed the exist-
ing literature for examining the role of TGF-3 in muscle damage and re-
generation after eccentric muscle contraction.
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2005).

Several studies have reported that inhibition of TGF-f action
improves muscle regeneration and recovery from injury by reduc-
ing the levels of factors related to muscle damage, such as creatine
kinase and fibrosis (Chan et al., 2005; Nozaki et al., 2012; Tani-
guti et al., 2011). On the other hand, Gumucio et al. (2013) re-
ported that inducing muscle damage through eccentric muscle
contraction and at the same time inhibiting TGF-p action result-
ed in rapid recovery of muscle strength in the short-term, but led
to incomplete structural regeneration, ultimately reducing muscle
strength in the long-term. These findings suggest that TGF-f
plays important roles in the regeneration of damaged muscles.
This review article aims at describing the role of TGF-f in muscle
damage and regeneration based on a review of the literature per-
taining to eccentric muscle contraction.
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BIOLOGICAL FUNCTION OF TGF-B IN
SKELETAL MUSCLE

TGF- exists as three subtypes namely TGF-B1, TGF-B2, and
TGEF-B3 (Gumucio et al., 2015). Myostatin is a new type of cyto-
kine referred to as a ‘myokine’ that also acts through a TGF-p-like
signaling pathway (McPherron et al., 1997).

TGEF-B is involved in cell growth regulation, wound healing,
fibrosis, carcinogenesis, angiogenesis, and inflammation (Kim et
al., 2005). During the inflammatory process that occurs after mus-
cle injury, TGE- plays two different roles: initially, acting as a
potential chemotactic factor for neutrophils and monocytes, it stim-
ulates the inflammatory response by inducing the synthesis of
TNF-a in monocytes; then, it then suppresses the inflammatory
response allowing for recovery from injury to occur (Sanjabi et al.,
2009; Wahl, 1994). An in vivo study has confirmed the presence
of TGF-B1 a sites of inflammation (Yagnik et al., 2004).

TGEF-B also functions in muscle cell differentiation and fusion
of myofibers, and can inhibit the expression of various muscle-spe-
cific proteins (Florini et al., 1991; Liu et al., 2001). In particular,
it is known to delay muscle regeneration because it inhibits cell
proliferation and delays muscle cell differentiation through a Smad-
3 signaling system pathway, thereby preventing activation of pos-
itive regulators of muscle cell differentiation, such as MyoD and
myogenin (Liu et al., 2001). Other studies have also reported that
TGE-P inhibits the activation of cyclin-dependent kinases and re-
duces expression of MyoD and myogenin (Gumucio et al., 2015;
McCroskery et al., 2003), thereby also limiting the process of dif-
ferentiation and fusion of satellite cells (Mendias et al., 2012). The
inhibition of satellite cell activation induces muscle atrophy. Na-
rola et al. (2013) reported that overexpression of TGF-B1 in mouse
muscle induced muscle weakness and atrophy, and Mendias et al.
(2012) reported that treating mouse muscle with TGF-p signifi-
cantly reduced the size of muscle fibers as well as their maximal
isometric strength.

TGEF-p also regulates ECM remodeling and can stimulate the
fibroblasts that produce ECM proteins (Gumucio et al., 2015;
Mann et al., 2011). TGF-p is activated by enzymes such as metal-
loproteinase (MMP)-2 and MMP-9. It inhibits MMP-2 and MMP-
9-induced ECM degradation by increasing the secretion of enzymes
that inhibit ECM degradation, such as TIMP and plasminogen
activator inhibitor-1, while at the same time stimulating the syn-
thesis of ECM proteins (Mann et al., 2011). TGF- is secreted by
damaged muscle fibers (Baoge et al., 2012). This increases the ex-
pression of cyclooxygenase-2, thereby escalating the secretion of
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Fig. 1. Changes in muscle function caused by TGF-B1 after muscle damage.
After muscle damage, TGF-31 plays a role in muscle recovery by regulating
ECM remadeling. However, overexpression of TGF-31 may induce excessive
ECM deposition and fibrosis as well as forming scar tissue, which may lead to
incomplete muscle recovery. TGF-B1, transforming growth factor-beta 1; ECM,
extracellular matrix.

prostaglandin E2 by fibroblasts (Fang et al., 2014). These elevated
levels of prostaglandin E2 may potentially regulate TGF-p-in-
duced fibroblast proliferation and collagen synthesis (Bondesen et
al., 20006).

However, overproduction of TGF-B induces progressive deposi-
tion of ECM, tissue fibrosis, and scar tissue formation (Border and
Noble, 1994). Ultimately, it forms scar tissues, weakening muscle
function, inducing pain, and increasing the risk of reinjury (Fig.
1). Chen and Li (2009) stated that scar tissue leads to incomplete
functional recovery because it interferes with cell signaling related
to differentiation and limits vascular perfusion in the damaged
area. Such an action of TGF-p may therefore be a hindering factor
in muscle regeneration. Muscle biopsies taken from patients with
chronic inflammatory disease or muscular dystrophies show TGF-p1
localization in the ECM or fibrotic connective tissue in the areas
of thickening (Bernasconi et al., 1999; Confalonieri et al., 1997).

CHANGE IN MUSCLE TGF-B AFTER
DAMAGE CAUSED BY ECCENTRIC
MUSCLE CONTRACTION

Most studies have generally explored changes in muscle TGF-f3
from a pathological perspective, such as examining TGF-{ respons-
es in chronic inflammatory myopathy and Duchenne’s muscular
dystrophy (Amemiya et al., 2000; Bernasconi et al., 1995), with
relatively few studies investigating changes following eccentric
muscle contraction.
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Animal studies

Several animal studies have observed TGE-p responses to mus-
cle damage through eccentric muscle contraction (Barash et al.,
2004; Gumucio et al., 2013; Heinemeier et al., 2007; Smith et
al., 2007). The results showed that levels of TGF- are elevated
after eccentric muscle contraction. Smith et al. (2007) reported
that 50 repetitions of eccentric contractions with plantar flexor el-
evated levels of TGF-B1 and TGF-B2 precursors within 48 hr of
damage, but such changes did not lead to increased levels of ma-
ture TGF-B. Barash et al. (2004) performed 50 repetitions of ec-
centric contractions in both the tibialis anterior and the extensor
digitorum longus in mice and analyzed the gene expression pro-
file 48 hr after exercise using the microarray technique. They
found that TGF-f expression was about 2.7 times higher in ec-
centric contraction legs compared to the unexercised leg or the leg
that only underwent isometric contraction. In addition, Heine-
meier et al. (2007) reported that electrically inducing muscle con-
traction in gastrocnemius muscles in mice led to elevated levels of
TGF-f1 mRNA regardless of the type of muscle contraction (i.e.,
isometric, eccentric, or concentric), with the highest level record-
ed after eccentric muscle contraction. The findings of Barash et al.
(2004) and Heinemeier et al. (2007) provide evidence for high
levels of TGF- after eccentric muscle contraction, which may be
related to the fact that eccentric muscle contraction induces high-
er stress and strain in muscles and leads to greater force produc-
tion and local shear stress during contraction than other types of
muscle contraction (Heinemeier et al., 2007). Other studies have
reported that TGF-P1 is one of the stress/strain-responsive growth
factors (Chiquet et al., 2003), and that TGF-B1 expression is posi-
tively correlated with mechanical stimulation of cells (Villarreal
and Dillmann, 1992).

Human studies

In a human study, Hamada et al. (2005) instructed the partici-
pants to perform eccentric muscle contraction through downhill
running and found that, 72 hr after exercise, young male and el-
derly participants showed increased levels of TGF-f1 mRNA, be-
ing 3.7 and 2.0 fold increased respectively. They suggested the
underlying cause to be amplified and sustained cellular recruit-
ment related to inflammatory responses at the sites of exercise-in-
duced muscle damage.

The TGE-B response ensuing from eccentric muscle contraction
has been reported to not only occur in the immediate period fol-
lowing exercise but is also evident after a longer time, which could
be explained by the expression of collagen proteins after eccentric
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muscle contraction. Hyldahl et al. (2015) reported that expression
of collagens I, III, and IV were elevated 27 days after eccentric
muscle contraction, and Mackey et al. (2011) also reported that
the levels of mRNAs for collagens I and III were considerably in-
creased 30 days after eccentric muscle contraction. Collagen I and
I are related to TGF-P signaling. Hyldahl et al. (2015) reported
that the levels of the TGF-p receptor type 2 (TGF- BRII) protein,
which is one of the components of TGF-p signaling, increased
significantly 27 days after eccentric muscle contraction. This is
thought to reflect an increase in ECM remodeling after muscle
damage because collagen is a key component of the ECM, and
TGEF-B facilitates remodeling by stimulating the synthesis of ECM
proteins (Olczyk et al., 2014).

ROLE OF TGF-$ IN MUSCLE DAMAGE AND
REGENERATION AFTER ECCENTRIC
MUSCLE CONTRACTION

TGF-B and muscle damage

Gumucio et al. (2013) induced muscle damage in the extensor
digitorum longus muscle in mice through eccentric muscle con-
traction and observed the responses during recovery after inhibit-
ing TGF-P. Their findings showed that inhibiting TGF-f in the
damaged muscle led to a quick recovery of muscle strength com-
pared to that in the control group at day 3 and day 7 after injury,
but after day 21, muscle strength was actually lower than in the
control group. Gumucio et al. (2013) suggested that the initial
recovery of muscle strength is related to an improvement in tissue
morphology, and that the reduction in muscle strength at day 21
may be a result of irregular ECM assembly and atrogin-1 gene ex-
pression, both of which promote muscle loss. In fact, Gumucio et
al. (2013) observed mottled ECM by immunohistochemistry stain-
ing of the damaged muscle 21 days after injury and suggested
that the mottled pattern represents an incomplete recovery of the
damaged sarcolemma thereby explaining the reduced force trans-
mission. In this latter regard, ECM rich in collagen that envelops
muscle fibers can increase force transmission during contraction,
s0 an increase in ECM degradation reduces force transmission (Gao
et al., 2008). Incomplete regeneration of ECM may also increase
the risk of muscle damage. Mackey et al. (2011) suggested that
strengthening the ECM may act as a protective barrier from fu-
ture injury. In other words, ECM remodeling is essential for streng-
thening the damaged muscular structure, and through the healthy
recovery of muscle, it could induce the “repeated bout effect (Hyl-
dahl et al., 2015; Nosaka and Clarkson, 1995)”.
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Changes in muscle structure and function caused by inhibition
of TGF- after injury are similar to those resulting from treatment
with anti-inflammatory agents. Some studies have suggested that
administering anti-inflammatory agents after eccentric muscle
contraction is effective for pain relief (Paulsen et al., 2010; Tok-
makidis et al., 2003), but may delay recovery, as it hinders muscle
regeneration (Mikkelsen et al., 2009; Mishra et al., 1995). Accord-
ing to Hertel (1997), anti-inflammatory agents can facilitate re-
covery in the short-term, but in the long run, it may have adverse
effects on tissue recovery, structure, and functions. TGF-p is asso-
ciated with inflammatory responses (Kim et al., 2005), which is
an important step for muscle regeneration (Laumonier and Mene-
trey, 2016). In particular, M2 macrophages induce cellular signal-
ing and production of cytokines for muscle regeneration (Novak
et al., 2014). One of these cytokines is TGF-p1, which acts as a
switch for converting M1 macrophages to M2 macrophages (Garg
et al., 2015). Given that TGF-f is dependent on the presence of
macrophages during post-damage recovery (Cromack et al., 1990),
TGF-f is speculated to be the link connecting inflammatory re-
sponses to muscle regeneration in the recovery phase.

However, TGF-B may need to be inhibited in severe muscle
damage, such as contusion or laceration, as such damages require
long periods for recovery, during which time muscle atrophy or fi-
brosis may induce excessive scar tissue formation (Chen and Li,
2009; Mann et al., 2011). Agents such as suramin, which inhibits
binding of TGF- to its receptors and thereby prevents fibrosis,
have been used in such cases (Nozaki et al., 2008). According to
some studies, postdamage TGF-p inhibition by suramin facilitates
improvement of muscle strength by reducing scar tissue forma-
tion and promoting differentiation of myoblasts and muscle-de-
rived stem cells (Chan et al., 2005; Nozaki et al., 2008). In addi-
tion to suramin, decorin, interferon, and losartan are also used as
anti-fibrotic agents (Wong et al., 2015). Based on these findings,
TGF-B inhibition should be considered in accordance with the
type and severity of muscle damage.

TGF-B and muscle regeneration

Some studies have suggested that TGF-f is important for myo-
blast fusion and myotube formation and is essential for proper
muscle development (Han et al., 2012; Kollias and McDermott,
2008). Recently, Gumucio et al. (2015) suggested that TGF-f
should not be considered a negative factor for interfering with sat-
ellite cell activation. On the contrary, they asserted that TGF-f
can actually help optimize satellite cell activation because prema-
ture proliferation, differentiation, and fusion of satellite cells inter-
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rupt muscle regeneration and may result in the formation of small-
sized muscle fibers (Kollias and McDermott, 2008; Murphy et al.,
2011). In other words, activating satellite cells, before the debris
from damaged muscle fibers are completely removed through in-
flammatory responses, may lead to incomplete structural regener-
ation. Hence, timely activation of TGF-p and satellite cells is thou-
ght to be critical for normal and maximal muscle recovery.

CONCLUSIONS

TGEF-B is a multifunctional cytokine that is involved in a wide
array of activities in muscle, from post-muscle damage inflamma-
tion to fibrosis. Various biological responses to muscle damage
caused by eccentric muscle contraction, such as inflammation, re-
generation, and fibrosis, are interdependent, as opposed to being
independent, such that interference with one of these responses
would hamper recovery. Activation of TGF-p after eccentric mus-
cle contraction is a normal response following injury and should
be considered a vital process to optimize muscle recovery. Howev-
er, most existing TGF-P studies pertaining to eccentric muscle
contraction had limitations in their design, as they were animal
studies that used electrical stimulation, as opposed to exercise, to
induce muscle contraction. Therefore, current research data is in-
adequate to elucidate the role of TGF-$ in muscle recovery fol-
lowing exercise-induced eccentric muscle contraction. Future stud-
ies should further explore the roles of TGF-f in the various events
that manifest after exercise-induced eccentric muscle contraction.
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